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Abstract

I explore the implications of time preference heterogeneity for the private fund-
ing of public goods. The assumption that players use a common discount
rate is knife-edge: relaxing it yields substantially different equilibria, for two
reasons. First, time preference heterogeneity motivates intertemporal polar-
ization, analogous to the polarization seen in a static public good game. In
the simplest settings, more patient players spend nothing early in time and
less patient players spending nothing later. Second, and consequently, time
preference heterogeneity gives less patient players a “first-mover advantage”.
Departures from the common-discounting assumption are economically signif-
icant: a patient player’s payoff in equilibrium, relative to that obtained when
he is constrained to act according to a higher discount rate, typically grows
unboundedly as his share of the initial budget falls to zero. Finally I discuss
applications of these results to the debate over legal disbursement minima.
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1 Introduction

1.1 Motivation

The modern literature on public good games begins with Bergstrom et al. (1986).
Bergstrom et al. observed that well-behaved static public good games, with each
player’s payoff concave in the total provision of each good, feature a unique equi-
librium provision of each good. In any equilibrium, each individual is indifferent to
marginal reallocations of resources among the goods she herself funds and weakly
prefers reallocations to goods she funds from goods she does not. Even individuals
with relatively similar preferences thus typically find themselves “polarized”, in that
they fund (roughly) non-overlapping sets of projects. Similar observations have been
made independently on other occasions, e.g. by Kalai and Kalai (2001).

An extensive literature on dynamic public good games has developed as well. A
central concern of this literature is efficiency, and with minor variations, the concern
is typically explored in models with a single public good, a single private good, and
symmetric players. It has long been understood that in a simple continuous-time
model with (near-)perfect monitoring of the individual or aggregate contribution
history—or, equivalently, in a discrete-time model with lagged monitoring but (near-
)fully patient players—(near-)fully efficient contribution schedules can typically ob-
tain in subgame perfect equilibrium (McMillan, 1979; Benhabib and Radner, 1992;
Battaglini et al., 2014). This is due to the basic logic of the Folk Theorem: the gains
from deviation are infinitesimal relative to the losses from future punishments. At
the same time, dynamic interaction can introduce channels that exacerbate crowding
out relative to a static setting, in letting players signal that they will contribute little
in total by having contributed little in the past (Fershtman and Nitzan, 1991; Ad-
mati and Perry, 1991). Conversely, by similar reasoning, if the public good exhibits
increasing returns, a dynamic interaction can allow players “crowd each other in”
(Marx and Matthews, 2000). In all cases, the dynamic setting interacts with strate-
gic polarization only in the sense that it can affect how one player’s expenditures on
the public good crowd or fail to crowd others’ out.

This is because, despite its size, the literature on dynamic public good games
near-universally assumes that the actors under consideration act under a common
discount rate. This assumption is pervasive both in the purely theoretical literature,
as cited above, and in applications, such as to country-level efforts to mitigate climate
change (e.g. Dutta, 2017). Fishman (2019) explores bargaining over public good
provision in a dynamic setting where the players use different discount rates, and
a small literature building on Sorger (2006) likewise explores the implications of
bargaining under time preference heterogeneity in dynamic settings, some of which
could apply to public good provision problems. Finally, the only other paper on
the theory of public good games even to mention time preference heterogeneity, of
which I am aware—and so the only paper to do so outside a bargaining context—is



Jacobsen et al. (2017), but it is set in a static environment. Lower time preference,
i.e. greater concern for the future, is simply listed as one reason why individuals may
have different preferences regarding the provision of an environmental good in the
present.

This paper introduces time preference heterogeneity among public good
providers, and argues that a natural and important implication is “intertemporal
polarization”, or crowding out across time.

An analysis of dynamic public good provision under time preference heterogeneity
is valuable for at least two reasons.

First, individual rates of time preference vary widely.! Most developed-world gov-
ernments publish discounting guidelines that make explicit the discount rates they
use in cost-benefit analysis for public policy, revealing unambiguously that they too
act under heterogeneous rates of time preference.? Economists’ recommendations of
time preferences to use in social discounting differ substantially.® Philanthropists’
time preferences appear to vary as well, both with each other and with those of
individuals and policymakers.* Individuals, policymakers, and philanthropists all
regularly contribute to public goods to which others also contribute, and these par-
ties must each decide how to allocate their contributions over time. That is, they
participate in dynamic public good games. Real-world dynamic public good games
therefore likely exhibit substantial time preference heterogeneity.> Our attempts to
model these games, and improve public good provision in light of them, may fail if
we do not account for it.

Second, many individuals hold philanthropically-purposed assets in tax-exempt
vehicles where they are earmarked for future charitable giving, such as donor-advised
funds (“DAFs”). Assets in US DAFs currently total over $250 billion; contributions

! Alan and Browning (2010), pp. 1252-3 offer a now dated but helpful review of econometric and
experimental literature on time preference heterogeneity among individuals and households.

2Compare e.g. US Office of Management and Budget (2019) and HM Treasury (2020). Inter-
governmental time preference differences are especially important because, in the absence of global
governance, global public goods are only ever provided in the context of a public good game whose
players are sovereign states.

3As surveyed by Drupp et al. (2018).

4Elsey and Moss (2024) survey philanthropists and small donors in the Effective Altruism com-
munity on their philanthropic preferences. Of 377 respondents who answer a question about time
preference, 44% report a zero rate of pure time preference and 10% report a rate of 5% per year or
more. This survey question was included at my request.

5Note in particular that philanthropy often involves providing consumption goods to others who
also to some extent provide for themselves. Time preference heterogeneity is almost intrinsic to
the interaction between these two providers. This is because beneficiaries typically face mortality
risks, and temptations to impatience, that we should not generally expect to appear—and which, to
some extent, empirically do not appear—in the utility function of a third-party provider. See Nesje
(2024) for a model grounding this difference between households’ and planners’ discount rates, and
Frietas-Groff and Makkar (2023) for an experimental approach on this question and review of the
relevant literature.



to them have historically grown at a substantially higher rate than charitable contri-
butions as a whole; and disbursements have not risen as quickly as assets.® We will
see that this pattern can be rationalized as a response by patient philanthropists to
“over-spending” (from their perspective) by less patient other parties. Nevertheless,
it is routinely criticized as an unjustifiable withholding of charitable funds, or even
as a form of tax evasion.” These criticisms recently reached new prominence in the
United States with the June 2021 introduction of the Accelerating Charitable Efforts
(“ACE”) Act by Senators Angus King and Charles Grassley, which would impose
disbursement requirements on DAFSs, effectively requiring their contributors to act
less patiently.® Due to a lack of literature on dynamic public good provision under
time preference heterogeneity, the implications of such a requirement, and of sim-
ilar proposals to introduce or raise charitable disbursement minima in the US and
elsewhere, have not undergone thorough economic scrutiny.’

For most of the paper, I consider a simple game in which there is a single public
good, and each player’s flow utility depends only on total flow spending on the good.
Two players with different rates of time preference make decisions about how much
to contribute to the good, and how much to invest for future contribution, over an
infinite horizon in continuous time. I then consider a game in which early spending
can yield later payoffs, as e.g. if the public good is an investment in physical or
human capital, and verify that the central lesson of the simple game generalizes.

To isolate the implications of time preference heterogeneity, I assume that the
present value of each player’s contribution is fixed. Contributors decide only the
schedule on which to deploy their spending, not the extent to which they will spend on
public as opposed to private goods. Thus the model does not resemble the literature
on dynamic public good provision so much as Bergstrom et al.’s original paper. The
change is that I explore what happens when individuals choose their contribution
levels for a continuum of public goods over which their respective preferences differ—
i.e. funding at t, for all t > 0—in sequence, rather than simultaneously.

The model offers two broad conclusions about the implications of heterogeneous
discounting for decentralized public good provision.

First, the common discounting assumption is knife-edge: even slight time prefer-

6See National Philanthropic Trust (2020, 2024).

"See e.g. Schleifer (2019).

8Similar calls to impose or increase disbursement minima on philanthropic investment vehicles
occur periodically in other countries: see e.g. Pharoah and Harrow (2010) in the UK context.

9 Andreoni (2018) offers I believe the only academic analysis to date of “The Benefits and Costs
of Donor-Advised Funds”. He evaluates them through the lens of standard cost-benefit analysis,
according to which future benefits, in dollar terms, are discounted to the present at the market
interest rate. Crucially, the market interest rate reflects a weighted average of investors’ time
preferences. Since one of the purposes of a DAF is to allow donors to satisfy their preferences over
the timing of philanthropic impacts, standard cost-benefit analysis concludes that DAFs carry a
“cost” insofar as unusually patient donors are inclined to save more than the representative investor.



ence differences, even (indeed especially) by small players, give rise to very different
equilibria. In particular, time preference differences generate uniquely simple equi-
libria in which spending is “polarized” in the sense above, with only the impatient
spending before some date and only the patient spending after. Furthermore, such
equilibria are “asymmetric’: they give impatient players a Stackelberg-like first-
mover advantage with no analog in a common-discounting setting.

Second, time preference heterogeneity is highly payoff-relevant. The equilibria
that obtain under heterogeneous discounting can offer payoffs which, for an unusu-
ally patient player, differ dramatically from the payoffs achieved by spending the
collective budget according to a common, intermediate discount rate.

1.2 On modeling differential public good games

Working in continuous time simplifies the analysis in some ways, but it raises the
challenges always associated with differential games. There are essentially two classes
of approaches to defining such games, each with a feature undesirable for our pur-
poses. (1) If a differential game is defined directly, with (roughly) a node occurring at
every instant, then backward induction cannot be used, since no node has a unique
previous node. (2) If instead equilibrium behavior is defined as (roughly) a limit of
equilibrium behavior across a sequence of discrete-time games, then, if in continuous
time strategies would change at a time between nodes in the discrete-time sequence,
characterizing the equilibria of the discrete-time games can be intractable.

I avoid both issues by taking an approach like the second, but in which, at each
discrete-time game in the sequence, players can create new nodes where desired.!’
The motivation for doing this, and the relationship of this method to existing work in
differential game theory, are discussed at greater length in Section 3.1. The desider-
ata this approach is designed to accommodate seem to apply to many differential
public good games beyond that studied here, and indeed to many other dynamic
interactions, so I hope it will prove useful more broadly.

1.3 Related discounting literature

Though time preference heterogeneity has not been studied in the setting of a dy-
namic public good game, three strands of literature have studied time preference
heterogeneity in adjacent settings. The results of the present paper prove comple-
mentary to the central findings in each of these cases.

One strand concerns the collective allocation of private consumption over time—
i.e., under certain preference aggregability assumptions, the discounting behavior
of a representative agent—in a population of households with heterogeneous time
preferences. A classic observation from this literature is that consumption (Rader,

10This in turn introduces a new but perhaps more palatable cost, namely that some otherwise
trivial conclusions require long proofs with many steps of backward induction.



1981) and/or wealth (Becker, 1980; Ryder, 1985) can, in the limit, become entirely
concentrated in the hands of society’s most patient members simply because they
consume less and invest more. Another observation, closely related to the first, is
shown in an exchange economy by Gollier and Zeckhauser (2005) and with variations
elsewhere: that given complete markets, a representative agent, if one exists, will
exhibit a discount rate that declines with time to that of society’s most patient
members. In other words, interest rates fall as patient parties lend to their less
patient counterparts and command an ever-growing share of the financial market.
Heal and Millner (2014) argue that policymakers aiming to set discounting policy
for the provision of a public good, while deferring to the time preferences of their
constituents, do best to defer to this aggregated discounting schedule. As we will
see, similar dynamics play out among agents spending on public goods directly, and
the strategic logic of intertemporal polarization can make the tendency for wealth to
concentrate in patient hands—and the corresponding tendency of a representative
agent to grow more patient with time—even more extreme.

A second body of relevant research concerns optimal taxation by policymakers
more patient than their constituents. Farhi and Werning (2007, 2010) analyze op-
timal taxation in an intergenerational model where individuals save insufficiently,
from the patient social planner’s perspective, for their descendants. Household con-
sumption in these models is a public good: its provision satisfies the preferences
of multiple parties (the policymaker and the household itself) nonexcludably and
nonrivally. Similarly, von Below (2012), Belfiori (2017), and Barrage (2018) study
optimal carbon taxation and/or investment subsidization in contexts where present
production confers both future costs and future benefits (from climate damage and
capital accumulation respectively). An important lesson from this literature is that
patient policymakers might like to invest resources for future spending, but that
to avoid crowding out private investment, it is often optimal for them instead to
subsidize private investment and tax private consumption.

Time preference heterogeneity has different implications in the context of optimal
taxation than in the context of private spending on public goods, however. The
former setting involves an asymmetry in the players’ strategy sets: households cannot
tax or subsidize policymakers, but policymakers can tax and subsidize households. At
least in the absence of political or informational constraints, policymakers endorsing
a given time preference rate can often use these tools to implement population-wide
behavior that is optimal or near-optimal from the policymaker’s perspective.

Finally, a small literature considers public good provision over time by commit-
tees of social planners with different time preference rates. One finding is that any
attempt to define and implement “optimal” spending plans by such a committee
faces some variety of the preference aggregation impossibilities faced in other social
choice contexts, as explored in detail by Chambers and Echenique (2018). Millner
(2020) proposes a method by which the discounting planners might reach a kind of
consensus, but such proposals are themselves inevitably vulnerable to disagreement.



Another concern of the literature is that, once an optimality criterion or consensus
has been reached, the resulting spending plans are typically time inconsistent. In
particular, Jackson and Yariv (2015) show that any social welfare function used in
this setting must be either dictatorial or time inconsistent, in that future committee
meetings will, if they use the same forward-looking social welfare function, decide
to revise the plans made by previous meetings—at least if these were made naively,
without taking the possibility of future revisions into account. Millner and Heal
(2018) therefore examine the collective decision-making of discounting committees
aware that they are playing a dynamic game with their future selves. They find that
attempts to implement weighted utilitarian social discounting in such a dynamic
game will generally be inefficient. By contrast, I find that decentralized private
actors strategically allocating public good contributions over time can implement
efficient, weighted utilitarian social discounting.

1.4 Outline

Section 2 opens with three benchmark settings to which the dynamic public good
game is later compared. The first is that of dynamic private good provision. The sec-
ond and third are static transformations of a dynamic public good game: an “open-
loop” setting in which the parties simultaneously commit to a spending schedule,
and a “Stackelberg” setting in which the less patient player commits to a spending
schedule and the patient player then chooses his best response. The former illustrates
the intertemporal polarization, and the latter illustrates both the intertemporal po-
larization and the first-mover advantage, observed in the dynamic game.

In Section 3, I explore the dynamic game. I find that it has many equilibria,
including efficient equilibria, but only one that is polarized; and that this polarized
equilibrium is also the only equilibrium that is continuous with equilibrium behavior
over a lengthening finite horizon. It implements the profile of spending schedules
observed in the equilibrium of the static Stackelberg game.

In Section 4, I introduce constraints in the form of a minimum and/or maximum
on the proportional rate at which a player may spend. I then illustrate the economic
significance of time preference heterogeneity by calculating a player’s willingness to
pay to move from the maximally polarized equilibrium of the constrained game to
the polarized equilibrium of the unconstrained game of Section 3. I find that, for an
atypically patient player (but not for an atypically impatient player), this willingness
to pay approaches the entirety of his budget as his budget share—his fraction of the
sum of the parties’ budgets—goes to zero. That is, when most of the funding for his
chosen cause is governed impatiently, a patient player finds a disbursement minimum
approximately as costly as a total expropriation.

Finally, Section 5 briefly shows that intertemporal polarization is not an artifact
of the simple preference specification of the games above, in which each player’s flow
utility is isoelastic in contemporaneous flow spending, but holds under much weaker



conditions. Since intertemporal polarization largely drives the subsequent results
(on the impatient first-mover advantage and the costs of spending constraints), this
suggests that the conclusions of Sections 3 and 4 are robust.

Section 6 concludes.

2 Benchmarks

To build our intuitions about the implications of time preference heterogeneity among
public good funders, we consider three benchmarks.

First, in Section 2.1, we review the implications of time preference heterogeneity
among households purchasing private goods, making the standard observation that
optimal spending rates rise (i.e. optimal saving rates fall) continuously with rates of
time preference.

In Section 2.2, we study a static game in which two players with different discount
rates simultaneously set schedules on which they will spend on a public good. (It is
the “open loop” transformation of the dynamic public good game studied in the next
section.) This game has a unique and fully polarized Nash equilibrium, with only the
less patient player spending early in time and only the more patient spending later
in time. It illustrates how time preference differences can motivate more extreme
differences in saving behavior in the context of public good funding than in the
context of private good funding.

The last benchmark, in Section 2.3, is a two-period game, like the static game
above but with the less patient player as Stackelberg leader: choosing her spending
schedule before the more patient player chooses his. The game has a unique and fully
polarized subgame perfect equilibrium, like the Nash equilibrium of the (fully) static
game but with the impatient player using her first-mover advantage to shift spending
toward the present. It illustrates that the strategic polarization observed in a static
setting can be found in (at least something closer to) a true dynamic setting, but
that the dynamics of a public good game can also introduce an asymmetry between
the positions of more and less patient parties.

The dynamic game of the next section, which lies at the heart of this paper, will
be used to explore this polarization and this asymmetry in more detail.

Uniqueness and measure-zero deviations

A household’s optimal spending schedule, and the equilibria of the benchmark public
good games, were described above as unique. Strictly speaking, since we will work
in continuous time and assume that measure-zero deviations in spending rates do
not affect payoffs, they are unique only up to measure-zero deviations.

Throughout the paper, we will take the standard approach of restricting our
attention to right-continuous spending schedules—i.e. spending schedules that are
right-continuous everywhere, and continuous everywhere except at a finite set of



jump discontinuities—in both individual optimization decisions and strategic inter-
actions. Since distinct right-continuous spending schedules differ from each other at
a positive-measure set of times, a right-continuous spending schedule that satisfies
some property uniquely up to measure-zero deviations also satisfies it uniquely under
a right-continuity restriction. However, the “unique” optimal spending schedules and
equilibria found in Propositions 1 and 3-5 are unique up to measure-zero deviations,
not merely uniquely under the restriction of right-continuity. This is shown in the
proofs of these propositions, in the relevant appendices.

The proofs of some later propositions use right-continuity, so the assumption of
right-continuity is imposed throughout the body of the paper for consistency.

2.1 Private goods

Recall the familiar “cake-eating” problem of a household that is the sole provider
of its own consumption over an infinite horizon. Denote the size of the household’s
budget at time t = 0 by B. Assume that flow utility « at time ¢ is an isoelastic
function,! with inverse elasticity of intertemporal substitution v > 0, of the spending

rate z; > 0:
1—y
Ty 1:
U(.It) — { 1—v Y 7£ ) (1)

ln(xt)v Y= L.

The household faces a constant instantaneous real interest rate » and a constant
instantaneous time preference rate 9. The household’s problem is then to choose a
right-continuous schedule (i.e. spending schedule) z = {x;};>0 that maximizes

/000 et (xy)dt (2)

subject to the budget constraint

/ e "xdt < B. (3)
0

Let

ry—r+9
_ 4
S (4)

11We assume isoelasticity until the generalization of Section 5 because time-separable preferences
(2) are homothetic if and only if flow utility is isoelastic. Homotheticity is desirable here because
Proposition 2, and the analogous “proportional willingness to pay” results of Section 4.3 that are
at the heart of this paper, require it. Though similar results may obtain under weaker conditions,
the inability to discuss proportional costs and benefits would come with some loss in clarity.
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Proposition 1. Optimal private schedule
Under budget constraint (3), if a > 0, utility function (1)-(2) is uniquely mazimized
by schedule

z; = Bae™™ > 0. (5)
If a <0, there is no optimal schedule.

Proof. Proofs may be found in many introductions to dynamic optimization (see
e.g. Barro and Sala-i-Martin (2004), ch. 2.1), but for convenience, one may be found
in Appendix A.1, along with an expression for the payoff to following the optimal
schedule. O

Note that, since v > 0 by assumption, the condition that o > 0 is equivalent to the
condition that
d>r(l—7). (6)

If (6) holds, the optimal spending rate as a proportion of the budget at any time is
constant and equal to a.

The optimal spending rate is sensitive to the discount rate: the lower ¢ is, the
lower « is, and the more slowly it is optimal to spend. In fact, when (6) is violated,
a lower proportional spending rate is always preferable to a higher one. Since a
permanent spending rate of zero is of course worst of all, an optimal schedule does
not exist. Note that (6) does hold whenever v > 1, r > 0, and 6 > 0. That is, under
the standard assumptions that » > 0 and v > 1, an optimal schedule exists even
under full patience.

As (5) reveals, the optimal private spending rate is continuous in d, throughout
the region in which an optimum exists. It is shown below that this continuity does
not generally hold in the setting of public good provision.

Costs of over- or under-spending

Now imagine that a household with time preference rate § is required to spend its
budget as would be optimal according to some time preference rate § # 9, fixing r
and . Assume that 6 and § both satisfy (6), as above, but here further assume that

y<1
or S<5%+r. (7)

If neither part of this condition is satisfied, the optimal schedule given 4 sends
spending to zero quickly enough that, over the infinite horizon, it produces infi-
nite d-discounted disutility. Note that 0 < d + r is sufficient for the condition to
hold.
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Let & be defined as a is in (4), but with ¢ in place of §. Then define

a.d8 ﬁ? # 1
n= < ) ! (8)

n may be interpreted as a measure of the extent to which ¢ exceeds §. Observe that
n>1when é >0 and n < 1 when é < 4.

Finally, let w(B) denote the household’s willingness to pay to avoid the spending
rate requirement, as a proportion of its budget B.

Proposition~2. Bounded WTP for optimal private schedule
w(B)=1-— % < 1, independent of B.

Proof. A proof may be found in Appendix A.2, along with an expression for the
payoff to spending d-optimally. n

So the spending rate requirement—the requirement to spend at proportional rate
& rather than a—Ilowers the household’s utility by as much as a tax of proportion
1-— O%n of its budget. As shown in Section 4.3, this cost can be greatly magnified in
the setting of public good provision. In particular, as a patient player grows small,
his proportional willingness to pay to avoid a spending rate minimum generally rises
to 1.

2.2 Open-loop game: intertemporal polarization

Consider the following static game, concerning the allocation of spending on a public
good across periods.

There are two players, H and L. FEach player ¢ chooses a piecewise right-
continuous individual schedule ' = {z}},5( subject to the budget constraint

/ e_”xf;dt < B'.
0

A pair of individual schedules (2, z%), called simply a “schedule”, is denoted x. The
sum of the players’ schedules z7 + z¥ is called a “collective schedule” and denoted
X.

H and L share an isoelastic flow utility function u(-), but now flow utility is a
function of total flow spending by both parties: the good being spent on is a public
good. The only difference between the players’ preferences is that they discount at
different rates. H discounts at the higher rate:

7 > 68 > (1 —7). (9)
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Thus ¢’s payoff, as written as a function of the schedule, is
U'(r) = / e"situ(xtH +xp)dt.
0

U'(-) may also be written as a function of a collective schedule.
Let U denote a payoff profile (U, U¥). Define o' as in (4), with ¢ in place of 4.
This game is the open-loop transformation of the dynamic public good game
studied throughout the next section, so we will call it the “open-loop game”.

Proposition 3. Existence and uniqueness of Nash equilibrium in the
open-loop game

The game above has a unique Nash equilibrium x(®):

He) _ ) B i ettt < 10
Ly o (10)

0, t>1°,

0, t<t%
2 = - (11)

BLO[L MOO‘*H e(r—a )t, t Z t07

where
t°=In(M°) /o™, (12)
BHaH
M° =1+ Lol (13)
Proof. See Appendix A.3. n
X

t° t
Fig. 1: Equilibrium schedule of the open-loop game

This game is essentially a special case of the static public good game analyzed by
Bergstrom et al. (1986), but with a continuum of public goods: spending at each ¢,
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for t € [0,00). As in the analogous Bergstrom et al. case, each good here is provided
by exactly one funder, and when a funder provides a good, she always also is the
provider of all goods about which she cares relatively more. Since L cares relatively
more than H about spending at ¢ the later ¢ is, there is a threshold time t° such that
H is the sole funder before t° and L is the sole funder after. Unlike in the case of
the private good, therefore, even a slight time preference difference motivates a big
difference in behavior between the public good funders.

We can also see from (10) and (11) that i’s spending growth rate here equals
r — a' across the period during which ¢ spends. Since r — o' = (r — §°)/~, by (5)
this is ¢’s optimal spending growth rate: the growth rate ¢+ chooses when she is the
only funder. If i’s spending growth rate were not §’-optimal across ¢ with z% > 0,
2 would not be an equilibrium strategy; i would prefer marginal reallocations of
funding across periods.

Finally, substituting (12) into (10) and (11), we see that the collective spending
rate is continuous at t°. That is, lim;_ - xf{ (©) xﬁ,(o). If the spending rate rose
discontinuously at t°, L would do better to reallocate some spending from ¢°+¢ to t°—
e for some sufficiently small € > 0. Likewise, if the spending rate fell discontinuously,
H would do better to reallocate marginal spending forward. The relative budget
sizes, the spending growth conditions, and the continuity condition pin down ¢° and
thus the equilibrium.

2.3 Stackelberg game: first-mover advantage

Finally, consider a two-period game, identical to the game above except that H
is the “Stackelberg leader”. That is, suppose that, in the first period, H sets a
feasible spending schedule 2, and in the second period, L observes zf and sets a
feasible spending schedule x in response. H’s strategy set is thus the set of spending
schedules feasible given B, and L’s strategy set is the set of functions from feasible
choices of z!! to feasible choices of x”.

Define 7 as in (8), with 67 in place of § and 6% in place of . Since 6% < 677, we
have n € (0,1).

Proposition 4. Existence and uniqueness of SPE in the Stackelberg game

The game above has a unique subgame perfect equilibrium, which implements the
schedule x*:

— M*—1
Ty =

- BH&Hﬂe(r—aH)t’ t <t
0, >t

e 0, t <t
Ty = *i L
BLaLl M* oE e(r—a )ta t> t*,
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where
t* = In(M*)/a", (14)
. BHqH
M =1+ gL !
Proof. See Appendix A.4. m

Xi

t* ¢
Fig. 2: Equilibrium schedule of the Stackelberg game

Since n < 1, t* < t° the regime-switching time occurs earlier in the Stackelberg
case than in the case where the players set their spending plans simultaneously.
Furthermore, recall that in the open-loop (i.e. simultaneous-move) case, spending is
continuous at t°. Here, the spending rate falls discontinuously at t*, as H allocates
budget B over a shorter time interval and L allocates BY over an infinite horizon
beginning earlier.

UH (z*) > UH(2(°)). This follows immediately from the uniqueness of the SPE in
the Stackelberg game, and from the fact that H can attain the open-loop schedule
in it: if H chooses 21 = 2%* L’s best response is x* by Proposition 3. Conversely,
UL(z°) > UL(x*). This follows from the fact that X* can be obtained by beginning
with X decreasing funding at times ¢ > t*, and increasing funding at times ¢ < t*.
L disprefers any marginal reallocation of funding from times after t* to times before
t* from the X (°) baseline, and because u(-) is concave, L only disprefers non-marginal
reallocations the more strongly. In short, the Stackelberg game gives H a first-mover
advantage.

3 Dynamic game

The open-loop and Stackelberg games suggest two ways in which time preference
differences can shape public good provision. The first is by motivating what might
be called intertemporal polarization. The second is by giving impatient parties a
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first-mover advantage. We will now see how these stylized results obtain in a more
realistic dynamic setting, in which players can continuously observe each other’s
spending rates and update their own future spending plans. Equilibrium behavior in
continuous time is defined precisely in Section 3.1, and the two implications above
are detailed in Section 3.2, under an equilibrium refinement.

Unlike the benchmark settings, however, the dynamic setting admits a wide range
of equilibria. This is discussed in Section 3.3.

3.1 Setup

Equilibrium behavior in the continuous-time dynamic setting will be defined as a
limit of equilibrium behavior along a sequence of dynamic games with ever more
frequent discrete-time monitoring, indexed by n > 0. A justification for this modeling
assumption (and other complications that must be introduced) is given below, under
“Equilibria and motivations”.

As in the benchmark games, there are two players, H and L. Player i begins
with budget B* > 0 and faces a constant instantaneous real interest rate r. Player
i’s realized spending rate at ¢ is denoted z%, and ¢’s payoff is

Ullx) = / etz 4 xb)dt, (15)
0

where u(+) is isoelastic, as given by (1), and the time preference rates satisfy (9).

To summarize the section: game n partitions the non-negative real line into a
(perhaps infinite) number of periods of positive length. At the beginning of each
period, each player observes the history of play across previous periods and publicly
chooses a time weakly before the end of the period at which she will announce her
spending history since the start of the period. Each player then sets a spending plan
until the first announcement. When ¢ announces, —¢ observes the history and sets a
spending plan to the end of the period. If —¢ has not yet announced in this period,
then she also publicly plans an announcement at some time weakly before the end
of the period, and 7 sets a spending plan until —i’s announcement.

Schedules

A schedule for 7, denoted 2%, is again a spending rate for i at every time ¢t > 0:
.Ti = {I’i}tzo.

Given an interval I C [0,00) that is closed below and open above, a truncated
schedule for 4, denoted %, is a spending rate for ¢ at every time ¢ € I:

x} = {xi}tel.
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A truncated schedule for i with I = [0,¢), for finite ¢, is a partial schedule for i and
may be denoted mft.

A schedule x = (z%,2%) is a pair of player schedules. A truncated or partial
schedule, z; or zy, is a pair of such player schedules over the same interval.

Given a schedule z, a collective schedule X = 2/ 4 2% is a total spending rate at
every time s > 0. Truncated and partial collective schedules are defined and denoted
analogously to such player schedules.

Given a truncated schedule xy,

Uzr) = /e“si(t_mm(f))u(ﬁf + /) dt.
I

U'(-) is also defined over collective [truncated] schedules. Payoff profiles U(-) are
pairs of individual payoffs, as previously.

A partial schedule z}, is feasible if it is right-continuous and
t . .
/ e xids < B' V.
0

The feasibility of a schedule is defined likewise.
Given a partial schedule xy,

L ,
Bi(z) = (Bi —/ e"’%ids) et
0

denotes i’s implied budget at time ¢ < ¢. Given a schedule z, Bj(z) can be defined
likewise, with no restriction on ¢. For simplicity, B*(z;) = Bj(xp;).
B = B + BT denotes the (initial) collective budget, and b = BY/B. Like the B’

B and b can be written with time subscripts or as functions of a [partial] schedule.

Strategies

In each game, a set of times are called grid points. The set of grid points in game n
is denoted G™ and includes 0. The grid sequence G = {G™}>°  is such that

e for all n, G™*Y 5 G™ and G™ is locally finite (so that G™ N[0, 7] is finite
for all T); and

e U2 ,G™ is dense in R,.

Given a time t > 0,

7™ (t) = max (G™ N [0,1])
denotes the largest grid point in game n less than or equal to ¢, and 7(™’(t) denotes
the smallest grid point in game n greater than ¢. Given 7 € G™, (" = +(0/(7)
denotes the subsequent grid point in game n.
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A period of game n is an interval [r, 7™’) with 7 € G™,
Henceforth, where doing so will come with no loss of clarity, we will fix n and
drop the “(n)” superscripts.

An announcement £! is a time associated with a player ¢ and a grid point 7 with

g err),

A node hy; is a history of play up to t: a feasible partial schedule across [0,1),
denoted x(hy;), paired with a set of announcements {&(h;)} that includes exactly
one entry-pair (one entry for each player) for each 7 € G N [0,¢) and none for 7 > ¢,
and such that (i) if t € G and & (hy) is defined for both ¢, then & (hy) = & (hy);
and (ii) if t € G, & ;)(hy) = ¢ for some .

If no announcement associated with some 4,7 is contained in {¢.(hy;)}, we write
§L(ht) = 0. Observe that every node hy, is of one of five types:

1. t € G, &(hy) = 0 for both .

2. t € G, &(hy) >t for one or both i (and = () otherwise).
3. t ¢ G, &y (hy) = 0 for one i (and f;(i)(h‘t) =1).

4. t € @G, §i(t)(h‘t) > ¢ for one i (and 5;(1)(h‘t) = t).

ot

.t € G, fi(t)(h\t) <t for both i (and =t for one or both 7).

The interpretation of these nodes is made clearer by the sequence of play outlined
just below.

A node of type 1 or 3 is a pre-announcement node. A node of type 2, 4, or 5 is
a post-announcement node. Given a post-announcement node hj,

~

E(hy) = max{€.(hy)} if hy is of type 2 or 4,

= 7'(t) if hy is of type 5

denotes the time of the next node. We will sometimes distinguish pre- and post-
announcement nodes occurring at the same time by denoting the former h|; and the

latter hr;.
The game begins with a trivial node of type 1 at t = 0.

Individual budgets B*(-), the collective budget B(-), or L’s budget share b(-) may be
written as functions of nodes rather than of their associated partial schedules.

The set of nodes is denoted H. We will say for simplicity that every element of
‘H is a node for each player, though as we will see, some players take no substantive
action at some nodes.

A strategy for ¢ in game n, denoted o', is a function that maps h;; € H to one of
the following actions. The list below also defines how the subsequent node follows
from the action profile o (hy).
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o If hy is of type 1: o*(hy;) is an announcement in (¢, ).
The subsequent node occurs at ¢ and is of type 2, and is h; appended with
& = o’ (hy) if 07 (hy) < 077 (hy) for each j.

o If hy is of type 2: o'(hy;) is a feasible spending plan to the time of the next
node & (hye)-
In general a feasible spending plan from node hy; to ¢ > ¢ is a truncated schedule

for 7, xft i) that is right-continuous and satisfies the budget constraint

t
/ e " rids < Bi(hy). (16)
t

If f(h‘t) = ¢/, the subsequent node occurs at ¢’ and is of type 1. If & (hy;) =
& (he) (= é(h“)) < t', the subsequent node occurs at é(h|t) and is of type 5.
Otherwise, the subsequent node occurs at é (hy;) and is of type 3. In all cases,
the subsequent node is k), with the associated partial schedule appended with
the players’ spending plans.

o If hy, is of type 3...
a. and &, (hy) = 0: o'(hy,) is an announcement o' (hy,) € (¢, 7'(¢)].
b. and {i(t)(h“) =t o'(hy) = 0.

Let j denote the player whose 7(¢)-announcement at hy; was undefined. The
subsequent node occurs at aj(h‘t) and is of type 4, and is h); appended with
7’s announcement.

o If hy is of type 4: o'(hy) is a feasible spending plan to f(h‘t).
If é(mt) = 7/(t), the subsequent node occurs at 7’(t) and is of type 1. Otherwise,
the subsequent node occurs at é(hu) and is of type 5. In either case, the
subsequent node is h, with the partial schedule appended with the players’
spending plans.

o If by is of type 5: o*(hy) is a feasible spending plan to 7/(t).
The subsequent node occurs at 7/(¢) and is of type 1, and is h; appended with
the players’ spending plans.

i’s strategy set (in game n, though we will continue to suppress the superscript) is
denoted X', A strategy profile (o, ol) is denoted o. The set of strategy profiles is
denoted Y. We will not introduce mixed strategies.

At hy, € H, if players adopt strategy profile o, the resulting schedule is denoted
x(hy, o). For simplicity, z(0) = x(0,0) denotes the schedule generated by o. The
collective schedule resulting from o following hy, is likewise denoted X (hy, o), etc.
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hys Py o) / h\t(h“’ 0) is the pre-/post-announcement node implemented by o at s > ¢
given hy, if such a node exists. (Note that it must if s € G.)

Equilibria and motivations

We will take the natural equilibrium concept to be SPE. A strategy profile o* € X
is an equilibrium (of game n) if

U (2(t.00) (Pyt, %)) = U (t,00) (Bt (07,0777))) Vi Vhy, € H. (17)

Though including announcements makes almost no difference to the structure
of the game when n is large, it simplifies our efforts to characterize its equilibria.
Without announcements, in an equilibrium of game n in which H exhausts her
budget, she typically does so at a grid point—an element of G(™—because she places
some value on L immediately observing her budget-exhaustion and beginning to
spend. So as we vary parameters of the game (e.g. as we vary the initial budgets at
the node initiating a subgame, by exploring previous-period deviations), the time at
which H chooses to exhaust her budget typically jumps between elements of G™.
Allowing the players to make announcements removes the additional value to H
of spending down on a grid point, letting her equilibrium spend-down point vary
continuously with the history (and the parameter values) of the game.

The complications induced by H'’s desire to spend down at a grid point could be
addressed in various ways other than the approach taken here, but the alternatives
explored introduce challenges of their own. Four of these are summarized below.

e If every time ¢t were made a node, this would confront the difficulty that when
nodes are dense in time, the sequence of play following a given node may not be
well-defined as a function of the strategy profile. See e.g. Stinchcombe (2013),
Example 4.2.1.

e If players were permitted to create mid-period nodes arbitrarily many times
instead of just once, this would not allow us to solve for within-period be-
havior (or game-wide behavior, in the finite-horizon cases discussed below) by
backward induction.

e The game could be defined so that, at £ # 7%, & G, i reveals his own recent
spending to —i and lets —¢ change her plans, without learning —i’s recent
spending or gaining the ability to change his own plans. This would render
x(hy, o) undefined for some strategy profiles ¢ and nodes hy with ¢t ¢ G. It
would thus require a slightly more complex definition of equilibrium. After a
natural re-definition, it would yield the same equilibrium spending behavior as
obtains in the game defined above.
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e The game could be defined so that players place mid-period nodes without
announcing them in advance. However, the natural equilibrium concept is
then not SPE but something imposing compatibility between actions and out-
of-equilibrium beliefs.

At hy, even if in equilibrium —i places a node at £ € (¢,7/(t)), ¢ must plan
spending all the way to 7/(¢) in the event that the expected announcement
does not arrive. But SPE imposes no restriction on i’s spending plans after
¢7' and unrealistic plans for z* after ¢ (such as immediately spending i’s
entire budget) can in turn deter —i from setting £~ later. To rule out these
“non-credible threats”, we must then ensure that i’s spending plans after ¢
are optimal for i given reasonable beliefs about —i’s behavior in the event that
—1’s expected announcement does not arrive. This too appears to generate
similar results but with significantly greater complexity.

Polarization

A polarized [truncated /partial] schedule is a [truncated/partial] schedule z such that,
for some time t,

i. 2l =0 for t >t and
ii. 2L =0 fort <t

A polarized equilibrium (of game n) is an SPE ¢* such that, for all nodes hy,
Tft,00) (e, 0*) is polarized.

Equilibrium schedules and payoffs

Schedule z is a [polarized] equilibrium schedule if there is a grid sequence and a
sequence of [polarized] equilibria {¢(™} along the corresponding game sequence such
that

i. z(c™) converges pointwise to z almost everywhere and
ii. U(z(c™)) — U(x)

as n — 0o.

Note that “polarized equilibrium schedules” are schedules implemented by polar-
1zed equilibria, rather than merely equilitbrium schedules that are polarized. These are
distinct because an equilibrium may implement a polarized schedule on the equilib-
rium path (i.e. from the initial node) but not from some off-path nodes.

The game sequences defined above admit many equilibrium schedules. To study the
payoff implications of changing the parameters or structure of the games, therefore,
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it will often be useful to employ a refinement that guarantees uniqueness. As shown
in the following subsection, uniqueness is guaranteed if we restrict our attention
to equilibrium schedules that resemble the (unique) equilibrium schedules of finite-
horizon transformations of the game. This is arguably the behavior it is most natural
to take as a baseline, in the absence of coordination on some pattern of promised
rewards and punishments.

Define T-horizon game n to be the discrete-time game n defined above, but with
the oo at the top of the integrals in (15) and (17) replaced with a finite end-time
T > 0. The definition of T-horizon equilibrium schedule follows immediately.

An equilibrium schedule x is a limit equilibrium schedule if there is a continuum of
T-horizon equilibrium schedules {x!"1}, for T > 0, such that 27! converges pointwise
almost everywhere to z as T" — oo.

A payoft profile U is an equilibrium payoff if there is an equilibrium schedule z with
U(x)=U.

Existence, uniqueness, and robustness

We impose relatively few restrictions on the grid sequence, and define an equilibrium
schedule to be one compatible with any grid sequence, to ensure that results about
the uniqueness of a given pattern of equilibrium behavior in continuous time are
robust to alternative definitions of equilibrium behavior in continuous time.

The flexible definition of a grid sequence will also let us easily note when an
existence result is robust, in that it is compatible with all grid sequences.

3.2 The polarized equilibrium

The open-loop and Stackelberg games have a unique equilibrium, and in each case
the equilibrium schedule is polarized. The dynamic game has many equilibrium
schedules, as noted in the next subsection. Nevertheless, there is a sense in which
polarized behavior is most natural in the dynamic setting as well.

Proposition 5. Existence, uniqueness, and Stackelberg-equivalence of
limit / polarized equilibrium schedule

Defining x* as the Stackelberg schedule of Proposition 4, in the dynamic setting of
Section 3.1

a. x* is the unique limit equilibrium schedule.
b. x* s the unique polarized equilibrium schedule.
c. x* 1s an equilibrium schedule under any grid sequence.

Proof. See Appendix A.5. m



21

Polarization, and the associated impatient first-mover advantage, are thus not
only equilibrium-compatible in an infinite-horizon dynamic setting but uniquely com-
patible with a natural refinement. No matter how small the difference in discount
rates, only polarized behavior is continuous with equilibrium behavior on an ever-
lengthening finite horizon.

By contrast, suppose the players have the same discount rate 6, and let X
denote the d-optimal collective schedule for the collective budget. Then, trivially,
for any horizon (finite or infinite) and any set of grid points, any schedule x with
o + 2% = X is an equilibrium schedule.

3.3 Superior equilibrium payoffs

Proposition 6. Superior equilibrium payoffs

Every feasible payoff profile which is Pareto-superior to U(x*) is an equilibrium payoff
profile.

Proof. See Appendix A.6. O

As in Fudenberg and Maskin’s classic 1986 “Folk Theorem”, the standard intuition
for efficiency results of this kind is that, given perfect monitoring in continuous time,
deviating from an efficient equilibrium gives the deviator only an instantaneous ben-
efit (say, by increasing his own consumption while free-riding on other players’ public
good contributions) but induces a positive-sized punishment (say, by decreasing sub-
sequent contributions). This intuition does not apply straightforwardly to this set-
ting, where there is only a public good, and L’s temptation to defect is a temptation
to pay an instantaneous cost (by “underspending”) for a long-term benefit.

Here, a proof of equilibrium-compatibility for every efficient feasible payoff profile
Pareto-superior to U(z*) can be sketched as follows. A proof for the case of inefficient
Pareto-superior payoff profiles is similar.

Given a collective budget B and an efficient collective schedule X(® that is
Pareto-superior to X*, there is a range of values of b such that both players pre-
fer X(9) to X*[b], the Stackelberg schedule that would result from b (fixing B). The
range may be denoted [by ), byw@]. Given the starting budget share for L by, and
given efficient X (@ with by € [by(,bxw], can the parties be required to spend so

that, for all ¢, we maintain b, € [QX[(:;),I_)X[(:,&O ]? That is, can we fund X (@ while
ensuring that b; never falls low enougﬁ that H would prefer to switch to the Stackel-
berg schedule implemented given b;, or rises high enough that L would? If so, there
is an SPE in which X is maintained, with deviations punished by reversions to
the polarized equilibrium.

L’s concern for the shape of the collective schedule in later periods is greater
than H’s (relative to their concerns for its shape in earlier periods). To be efficient,
therefore, X* must more closely resemble an impatient-optimal schedule early in

time and a patient-optimal schedule later in time. So b and EX(E increase in .
[t,00) [t,00)
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An SPE can maintain the value of b around ¢ by requiring the players to con-
tribute to Xt(a) in proportion to their budgets around ¢. Less obviously, an SPE can
induce b; to rise more quickly than b, @ around ¢ by requiring H to contribute all

[t,00)
of Xt(a). This can be shown by contradiction. Suppose H weakly prefers X [(taio) to

the Stackelberg schedule that would result from budget-fraction b;, but, after con-
tributing #7 = X\* for s € [t,7), disprefers X [(;) , to the Stackelberg schedule with

,O0

budget-fraction b;. Then H prefers (i) z# = X! 2L = 0 for s € [t,7), followed

by a polarized schedule, to (ii) the collective schedule X [(gio). But (i) is a polarized
truncated schedule, beginning at ¢, with the patient budget spent patient-optimally
once L begins spending; and H'’s favorite truncated schedule in this class is the
Stackelberg schedule. So H prefers the Stackelberg schedule with budget-fraction b,

to X [(taio). This contradicts our assumption.

4 Constraints

As noted in Section 2.2, a static public good game typically exhibits a unique Nash
equilibrium, which is “polarized”, in the sense that each project is funded entirely by
the player(s) who most relatively value it. The prediction of polarization is relatively
intuitive in a static context, as there is typically little to prevent polarization in a
static public good game. A player is free not to contribute to any given project, and
free to contribute as much as she would like. Section 3.2 offers a reason to expect a
unique pattern of polarized behavior in a dynamic setting as well, when players have
different discount rates and are free to spend as much or as little as they would like
at any given time.

But intertemporal polarization may be constrained in two ways. First, a high-
discount-rate player may not be able to spend down (the present value of ) her budget
quickly enough to achieve polarization, e.g. due to a borrowing constraint. Second,
a low-discount-rate player may not be able to spend his budget slowly enough due
to some sort of saving constraint, such as the legal disbursement minimum to which
philanthropic foundations are often subject.

Sections 4.1 and 4.2 introduce these constraints respectively. Unsurprisingly, the
constrained game can exhibit what might be called a constrained polarization, with
one player bound by the spending minimum or maximum and the other spend-
ing more slowly or quickly than they would in isolation to offset the other player’s
putative over- or under-spending. In the constrained-polarized setting, however,
sufficiently tight constraints of either kind are found to eliminate the first-mover
advantage the impatient player enjoys under full polarization in the unconstrained
setting.

Section 4.3 then explores the costs that these constraints impose on the play-
ers. An asymmetry is found: although spending minima counteract the first-mover
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advantage, spending minima in this setting can be arbitrarily more costly for the
patient, in terms of proportional willingness to pay to remove them, than spending
maxima can be for the impatient.

Comparative statics

Given a precisely defined spending constraint, let “constrained game n” be the con-
strained analog to game n. That is, let it be the game defined in Section 3.1 but
with a strategy restriction imposed on the players: a condition that the spending
plans assigned to each node must satisfy beyond the budget constraint (16) and
right-continuity. The definition of an equilibrium schedule for the constrained game
sequence then follows immediately.

To quantify the costs of a given constraint, we will identify a feasible schedule
xr that is in a natural sense as polarized as is feasible under the constraint, with
H spending as quickly and/or L spending as slowly as is feasible (depending on
the constraint(s) imposed). We will verify that x is an equilibrium schedule of the
constrained game sequence. We will then compare the payoff profiles U(z) and
U(z*). Without picking particular equilibrium schedules in the constrained and
unconstrained cases respectively, comparative statics quantifying the impacts of a
given constraint are not well defined.

Our motivation for working with an infinite horizon is thus not the standard
motivation to explore coordination through repeated interaction. Rather, we will
work with an infinite horizon in order to most simply present the results of Section
4.3, which hold in the limit as the time horizon grows large.

Parameter restriction

Throughout this section, we will assume (in addition to parameter restriction (9))
that
v<1or 6% <ot 4 (18)
v—1
Note that (18) is (7) with 6%, §7 replacing 6, & respectively. As in Proposition 2,
the motivation for the restriction is to rule out cases in which §-optimal spending
yields infinite §”-discounted disutility.

4.1 Spending maxima / borrowing constraints
Given i’s schedule z¢, let us refer to
z1/ B,

as ¢’s proportional spending rate at ¢. We will analyze spending maxima that take
the form of a constant upper bound @ on the proportional spending rate that any
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player can exhibit at any time. Formally, we will restrict the games of Section 3
by requiring that, at each post-announcement node hy, i’s spending plan a:ft £(h))

satisfy
7, < B(z)) @ (19)

in addition to the budget constraint (16) and right-continuity.
We will also assume that

a c [oF, o). (20)

We will maintain the existence of “announcements” to make the games studied
here as comparable as possible to those of Section 3, though they could be eliminated
without any impact on the results below.

Motivations

Though spending can of course be constrained in various ways, we will study a
proportional spending cap (19) for two reasons.

First, our interest in spending maxima stems in part from the observation that
polarization may be limited by the less patient player’s borrowing constraints, and
a cap on proportional spending is roughly equivalent to a borrowing constraint.
Suppose a player has a capital stock at ¢ of B;’ and a stream of income—e.g. donor
contributions—that grows at a constant rate g < r, so that inflows at s equal C'e?*
for some C' > 0. The present value (at t) of her budget at ¢ is then

Cledt
r—g

Bl = B! + / Ces*eVds = B! +
t

If she cannot borrow against future income, her spending rate at ¢ is unconstrained
as long as B! > 0. When B! = 0 and her spending is constrained, however, she
can spend at an absolute rate of at most Ce?, and so at a proportional rate of at
most r — g. And if B > 0 but ¢ would like to sustain a proportional spending rate
greater than r — g, then unless she indefinitely refrains from doing so, she eventually
exhausts her budget and confronts the proportional spending cap of r — g.

Second, upper bounds on proportional spending are precisely analogous to the
legal disbursement minima—Ilower bounds on proportional spending—which are an-
alyzed in Section 4.2 and which this paper is written in part to explore.

Our focus on the @ € [a, a'?] case (20) also has two motivations.

First, this is the region which most straightforwardly illustrates the implications
of constraining the impatient but not the patient from “polarizing”. If @ < a’,
so that even L would prefer faster spending than is feasible, then there is little

to analyze. The uniquely Pareto-dominant feasible schedule is the one in which
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zf /Bl = zF/Bl = @ Vt, as implementable e.g. with the simple SPE in which
players spend as quickly as possible at every node. If @ > o', on the other hand,
then the spending maximum only partially limits polarization by H, and adds kinks
to the maximally-polarized equilibrium strategies that complicate the exposition to
little benefit. (Recall from Proposition 1 that, in the absence of a more patient
funder, H would choose to set 2z /Bf = o Vt. In any equilibrium-compatible
polarized schedule in which H exhausts her budget at 7', lim, - af' /Bf" = 0.)

Second, if the rate g at which the players’ income streams grow equals the eco-
nomic growth rate, and if a representative household is not borrowing- or saving-
constrained, then the players’ proportional spending cap @ = r — g equals the rep-
resentative household’s optimal proportional spending rate. When the public good
under consideration is not a luxury or necessity good, @ € [a*, o] then amounts to
the relatively natural assumption that its funders are not all strictly more or strictly
less patient than the representative household.

Constrained polarization

Given a spending maximum @, a constrained-polarized schedule is a schedule z such
that z/f = BH@ for all ¢.

A constrained-polarized equilibrium (of game n) is an SPE ¢* such that, for all
nodes Ay, Tjg,00)(hye, 0*) is constrained-polarized.

A constrained-polarized equilibrium schedule is a schedule z such that there
is a grid sequence and a sequence of constrained-polarized equilibria {c(™} across
the corresponding game sequence such that 2(o(™) converges pointwise to 2 almost
everywhere as n — oo.

In the absence of a spending maximum, the unique polarized (and unique limit)
equilibrium schedule features xf7 > Bfa® > BF@ whenever BF > 0. A constrained-
polarized equilibrium schedule is therefore one in which H always chooses a spending
rate as close as possible to that she chooses in a polarized equilibrium schedule in
the absence of the constraint.

Define the “constrained open-loop game” to be the game in which players simulta-
neously choose individual schedules z*, subject to (19), and receive payoffs (15).

Proposition 7. Existence and uniqueness of constrained-polarized equi-
librium schedule given spending maxrimum
Given spending mazimum @ € [, of?],

a. There 1s a unique constrained-polarized equilibrium schedule T:

zH = BHaelr—t,

—L 07 t < E*’
o (BHG(PE){* + BLG’"Z*)aLe(T*aL)(t*f*) _ BH@et—at >
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where
- BH & — ot
* J—
" = max (O,ln <ﬁ " )/a). (21)
b. T is an equilibrium schedule under any grid sequence.
c. T 1s an equilibrium of the constrained open-loop game.
Proof. See Appendix A.7. O
X
_L g
T
t A t
Fig. 3a: Constrained-polarized equilibrium Fig. 3b: Constrained-polarized equilibrium
schedule given spending maximum, b large schedule given spending maximum, b small

The spending maximum is binding for H, who spends at proportional rate &. L then
allocates B patient-optimally, taking z to be independent of his own spending.

If
b>1-a/a, (22)

then H’s fraction of the collective budget is small enough that at time zero her
spending rate, B @, is less than the patient-optimal spending rate for the collective
budget, Ba*. L thus begins spending immediately, and achieves the patient-optimal
collective schedule. If the inequality is reversed, H begins by overspending the
collective budget, from L’s perspective. L compensates by spending nothing until
some £~ > 0, and achieves the patient-optimal collective schedule subsequently.

A behavioral interpretation

Proposition 7 establishes that schedule # may obtain given that the players have
the preferences from the dynamic setup, given in (15), and strategically interact to
maximize them. Only the structure of the games, not the players’ preferences, have
been modified from Section 3.
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Schedule ¥ may also be given an alternate interpretation. Suppose that there are
no spending constraints, but that H maximizes

/ e~z dt
0

instead of (15). That is, suppose that z7 is a private good for H, rather than X
being a public good for both players. Then H chooses z* H in the @ = o case,
regardless of o, by Proposition 1. If L still maximizes (15), his best response is 7~.
7 (with @ = a!?) is thus the schedule that obtains if, in the terminology of Andreoni
(1990), H is a warm-glow funder and L is an altruistic funder.

Scenarios in which a less patient player is effectively warm-glow and a more
patient player is effectively altruistic may be relevant in practice not only because
some funders are in fact warm-glow, but also because a less patient funder may have
uncertainty about whether future funding from a patient funder will ever materialize.
As noted in the introduction, slow-spending philanthropists sometimes face this very
skepticism. The model of Section 3 is then one in which H perfectly anticipates future
spending by L, and the model of this section explores the other end of the spectrum,
with H expecting no future spending by L at all—at least until he is wealthy enough
to implement his favorite allocation of the collective budget.

=T

4.2 Spending minima / saving constraints

We will now explore the implications of a spending minimum ¢, in isolation and
then in combination with a spending maximum @ > «a. Unlike spending maxima,
spending minima are often imposed by law. In the United States, for instance,
charitable foundations must disburse at least 5% of their assets each year.

As with the spending maxima of the previous subsection, we will restrict our
attention to the a € [a, a¥] case. This is again because it is arguably both the most
economically interesting case and the most realistic, for roughly the same reasons.

As noted in Section 4.1, borrowing constraints can constrain philanthropic spend-
ing on some public good from growing more slowly than the economic growth rate
g, which in turn is the optimal spending growth rate from the perspective of a rep-
resentative household if the public good is not a luxury or a necessity. Disbursement
requirements are also sometimes motivated by a desire to prevent foundations from
growing quickly enough to accumulate outsize influence.'? On either grounds, we
might expect to find a legal spending minimum of r — g, so that philanthropic spend-
ing by all parties grows at a rate no higher than g. In particular, the standard rules
of thumb that the real rate of return on capital is 7% per year and the real eco-
nomic growth rate is 2% per year might be expected to motivate a 5% disbursement

12Tn the extreme, see fears that trusts with plans to invest for too long before disbursing would
“shatter the nation’s financial structure”, re-“fashion [the] economy”, and ultimately “amount to
all the total value of the world” (O’Kane, 1961).
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minimum, as observed.!®> And again, unless L and H are both unusually patient or
impatient, a minimum spending rate of r — g will lie in [af, o®].

Given a spending minimum « [and maximum @], a constrained-polarized sched-
ule is a schedule x such that 2} = Bfa [and zf! = Bf'a] for all ¢. Constrained-
polarized equilibria and constrained-polarized equilibrium schedules are then defined

and motivated as in Section 4.1.

Proposition 8. Existence and uniqueness of constrained-polarized equi-
librium schedule given spending minimum

Given spending minimum o € [aF, o],
a. There is a unique constrained-polarized equilibrium schedule x:
o BLal (e(oaH—ozL)ﬁ—i-(r—aH)t _ e(r—oﬁ)t)j t < z*;
0, t >t
af = Brael™2)",
where t* uniquely satisfies
aH/b = ge(o‘H_g)é* + (aH — g)e‘aft*
(or equals co if b= 0, or if a = aff ).

b. x is an equilibrium schedule under any grid sequence.
c. x 18 an equilibrium of the constrained open-loop game.

Proof. See Appendix A.8. n

Xy

t* t

Fig. 4: Constrained-polarized equilibrium schedule given spending minimum

Proposition 9. Existence and uniqueness of constrained-polarized limit
equilibrium schedule given spending minimum and maximum

Given spending minimum o and spending mazimum &@ with o < a <@ < all,

13For further discussion see Andreoni (2018).
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a. There is a unique limit equilibrium schedule T :
ztf] — BHae(T'—a)t’

th — BLQQ(T_g)t,

b. T is an equilibrium schedule under any grid sequence.
c. T 18 an equilibrium of the constrained open-loop game.
Proof. See Appendix A.9. O]

X,

1=

t

Fig. 5: Constrained-polarized equilibrium schedule given spending minimum and maximum

4.3 The costs of constraints

Despite the symmetry of the spending minima and maxima we have introduced, and
the fact that polarized behavior in the unconstrained case gives the impatient player
a first-mover advantage, it is the patient player especially who can find a spending
constraint costly.
To express this result succinctly, fix r, v, 67, and 6% satisfying (9) and (18).
Then let
z[BY, B a,qd]

denote the [constrained-|polarized equilibrium schedule given positive budgets BZ
and B and a (potentially vacuous) spending minimum o and maximum @ satisfying

ac0Ufar ], @ela a’luco, a>a. (23)

Finally, given (23), let w’ denote i’s proportional willingness to pay to fully relax the
relevant spending constraint:

w (b, o, @) =w: U (z[1l — b,b, o, @]) = U (z[(1 — w)(1 —b),b, o, 0]),
wh(b,a, @) = w: UM(z[l —b,b,a,@]) = U*(z[1 — b, (1 —w)b,0,a]).
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The willingness to pay function w(-) is given as a function of L’s budget share
b € (0,1), rather than of B and B, because holding b fixed, z*, T, z, and T are
linear in B. Also, and relatedly, U(-) is homothetic: given any two schedules to which
a player assigns the same payoff, she also assigns the same payoffs to corresponding
schedules in which spending at each period is multiplied by a constant B > 0.
Without loss of generality, therefore, when computing proportional willingness to
pay, we can restrict our attention to the B =1 case.

Proposition 10. Asymmetric costs of spending constraints

Given spending constraints o, @ satisfying (23),
a. sup, wi(b,a,a) < 1.
b. limy,o wh(b,a, @) =1 if a > o and @ > or.
Proof. See Appendix A.10. O]

In other words, when the more patient player controls a small proportion of the
funding in some domain, a spending minimum is approximately as costly to him as
a total expropriation, at least if spending is maximally polarized—even a spending
minimum of . This is true whether or not there is also a spending maximum
(as long as the spending maximum is not also o). A spending maximum is not
approximately as costly to the less patient player as a total expropriation, however,
and this too is true whether or not there is also a spending minimum.

Recall from Proposition 2 that no result analogous to Proposition 10b obtains in
the case of private good provision. This result highlights a welfare-relevant respect in
which time preference heterogeneity is especially important in the context of public
good provision.

An intuition for the asymmetry in the cost of a spending constraint is clearest
when the baseline schedule is constrained in both directions.

Removing a spending maximum does not change z* in the constrained-polarized
equilibrium schedule. When B /B is small—i.e. when b ~ 1—it simply concentrates
H’s spending around ¢ = 0.
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¢ t"—0 t

Fig. 6a: Cstr.-pol. eqm. schedule given Fig. 6b: Cstr.-pol. eqm. schedule given binding
binding spending minimum and maximum, b — 1 spending minimum alone, b — 1

Under both constraints, when b &~ 1, the utility that H’s budget offers her, above
the baseline U (z%) provided by L’s spending, is roughly a discounted average of
e ="ty (zF) across t > 0 per unit of B¥. When the spending maximum is lifted,
the utility that H’s budget offers her above the baseline is roughly v'(z{) per unit
of BH. This is a bounded improvement.

With and without the spending minimum, the growth rate of 2 equals r — @.
Given @ > o, is strictly less than the §“-optimal spending growth rate of r —a’. So
e(r=0)ty! (xf), the §L-discounted marginal utility of an increase in resources allocated
to t, grows unboundedly—indeed, exponentially—with t.

Under both constraints, regardless of b, L spreads his spending over time in such
a way that most of the present value of his budget is spent before some sufficiently
large 7. This bounds the additional utility that B offers L above the UL (zH)
baseline.

X,

8

t "> oot

Fig. 7a: Cstr.-pol. eqm. schedule given binding Fig. 7b: Cstr.-pol. eqm. schedule given binding

spending minimum and maximum, b — 0 spending maximum alone, b — 0
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When the spending minimum is lifted, however, the time ¢ at which L begins spend-
ing grows without bound as b — 0. The utility that L’s budget offers him above the
baseline thus rises to infinity per unit of B as b — 0.

Constraints and efficiency

Though efficiency is not the primary focus of this paper, we close this section by
noting a way in which constraints on public good spending rates, despite their po-
tentially large costs for one player, can bring about efficiency.

Recall from Proposition 6 that, in the absence of constraints, any efficient payoff
Pareto-superior to U(z*) is an equilibrium payoff. There are also inefficient equilib-
rium schedules, however, including the polarized equilibrium schedule.

Under a one-sided constraint, the constrained-polarized equilibrium schedule is
typically also inefficient. This can be seen from the fact that it typically exhibits a
kink in collective spending which both players would prefer to smooth. But if the
constraint is tight enough that it implements one player’s favorite allocation of the
collective budget, the associated schedule is efficient.

Under a two-sided constraint, the constrained-polarized equilibrium schedule fea-
tures no kink. Instead, (given @ > «), the collective proportional spending rate falls
smoothly from ba + (1 — b)a to a as L gradually comes to possess a larger share of
the collective remaining budget. Under certain parameter conditions, this produces
an efficient schedule that is not either player’s most preferred schedule.

Proposition 11. Constraints and efficiency

Given spending constraints o, @ satisfying (23), x|BY, BY, o, @] is efficient iff

ii. a =0, a>al, andb>1-al/a'; or
. a=ar, a=a, andy =1,
mazimizing UH given (i), U given (ii)-(iii), and (1 — b)UH + bUL given (iv).

Proof. See Appendix A.11. O

5 Delayed benefits

We have assumed so far that the flow utility the players enjoy at each time depends
only on collective spending at that time. This assumption most directly describes
the case in which the public good “X” is a perishable consumption good. Often,
however, public good expenditures generate benefits after the expenditures occur.
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Spending on infrastructure, education, research, and environmental preservation is
all typically intended to generate a stream of benefits lasting far beyond the day
the money is spent. One may therefore wonder whether, in these domains, the basic
logic of intertemporal polarization explored in earlier sections is maintained. We will
now show that, under broad conditions, it is.

The notion that a more patient player would want to cut such expenditures when
a less patient player would want to increase them may be counterintuitive, since calls
to increase such expenditures in a political setting are typically made on the basis
of their future benefits. But in such a setting, the options at hand are typically (i)
to spend on a project with delayed benefits or (ii) to leave the required resources
untaxed, in which case at least some of them will be consumed in the short term.
By contrast, the setting studied here concerns private funders, such as foundations
or charitable trusts, all of whose budgets will be spent on public goods at some time.
The options at hand are therefore (i) to spend on a project today or (ii) to invest the
entirety of the required resources to a future date and fund more projects then. If
an education funder is indifferent between building one school today and two schools
in 20 years, it is perhaps not so counterintuitive to suppose that a more patient
education funder will prefer the latter.

To formalize this point simply, we will work in discrete time. Let X denote a discrete-
time collective schedule { X, };cn. Suppose that each player’s utility at ¢ equals u; (X):
an arbitrary time-specific function of collective spending X, for each s € N. Player
i has a sequence of time preference rates 6!, with 67 > §F Vi, so that i’s payoff is

Z " Ty (X). (24)

Note that we do not require u; to be increasing in each Xg: u; may be constant
or decreasing in X, locally or globally, for some or all s. In particular, we do not
require u; to be constant in X for s < ¢: the plan to invest a unit of resources
until ¢ may generate costs or benefits before t, e.g. if the invested resources support
environmentally destructive or socially impactful firms.

Because u,(-) is time-varying, this framework is flexible enough to incorporate the
effects of any funders outside the two whose spending constitutes X. For illustration,
suppose flow utility at ¢ is the logarithm of spending at t by H, L, and a third party.
If the third party exogenously spends one unit at ¢, then u,(X) = log(X; + 1). If
the third party is fully crowded out of spending at ¢t as H and L increase their own
spending at ¢, then uy(X) = log(max(1, X;)).

Like discount rates, we do not require that interest rates be constant or positive.
Instead, let Ry = 1, and let R; > 0 denote the cumulative returns to investing from
0 to t.
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{uy(+)} satisfies single crossing from X if the function-sequence is differentiable
at X and for each pair of times s < 5,

Ou(X) < R, Ou(X)

Jt € {0,1,...,00} : X, = E X, Vt < t, (25)
8ut (X) RS 3ut (X) ~
< 5 .
0X, =R 0X vVt > t; and

0X, 7 Rs 0X;

That is, single crossing obtains from X if a marginal resource allocation to some time
s produces a stream of undiscounted net benefits that is not equal to the benefit-
stream produced by a marginal resource allocation to s > s, but lies weakly above
it, lies weakly below it, or crosses it once from above.

The proposition below establishes that single crossing is closely associated with
intertemporal polarization. First we will argue for the plausibility of the property
across familiar domains in which spending brings delayed benefits.

Suppose {u;(+)} and X are such that marginal education spending at s produces
a stream of benefits that begins at C per unit of expenditure and then grows expo-
nentially at rate g.'* Then for any pair s < 3, the stream of benefits to allocating
marginal resources for education expenditure at s lies weakly above that for 5 if
Cs < Cs Rs/ Rs, and the streams cross once (at 3) if C5 > Cs Ry/Rs. In either case,
single-crossing from X obtains.

Or consider the case of avoiding a catastrophe severe enough to cause human
extinction. Because the effects of such a catastrophe would be permanent, the effort
to avoid one is sometimes used as the paradigmatic example of a domain in which the
patient desire more spending than the impatient. Suppose that, given X, the flow
utility associated with the existence of humanity at ¢ is v; > 0 and the probability
of survival to ¢ is p;, with po = 1 and p(.) non-increasing. Then (expected) utility at
t is u(X) = pvg. Suppose also that marginal spending at s lowers the probability
of an existential catastrophe at s by C per unit spent, given survival to s (resources
allocated to s having no effect absent survival to s). Then the stream of expected
benefits generated by allocating marginal resources to s is {RsCspivi}i>s. As in
the education case, for any pair s < s, the benefit-stream to allocating marginal
resources to s lies weakly above that for s if C5 < Cs R,/ Rs, and the streams cross
once, at s, if C5 > Cs R/ Rs.

As in earlier sections, suppose the players begin with budgets {B'} > 0, with B =
Bf 4+ BE. A collective schedule X is feasible if Y ° X;/R; < B, and an individual
schedule for i, z* = {x}}ien, is feasible if Y ° 2i/R, < B

14This would roughly be implied by e.g. the Lucas (1988) model of human capital accumulation.
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The generalized open-loop game is the game in which the players simultaneously
choose feasible individual schedules and earn payoffs (24).

Proposition 12. Polarization and single crossing

If {us(-)} satisfies single crossing

a. from X, then given s <5,

OUM(X) | R, OUM(X) _ 9UMX) _ R, 0UM(X)
e . OX, 0X; ~ Ry 0Xy
OUH(X) _ R, OUH(X) oUM(X) R, OU"(X)

Tox. SR’ ox, ox. "R ox,
b. from all feasible X, then in any equilibrium x of the generalized open-loop game,

35: 27 =0 Vs>35 2l =0 Vs<s.

S

Proof. See Appendix A.12. O]

It appears that an analysis of dynamic behavior in this generalized setting would
be very complex, and it will not be pursued here. Nevertheless, Proposition 12 and
the discussion above suggest that, in isolation, the fact that public good spending of-
ten produces delayed benefits does not typically alter the basic logic of intertemporal
polarization. Patience may motivate postponing one’s philanthropy.

6 Conclusion

The economic implications of time preference heterogeneity have been extensively
explored in a variety of domains, including social discounting, optimal taxation,
and dynamic bargaining. They have to date, however, largely been overlooked in
literature on the private provision of public goods. The results presented here begin
to fill this gap, and illustrate the importance of building time preference heterogeneity
into models of dynamic public good provision going forward.

In dynamic public good provision contexts, time preference heterogeneity appears
both even more widespread and even more important than in other contexts.

For the most important dynamic public good games in practice, there is unusually
clear empirical and theoretical evidence that their players do not employ common
discounting, as noted in Section 1.1.

The results of this paper illustrate that time preference heterogeneity is not just
particularly widespread in dynamic public good provision settings but also partic-
ularly important. As a comparison between the cases of Section 2.1 and Section 3
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illustrates, equilibrium behavior in dynamic public good games with versus without
time preference heterogeneity can differ dramatically: a player might spend at a pos-
itive rate at time zero under common discounting but, given a time preference rate
only slightly below that of his co-funder, spend nothing for a long while. And even
under arbitrarily small time preference differences, spending constraints can have ar-
bitrarily large proportional welfare implications for small patient philanthropists in a
large impatient world, in the sense explored in Section 4.3 (though not the reverse).
Spending constraints typically have no such extreme implications in the private good
context.

The pervasiveness and importance of time preference heterogeneity in public good
provision contexts has at least two broad classes of policy implications.

First, it affects the structure of self-enforcing agreements for the provision of pub-
lic goods among multiple parties who cannot contract, such as national governments.
Such agreements can be efficient, as shown in Section 3.3, at least in continuous time
and with perfect monitoring. If agreements are designed without accounting for the
parties’ different discount rates, however, they will generally not be efficient, and
may fail to be self-enforcing as intended. The United States’s 2017 withdrawal from
the Paris Agreement on climate change, for instance, coincided with an explicit im-
patient shift in Office of Management and Budget policies on social discounting, as
requested by the newly elected president.!® If Americans are simply less patient than
their international counterparts, this will in the long run affect democratically-set
discounting policy, and punishments (here taking the form of increases in collective
emissions) sufficient to deter defections by many countries may be insufficient to
deter defections by Americans.

Second, an understanding of the importance of time preference heterogeneity
for public good provision might affect the policy conversation around disbursement
requirements for philanthropic foundations, trusts, and DAFs. Voters and policy-
makers might look more charitably on slow- or non-disbursing charitable investment
vehicles once a lack of disbursement is understood not as proof of a tax-avoidance
scheme but as, at least possibly, a logical consequence of patient philanthropic plan-
ning. Estimates of a patient philanthropist’s high ideal willingness to pay to avoid
disbursement requirements may also motivate patient philanthropists themselves to
fight disbursement requirements more vigorously.

The lessons emphasized here are demonstrated rigorously in the context in which
there is a single good and each player’s flow utility is an isoelastic function of total
flow spending on it. The robustness of the lessons is suggested by the result of Section
5 that intertemporal polarization, at least, is maintained when the framework is
extended to allow for much more general preferences.

These results and discussions however only begin to cover the space of possible

15See e.g. Li and Pizer (2021).
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implications of time preference heterogeneity for public good provision. We have
attempted to isolate the implications of time preference heterogeneity by focusing
on a model with only two players and a single public good; common knowledge
of preferences and of the value of the good; perfect monitoring; and a risk-free
AK investment environment. Even in this highly restricted setting, the analysis
is incomplete without further work on equilibrium characterization and selection.
To quantify the benefits of coordination, for instance, it may be valuable to explore
equilibrium selection among efficient SPEs, perhaps using tools from the considerable
existing literature on dynamic bargaining under time preference heterogeneity.

More work, both theoretical and empirical, would also be necessary to understand
the implications of time preference heterogeneity in real-world public good provision
problems which do not conform to the restrictions listed above. For instance, gov-
ernments and philanthropists generally face a variety of public good domains, which
produce benefits on different time horizons. Time preference heterogeneity might
then be expected to generate polarization both across domains and across time,
with patient parties funding an ever larger share of (ever shorter-horizon) domains
as they grow to constitute ever larger proportions of the total philanthropic market.
Also, given the possibility of risky investments, since the range of projects covered
by each player-type will be endogenous to the players’ budget shares, a public good
funder’s own time preferences and those of other philanthropists presumably have
implications for the funder’s own financial risk-tolerance. Exploring the implications
of time preference heterogeneity across the dimensions of both time and domain
further would be a valuable topic for future research.

Even the simple model explored here confronts a host of complexities, in part
because many useful results from the literature on repeated games (like algorithms to
characterize the set of equilibrium payoffs) cannot be used. Extensions along the lines
above would doubtless face even more difficulties. Given the pervasive importance
of time preference heterogeneity to dynamic public good provision, however, such
efforts appear to be worthwhile.
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A Proofs

A.1 Proof of Proposition 1 and corresponding payoff
Proof of Proposition 1

Given a schedule z, let

y=e "y
denote the density of resources allocated at time 0 for investment until, followed
by spending at, t. The schedule y of present-value spending rates will be called an
“allocation”, and y; a “flow allocation”. Let

v(y) = 6_&“(6“%)

denote the discounted flow utility at ¢ from flow allocation y;.

Because marginal utility in spending is always positive, y is optimal only if it
exhausts the budget.

A budget-exhausting allocation y maximizes utility iff, given y, the marginal flow
utility of allocating to each t equals some constant A almost everywhere:

O [ _s(ey) -1

' () :a_yt[e - ] =AW, v #1; (A.1)

0

= o [e";tln(e”yt)] =AWt =1
t
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(where “¥V” means “for almost all”, i.e. for all but a set of Lebesgue measure zero).
If (A.1) fails, then there are two positive-measure sets of times 7Ti, T3 such that
V'(y) > v'(ys) for t € To, s € T; (in turn implying ys > 0 for s € 7Ty, since
v'(0) = 00). y is thus not optimal: a small reallocation from 7; to T3 increases U. If
y does satisfy (A.1) almost everywhere, it is optimal, because U(+) is continuous and
strictly quasiconcave: U(az+(1—a)Z) > aU(&)+(1—a)U(Z) for any pair of schedules
&, 7 that differ on a positive-measure set of times and for which U(#) = U(z). If an
alternative feasible allocation ¢ would be superior to y, marginal reallocations from
y toward ¢ would also be superior, which (A.1) rules out.
Taking the derivative and rearranging, we have

1 r—ry=94

Y = AN ve t WVt. (AQ)

Subjecting (A.2) to the budget constraint (3), we have

o0 =1 rfr’yfzst
A7 e + ‘dt = B. (A.3)
0
If § > r(1—+), we find
A =B w (= Ba). (A4)

Substituting (A.4) into (A.2), and recalling that z, = e"y;, we have
z; = Bae"™ 9 Wit (A.5)

Since the only right-continuous schedule = that satisfies (A.5) is that which equals
the expression above for all ¢, this is the optimal schedule.

If § < r(1—+), no \ satisfies (A.3), so no budget-exhausting y satisfies (A.1).
There is no optimal schedule.

Payoff to following the optimal private schedule
Given § > r(1 — ), i.e. @ > 0, the payoff to following schedule (A.5) equals

U:/ e“stu<Bae(r_°‘)t>dt,
0

which simplifies to

61n(B§2)+7“—6’ N = 1.



43

A.2 Proof of Proposition 2

The payoff obtained given a loss of fraction w of the budget, without a spending
rate requirement, equals (A.6) with (1 — w)B in place of B. Denote the resulting
expression U(B,w).

To find the payoff obtained under the spending rate requirement, substitute (5)
with & in place of « into (2) and integrate to get

Bl77v al=v .
1 sy VP L

Us(B,a) = (A.7)
6ln(B’§2)—|—r—57 N = 17
where, given &,
S=day—ry+r (A.8)

is the time preference rate for which & is the optimal spending rate. Note that the
integral is defined iff (7) holds.
Set Us(B, &) = U(B,w) and solve for w.

A.3 Proof of Proposition 3

Consider a schedule x such that there are positive-measure sets of times 7y, 75 with
sup(7y) < inf(73), zF > 0Vt € T1, and zf’ > 0Vt € T;. We begin by showing that
is not an equilibrium.

If e(’”*‘SL)t(:EfI + 2F)™7 is not constant almost everywhere in 7, L prefers to real-
locate his spending within 77. Likewise, if e(T"sH)t(:vf + L) is not constant almost
everywhere in 75, H prefers to reallocate her spending within 75. In either case, x
is not an equilibrium.

Suppose therefore that

eIl 4 gI) T = AL Wt e T, (A.9)

el Ly = M Wt e T (A.10)
If x is an equilibrium, we must have

el £ ey < AP Wit e T (A.11)

Otherwise L prefers to marginally reallocate his spending from 7; to 7. Likewise,
we must have

eI 4 gy < N Wt e T, (A.12)
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or else H prefers to marginally reallocate her spending from 75 to 7;. Multiplying
both sides of (A.11) by e® =9t and both sides of (A.12) by e =9 substituting
for the left-hand sides by (A.10) and (A.9), and rearranging, we have

0" =0t < NN Wyt e T,
e =t > \L /N Wyt e T

Since 0y > 0 and Ty follows T, these inequalities cannot simultaneously obtain.
This completes the proof that x is not an equilibrium.

It follows that, in any equilibrium, there is a time t° such that H is the sole funder
VWt < t° and L is the sole funder YVt > t°.

As in Proposition 1, each player i does best to spend such that the value of
marginal allocations is equal across almost all times at which she spends. This
implies that if = is an equilibrium,

T A=ty < g, (A.13)
=0 Wt > t°;
k=0 Wit < t°, (A.14)

— ALer=aMt it > g0,

for some constants A7, AL
From the budget constraints

tO
/ Ae=e"tqt = BH,
0

/ Are"tqt = BE,
t

o

we then have
—1
AT = B (1 - e_aHto> ; (A.15)

A" = BEale ", (A.16)

An equilibrium collective schedule cannot exhibit a jump discontinuity at its t°.
If collective spending rose discontinuously at t°, L would prefer a reallocation from
just after t° to just before. Likewise, if it fell discontinuously, H would prefer a
reallocation from just before t° to just after. We therefore have

AHe(r—ocH)t" — ALe(r—aL)t"

(A.17)
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Substituting (A.17) into (A.15)—(A.16) and simplifying, we get
AT = B + BEal; (A.18)

L
BN g
BLal

Substituting (A.18)—(A.19) into (A.13)—(A.14) and (A.17) produces final expressions
for ¥, z¥, and t°.

We have shown that, if an equilibrium exists, it must take the form above. To
verify that the profile (z,z%) above is in fact an equilibrium, observe that, by
construction, from (z1, z%), neither player prefers marginal reallocations across times
during which he spends, or from times during which he spends to times during which
he does not. Because U'(-) is strictly quasiconcave for both 7, neither player prefers
a non-marginal alternative feasible 7, fixing 77, either. z* and 2 are mutual best
responses.

AL = BEak (1 + (A.19)

A.4 Proof of Proposition 4
Preliminaries

Let % (2f) and y*(2') denote L’s best-response individual schedule and allocation,
respectively, to H’s individual schedule 1. The strict quasiconcavity of U(-) guar-
antees that if a best response exists, it is unique (up to measure-zero deviations).
We will construct the unique form that an equilibrium (z#, z%(2)) must take if one
exists and then show that the strategies are indeed mutual best responses.

Given z, let

TEE) = {t ok (2) >0}, THET) ={t: 2 > 0}.

Note that the budget constraints

/ yL(x™)dt < B*, / yPdt < BY
TL(zH) TH(xH)

imply that TZ(2zf) and TH(z#), and thus their intersection, are measurable. Let
Ba')= [ g (< B
TL(zH)

denote the budget that H allocates to TX(z").
y(z™) must set the §-discounted marginal utility of flow allocations equal WVt €
TL(xf). As in Proposition 1, this holds iff

a4 2l (@) = AP ()e ="t wt e TE(z), (A.20)
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for the constant AL(z) satisfies the budget constraint
/ (2t 1 2E(2Y)dt = B(z") + B, (A.21)
TL(zH)

The resulting {z/"+x{ (z") };c7r o#) will implement the unique 6*-optimal allocation
of B(xf) + BE across TL(zH).

Let 7 C TE(2*) denote a set of times such that
/ el + XE(2™))dt = B(2™).
-

Such 7 must exist, by the continuity of total resource allocation with respect to
time. If B(z) > 0 any such 7 must have positive measure.
Suppose B(x) > 0, and consider an ¥ such that

xl, tg TH(");
il = al +ak(2t), teT;
0, t e TEHETN\T.

L will then still be able to achieve a collective schedule of 2 + zL(2f), by adopting
individual schedule ¥ with

_ J0, t & THa"\T;
T k@), te TEHETN\T.

(21, #1) still implements the unique §%-optimal allocation of resources B(z) + B
across T*(z"). Furthermore, because & = 1 vVt ¢ T*(2"), L still weakly prefers

marginal spending within 7%(x!) to marginal spending outside T*(x!). Given 71,

therefore, L does indeed best respond with #1; zF = 2#(z).

T thus induces the same collective schedule as xf. However, B(z) = 0. We
have found that, for any feasible 2, there is a feasible 7 such that

Bz =0 (A.22)
and H is indifferent between 2% and #¥ given L’s best response.
Given a feasible 2 satisfying (A.22), let

Ty = {t: 2l > AL (™)l

B(z') = / yldt.
T (zH)
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Observe by the reasoning of Proposition 1 that there is a (near-)unique and §7-
optimal feasible 7, under the condition 7H () = TH (x), such that

= H L A.23
K {max(AH(:iH)e(’"_a AL (FH)elr—ant) e TH (M), ( )

where AL(7H) = AL(2") is given by (A.20)—(A.21) and

A fi’(xH) A e=e"tqr = B(2H)
A (P = — B(a")/ [3m e tdt, B(at) > 0;
B pr—

AE(ET), (™)

That is, H always does best to allocate 67-optimally across the periods during
which she spends, at least subject to the constraint that such a shift does not render
her spending at a time low enough that L responds by altering his own schedule.

Consider a feasible allocation y” (and corresponding z) satisfying (A.22) and
(A.23). We must have

g JAT @)™ te T (M) n[0,g];
Yoo =\ AL( iy, —alt H(, HY A [~ (A.24)
Af(z)e™, t e TH(z") N [g,00);
gty = A@aMe, te TH"),
where
AL(SCH)
Hy — L_ H
= (-
denotes the time ¢ at which AH (zf)e=o"a = AL(zH)e—o" 4,
Define
Qaay= [ At (A.25)
o TE(zM)N[0,9)
Qasa = | AF(ayeet
TH (zH)N[max(g,q),00)

Since Q(g; #™) weakly and continuously increases in ¢ from zero to B, and Q(g; z*)
weakly and continuously decreases in ¢ from a nonnegative value to zero, there exists

a (not necessarily unique) ¢* such that

Qg5 2™) = Qg5 2™).
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In equilibrium, ¢* is a time such that the amount (in present-value terms) that L
allocates 6“-optimally before ¢* equals the amount that H allocates d“-optimally
after ¢*.

Choosing some such ¢*, now consider the allocation

L

A(zH)e >t te TL ()N [0, q%);
gt = <o, t € TH(z") N [max(q(z™), ¢*), o0);

yH, elsewhere.

Observe that AL(ZH) = AL(xf) and AH () = AH(2f), and thus that g(z%) =
(™).
It follows from (A.25) that L’s (near-)unique best response to a shift from y to
g™ is to shift his spending from TX(xf) N[0, ¢*) to TH(x") N [max(g(z), ¢*), 00),
leaving his spending elsewhere unchanged; this alone maintains (A.20). It likewise
follows from (A.25) that g is affordable for H, and that it induces the same collective

allocation as y. Finally, sup(7# (7)) < max(q(z'), ¢*), so
T(z") = [inf(T*(3™7)),sup(T"(2"))] is bounded and (A.26)
= A ()=t vt e T(3),

with the second observation following from (A.23)—(A.24) and the fact that g(z) =
q(z"). Note that inf(T*(z%(z1))) > ¢*, so T(z) is of positive measure only if
max(T(5")) = (™).

We have now shown that, for any feasible 7 satisfying (A.22) and (A.23), there
is a feasible ¥ satisfying (A.22) and (A.26) such that H is indifferent between z'f
and # given L’s best response.

Without loss of generality, let us define x¥(-) such that
/ e el (xM)dt > 0 Vo inf(TH(2™)) < sup(TH (2)). (A.27)
T(xH)

That is, let us not say that L ever responds to 2 by spending at a measure-zero set

of times before he begins to allocate positive resources.
If

/ e "aldt =0, (A.28)
T(zH)

xf is a measure-zero deviation from an alternative strategy for H, 2% with

e ot <inf(TE(2®));
{O, t > inf(TE(z)), (A.29)
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such that the schedule (2, 2(Z")) is polarized in the sense that
() - aF @) =0 vt < (@), @ =0 vt>iz"). (A.30)

Of course, z(7#) = z(z") up to measure-zero deviations and, given these best
responses, H is indifferent between z’ and z.

The next step of the proof is to show that for any feasible 27 satisfying (A.22)
and (A.26) but not (A.28), there is a feasible 2, which H in equilibrium strictly
prefers to 1, satisfying all three conditions. It will then follow that, in equilibrium,
o must be at most a zero-measure deviation from an ¥ satisfying (A.30). We will
then be able to determine the (near-)uniquely optimal z! in this class, and thus the
equilibrium as a whole.

From here we will proceed differently depending on the value of 7.

v > 1 case

Consider a feasible allocation y! (and corresponding 2 satisfying (A.22) and (A.26)
but not (A.28). Recall that this implies that max(T(z)) < g(xf).
Define

Z(z;2") = / et (A.31)
TL(zH)N[0,2)

Z(z;2™) = / et (A.32)
TH(zM)N[z,q(z))

Since Z(z;2f) — Z(z; ') strictly and continuously decreases in z from a positive
value at z = 0 to a negative (by (A.27)) value at 2 = g(z*™), there is a unique
z* € (0,q(x)) such that Z(2*;2%) = Z(2*;2%). Let

T(z") = TH(=")nlo,z7), (A.33)
T(z") = T (") N [e", q(a™)).
It follows from the fact that sup(7# (7)) < g(z™) that y? > AL(z)e " Wt €
TH(2H).

Choose ¢ > 0, and partition T'(z") into (not necessarily nonempty) elements
T =TE" N +7—¢2"+7) (A.34)
for all j € eN, where eN denotes {¢, 2¢, ...}. Also, define

. ok ok
t;(z") = min {q : / e~ tdt = / e tdt}, (A.35)
T(zH)N[0,q) T(zH)N[z*,2*+7)

T, (") =T Nt (:EH),tj(xH)), (A.36)

~j—€

jtezs") =4 teT,; (") UT;(z"). (A.37)
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That is, j(t,e; 27) is the element of €N such that ¢ lies in the element of the parti-
tioned T'(z) whose supremum is j, or the corresponding element of the partitioned

(")
Let
Sz = {s e T(2™) : 11_1)1(1) (Ej(s,e;mH)(xH) - tj(&e;xH)_e(fEH)) > O}. (A.38)

It follows from (A.35) that, for all s € S(z'7),

36> 0: / et = / e "t = / e~ "t
T(@™)N[0, (™)) T(@)N(0L, (@) +6) T(a™)n[z*,s)
(A.39)

Given s € S(xzf), let ¢, denote the supremum ¢ satisfying (A.39). Thus, for each
s € S(xf), there is a maximal subinterval ®(s) = [t (z%), ¢5) of [0,2*) such that
(T (x?)N®(s)) = 0. Because any interval can be partitioned into at most countably
many subintervals, there are at most countably many such ®. Furthermore, for each
®, we must have

p({s: @(s) = 2}) = 0;

otherwise the integral on the right-hand side of (A.39) could not be equal for all such

s. Therefore p(S(zf)) = 0.
It follows that, given any feasible z satisfying (A.22) and (A.26), there is a
corresponding feasible 7 with

0, te S,

also satisfying (A.22) and (A.26), but for which we also have
SE"y = 0. (A.40)

Of course z* () = x¥(2f) almost everywhere, and H is indifferent between 2 and
M given L’s best responses.

Consider an allocation y (and corresponding x?) satisfying (A.22), (A.26), and
(A.40) but not (A.28). Then, given a choice of interval-length €, consider the allo-
cation g (€) (and corresponding 7% (¢)) with

uil, t & T(x") UL (a");
i (e) = { A (gH) @ oM HitbaaD)ma W com @4 4 ¢ p(gH),
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Note that 27 (¢) satisfies (A.28) for all e.
To demonstrate that §(¢) is feasible, let us show that its allocation to each
T. (z*) is weakly (and indeed strictly) less than y*’s allocation to the corresponding

—j,E

T;.(z"). From (A.35) and (A.36), we have

/ e~ tdt :/ e~ tdt. (A.41)
T; (zH) Tje(zH)

Js€

Observe that ¢ < ¢;(z") Vt € T; (¢") and t > 2* 4 j — e Vi € T (™). Also,
yil > A (zM)e=o" @) i e T;.(z™).

Thus (A.41) gives

IA

/ e L@ gy / e =9 gy (A.42)
T (z") Tj (™)

,€

/ AH(xH)e_aH(Z*H)dt

Tje(zH)

< / AT (2T)e= " dt.
Tj,e(mH)
(A.43)

IN

— / AH (gH)eled —aM)(E +i)=al (M)t gy
Tj € (IH)

Summing across j € €N, it follows that, since y* is feasible, ¢ (¢) is also feasible.

Now let us show that, for sufficiently small e, H strictly prefers 5 (¢) to y given
L’s best responses.

First, for any €, we can decompose the move from y to ¢ (€) into a sequence
of shifts from {y/'} to {g(e)} for t € T, (z") U T;(a") for each j, with the
original allocation maintained elsewhere. That is, H can shift spending back from
T(z") to T(z") by shifting spending back from T (z*) to T; (2) for each j.
Each shift will be affordable, as shown by (A.43). Furthermore, from (A.35) and
(A.36) we see that, in equilibrium, L will (up to measure-zero deviations) respond
to each shift by shifting his own allocated funds from T; () to T (z"), leaving
his spending elsewhere unchanged; this alone maintains condition (A.20) for some
A%, Finally, observe that the shift must increase flow spending and thus utility
throughout T'; (') and decrease it throughout T'; ().

H’s net utility gain from shift j is thus bounded below by

) (( A (gH )elot o™z +i)=at @)+t =)y 171

j,s(xH)

_(AL(xH)e(T—aL)tjfe(rH))1_Py>dt (A4.4)
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+/ o~ (=€) <(AL(:]CH)e(r—ozL)(z*Jrj))1*7 _ (AH(:BH)Q(T—QH)(Z*H—E))17”) dt].
7]' e(xH)

From (A.41), the fact that t > t; («") Vt € T, (z"), and the fact that ¢ <
2+ iVt €T (a"), we have

ije(xH) ije(xH)

After rearranging (A.44) and making the substitution from (A.45), we see that H’s
net utility gain from shift j is further bounded below by

1 ) »
L (AH el ) / e=oH (=) gy (A.46)
Y= Tje(aH)
H/(.,.H _

L (AT (et mat) e r—ab) g @) (e ) —ate) T gatt ()-8t )
AL(xH)
H(QJH) (b

_<1 ( ) (%) (r—aHk)”)
AL ()

(1= r—ab) =" +j—t;_ (@) - 5H(Z*+j,€)+aL(z*+j)}

By (A.38) and (A.40),

lim ¢, (thH)(xH) = hmt i(tet)—c (T By =t, .(z) Yt € T(z™). (A.4T7)

e—0 e—0

Also, by (A.34) and (A.37),
lir% gt ey =t —2* vt e T(2™). (A.48)
€E—

Furthermore, ;¢ . uy(x") — t;; cpmy_(¢™) is uniformly bounded by 2*, and

gt e x™) = (t — 2*) by g(a') — 2%, for t € T(z"); so these two convergences are
uniform throughout T'(z). Tt follows that

lim _1 — <AH<$H)e(aL_aH)(z*‘*‘j(tﬂef NH(r=ak) (¢, iy @)=ty oy (@)= aLe>1_7]
e—0 L AL<:L’H)
(A.49)
[ AT (™) r oy g et o\ 1y
— o (aF—a™)(z*+j(t,ex™))—(r—a e
|t <AL(:L-H)6 ) } (A.50)
=1 G ﬁ) A51
(AL(xH)e (A.51)
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forallt € T(_xH), and that the convergence of (A.49) and (A.50) to (A.51) is uniform
throughout T'(z).
By (A.22) and (A.26),

A (zMye=o"t > A (z)e"t vt e [2*,g(z™)), (A52)

so A el
AT >
positive for all ¢ € T(x).
The net utility gain for H from the shift from y? to g7 (¢)—the sum of (A.46)

across j € eN-—equals
1

Y= 1 T(zH)

OéL—OcH)

© > 1 for all such t. By our assumption of v > 1, term (A.51) is

AL(_’L'H)e(riaL)éj(t,e;mH)fe(mH)) 1776_0411 (Z*+j(t7€;IH))

H(,.H _
[(1 B <//§L((xH)) e(aLO‘H)(Z*J“j(t’E;mH))*(raL)(tj(t,e:zH)(mH)tj(t,e;zH)e(mH))aLe>l 7)
T

okt

H
e Zj(t,e;x )

)y (@) =0%t;, oy (@

(- (AH(:UH)e(aL-aH>(z*+j<t,e;xH>>—<r—aH>e>1‘”)
AL(2H)

e(l—w)(r—aL><z*+j<t,e;xH>—zj(t,€;zH),€<mH>>—6H(z*+j<t,e;zH>—e>+aL(z*+j<t,e;zH>>} it

From (A.47) to (A.52), this converges, as € — 0, to a value strictly greater than

M [ (i (Y
(A.53)

which is positive. Therefore the total net utility gain is positive; H strictly prefers
g (€), for a small €, to y*, given L’s best response. An equilibrium 2 must therefore
be at most a measure-zero deviation of one satisfying the polarization condition
(A.30).

We will now find the 2 that, among those satisfying (A.30) for some #(x*7), uniquely
maximizes H’s utility given L’s best response.

Because L invests his resources until #(z¥) and subsequently allocates them §-
optimally, we have

0 t < t(xf)
L)y =4" I A.54
Ty (Z’ ) {AL(xH)e(,,,_aL)t’ t> t(.ﬁIZ'H), ( )
where AL (z) satisfies
/ Ar(@M)e " tdt = B* = AY(z) = Blake® @), (A.55)
t(xH)
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Likewise, fixing #, denote H’s most preferred ! satisfying (A.30) with #(z) = ¢
by zH[t]. z"[f] must spend H’s resources d-optimally up to . Spending §-
optimally up to arbitrarily high # will not be compatible with (A.26), and thus not
with (A.30), in equilibrium; L will eventually prefer spending to waiting until #.
Nevertheless, we will find the ¢ that would be optimal for H if H could spend -
optimally up to #, instead of eventually having to switch to a §“-optimal schedule (as
in (A.24)). We will then see that spending §-optimally up to the optimal threshold
time, t*, is indeed compatible with (A.26) and thus (A.30) in equilibrium.

So we have

5 AH{ (r—aft t {
frme 1< -

H
x|t = -
¢ [t] 0, i

where AZ[t] (= AT (2" [t])) satisfies

t N B BH H
/ Afle="tdt = BT —  AM[] = a
0

1 — et

(A.57)

(zH[t], 2% (xH]1])) delivers H payoff

t _
/ et ( (BHaH (1 — e’O‘H{) _le(T*aH)t> ' 7) dt
0

n / ey < ( BLaLeaLze@,aL)t) 1—7)
t
1

ey e )

1

I—7

dt

From the first order condition in ¢, we find a unique maximum at

B BH H
f=t'=In (BL—ZL” + 1) Jat. (A.58)

Substituting (A.58) into (A.57) and (A.55), we find that the §"-optimal allocation
rate approaching t*, and the 6“-optimal allocation rate at ¢*, are respectively

A[t]e=o"" = BLak /n, (A.59)
AP @ [t])e " = BLat.

Since n < 1, spending impatient-optimally up to ¢* is compatible with (A.26) in
equilibrium, as promised. z®* = zf[t*] is thus the unique equilibrium strategy
for H among those satisfying (A.30), and a near-unique equilibrium strategy for H
overall.

The proof is completed under “last steps” below.
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v =1 case

Follow the proof of the v > 1 case up to (A.43). By the reasoning preceding (A.44),
we can decompose the spending shift from T'(xf) to T(zf), which constitutes the
shift from y* to 77 (e), into shifts from T (zf) to T, (2*) for each j € eN; and
having done so, H’s net utility loss from shift j is bounded above by

/ o111 () <ln (AF (@) el =0 e @)Y (A.60)
T. . (zH)

=j»€

— I (AT ()l L e ) gy
+ / e I <1n (A (M)elr=0™)E"+i=9)
ij(%H)

—In (AL(xH)e(T";L)(Z*“)) > dt.

After rearranging, and by (A.45), this implies that that H’s total net utility loss
across all 7 is bounded above by

/ 0" (2" +itea™)) [eaLtj(t,e;zH)*E(J;H)_aHtj(t,E;zH)(mH) (A.61)
T(xH)

(m (ﬁ;iﬁg) 7 (L) (BT =t (@) + (67 = 65) (2" + (L, & ™)) + 5L6>

B e (g (—AL(SEH)> (07 = )"+ j(t 6 a™) + (r = 0™)e ) |at
AH(xH) ) ’ M

By the uniform convergences of (A.47) and (A.48), (A.61) converges to zero as € — 0.

Thus, for any ¢ > 0, ¢ > 0 such that

’UH((xH,xL(:EH))) - UH((fH(e),xL(fH(e))))‘ <l Ve<e (A.62)

Observe that, as e — 0, 2 (¢) converges uniformly throughout [0, c0) to a spend-
ing schedule we might denote Z7(0), which satisfies (A.22), (A.26), (A.40), and
(A.28), and such that, by (A.62), H is indifferent between #(0) and x given L’s
best response.

Consider the class of z! satisfying (A.22), (A.26), (A.40), and (A.28). By the
reasoning of (A.54)—(A.57), the (near-unique) optimal z for H in this class, given
L’s best response—which we may denote x7*—delivers H payoff

t H BH(SH H &0 H Ly L
/ e tn (We(r_é ﬁ)dt—i—/ e n (BL5L65 telr=3 )t)dt
0 - i

676Ht 5L ~

_SHT _SHT
5t_1 _€§t

1 1 r
s (G )‘5_H+(5H)2
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for some ¢. From the first order condition in ¢, we find a unique maximum at

N BH§H st
t=t = hl (1 -+ W(Z(SH 1> /(SH (A63)
Substituting (A.63) into (A.57) and substituting both terms into (A.56), we obtain

our expression for x*.

The proof is completed under “last steps” below.

v <1 case

Pick up from the end of the “Preliminaries” section above.
Consider a feasible allocation y* (and corresponding z) satisfying (A.22) and
(A.26) but not (A.28). Define

Z(z; 2 = / e~ tdt,
TH(zH)N[0,2)

?(2; ") = / et
TE(M)N[zq(=")

Since Z(z;2f) — Z (z; 2 strictly and continuously decreases in z from a positive
value at z = 0 to a negative value at z = g(z'7), there is a unique z* € (0,g(xf))
such that Z(z*;2%) = Z(2*;21). Let

Ty =T"(@") N0, 2"),
T(") = T ") n [, g(a™)).

It follows from (A.22) that y > AL(zH)e "t vt € TH(zH).
Choose € > 0. Partition T'(z#) and define T} (z*)
and S(z7) analogously to (A.34)-(A.38).
By the reasoning up to (A.40), given any allocation y satisfying (A.22) and
(A.26), there is a corresponding 7 (and %) also satisfying (A.22) and (A.26) but
for which we also have

~

i (pHY T H o H
atj(x )72]',5(1' ),j(t,@l’ )a

Sty =0, (A.64)

such that H is indifferent between y* and § given L’s best responses.

Consider a feasible allocation y (and corresponding x') satisfying (A.22),
(A.26), and (A.64) but not (A.28). Given a choice of interval-length €, consider
the allocation 7 (¢) (and corresponding 7 (€)) with

yl, t¢T(a")u T(x™);
Ji'(e) =10, t e T(z);

AH () Gttty ™)== 5t )=ty oty @™) @ (Y,
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Note that 27 (¢) satisfies (A.30) for all e.

To demonstrate that § is feasible, let us show that its allocation to each T'; .(z)

is weakly (and indeed strictly) less than y’s allocation to the corresponding ijﬁ(xH ).
From the analogs to (A.35) and (A.36), we have the analog to (A.41). Observe that

t> b o (2T V€T, (a) and t < 2"+ j Vt € T; (™). Also,

yil > A (aM)emo L@ v e T, (™).

/ e~ gy < /
T () e

e—aLij(xH
)
— / AH(xH)eaL@j_é(xH) z*—j)—afi( dt</ AH(xH)e—aHij(xH)dt
7] e(l'H) T (I'H)

Thus

) dt

< / A (zTye="ay.
Ij e(xH)

Summing across j € €N, it follows that, since y is feasible, 7 is also feasible.
By calculations precisely analogous to those from (A.43) to (A.53)—here simply

moving H’s spending forward from T to T, rather than backward from T to T—the
total net utility gain for H from the shift from 3 to 7 (¢) converges, as ¢ — 0, to
a value strictly greater than

(AF (") <<AH(xH)6(aL—aH)t> =7 1) (e(ab—aH)it,z*(xH) _ €(6L—6H)t> dt
L=y Jen) \\AF(2f) '

This is positive, like its analog (A.53): both the coefficient outside the integral and
the first factor in the integral have changed sign. Therefore the total net utility gain
is positive; H strictly prefers g% (¢), for sufficiently small €, to y? given L’s best
responses.

We have shown that, if v < 1, for any feasible allocation y* with z satisfying
(A. 22) (A.26), and (A.40), but not (A.28), there is a feasible 4 (and correspond-
ing ¥ ) which H strictly prefers, given L’s best responses, with threshold times

t(zf), f( M) such that
vp (@) =0 vt e [{(z"),iz")), xff =0 vt & [{(z7),i(z")). (A.65)
(In the case of the # constructed just above, £(#7) = z* and ;(iH) =q(z™).)

Consider a feasible allocation y™ (and corresponding ") satisfying (A.65) for some
t(z"),t(z"). Because L, in equilibrium, allocates his resources §*-optimally across
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[0, £(z1)) U [{(z), 00), we have

o L t€ i), i("));
@) =9 4 (r—al)t = z (A.66)
AL(z)elr=et, ¢ € 0,8z ")) U i), 00),
up to measure-zero deviations, where A*(z) satisfies
i) . 00 .
B* :/ AP (zH)em™ tdt—i—/ AR (2ye > dt
0 t(zt)
BL L
—  AlaH) = - (A.67)

1+ e—aL;(xL) _ e—aLf(mL) '

Likewise, fixing ¢ and ?, denote H’s most preferred z! satisfying (A.66) with
t(z") =t and E(ZL‘H) = z_f~by i [fj] rHt, 5] must allocate H’s resources 6-optimally
across [, ;) Spending 6*-optimally for an arbitrarily long interval will not be com-
patible with (A.26), and thus not with (A.65), in equilibrium; L will eventually
prefer spending during the interval. Nevertheless, we will find the f,z_z that would

be optimal for H if H could spend §*-optimally across an arbitrary [£,1), instead of
eventually having to switch to a d“-optimal schedule (as in (A.24)). We will then
see that the §-optimal schedule satisfying (A.65) is indeed compatible with (A.26)
and thus (A.65) in equilibrium.

So we have

where Af[t, 1] satisfies

7 - ~_
/ N et = B — A7 = —0 (A.68)

Rearranging (A.68) yields

t=—In (e_o‘ t— —)/aH. (A.69)
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Substitute (A.67) for AL(xf[t, ZN]) and then (A.69) for f, so as to reframe H’s opti-
mization problem as being over choices of t and A" (with ¢ endogenous) instead of
t and ¢ (with A endogenous). Integrating and simplifying yields

BLoL =14 (e—aHi . BigH) oH _ (b 48T 60
<1 + <6_0‘H’g BHQH) zf[Lf eaLf> al + §H — §L
ST TAE - -
1
+(AT)TBY 1—~ (A.70)
-7

Differentiating with respect to ¢ (and then re-introducing A and 7 in places, for
clarity) gives

- — 1H . (A[I/I)2;’Y (1 n e*(aLJréH*lsL); B ef(aLJr(ng(;L)i)
ol + 60 — §L Blg
oH _ oL
n (AF)I = o—(abtot o) [ —afT _ Bfall\ =5 (7*1)6—0&*
-~ AH '

The first of these two added expressions is negative. The second is also negative, as
can be seen from the fact that it is zero when the B term explicitly represented
equals zero, and decreases as this term increases.

Thus, for any feasible z7 satisfying (A.22), (A.26), (A.40), and (A.65) but not

t") =0,
there is a strictly preferred feasible 77 (with, incidentally, A7 (z#) = AH (2)) sat-
isfying all five conditions.

H'’s favorite strategy in this class is derived for all v # 1 in (A.54)—(A.59). Denote

it by #f* as done there, with t* = #(z"*) in the v < 1 case.

Last steps
Letting 2%* = 2% (2*) and
H o H

MEl—FWT],

it follows from (A.54)—(A.57) and (A.58) in the v # 1 cases, and (A.63) in the y =1

case, that

M-1
t

He BHQHLG(T_QH)t7 t<t*,
0, t> ¢
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I 0, t <t
€ = aL
¢ BLaL M7 6(r—04L)t7 t >t

for all v > 0, where

t* = In(M)/a™.

Given L’s strategy z(-) (or any measure-zero deviation from it), which is L’s
unique optimal strategy, H strictly prefers 27* to any alternative spending schedule

+H(0)

that is a positive-measure deviation from z%* (a “PMD”). This follows from

the constructive derivation of z7*, as summarized:

For any PMD 2% we can construct a PMD z#() satisfying (A.22) such that
LH) H L H(0)

For any PMD z/(1) satisfying (A.22):

— If 2™ does not satisfy (A.23) almost everywhere, we can construct an
oH) satisfying (A.22) and (A.23) such that z#() = H pHW) = gHx H
") by the full derivation above, so x#* =H gH1) LH 5 H(©O)

— If () does satisfy (A.23) almost everywhere, we can construct a PMD
H®) satisfying (A.22) and (A.23) such that 212 ~H gHO)

For any PMD 27 satisfying (A.22) and (A.23), we can construct a PMD
XHG) satisfying (A.22) and (A.26) such that x7®) ~H pH2),

For any PMD 2%®) satisfying (A.22) and (A.26), we can construct a PMD
7™ satisfying (A.22), (A.26), and (A.40) such that x7® ~H HG),

For any PMD 2™ satisfying (A.22), (A.26), and (A.40), we can construct an
2H®) satisfying (A.22), (A.26), (A.40), and (A.30) (y > 1) or (A.65) (y < 1)
such that £70®) =H gH®) and gH0O) £ g H*,

H strictly prefers % to all other spending schedules satisfying (A.22), (A.26),
(A.40), and (A.30) (y > 1) or (A.65) (y < 1). So gf* =H pHG) =H ;H(0)

This completes the result.

A.5 Proof of Proposition 5
Open-loop and Stackelberg schedules

Before beginning, it will be useful to introduce some notation regarding “open-loop”
and “Stackelberg” schedules in general, and familiarize ourselves with some of their

properties.
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Open-loop schedules

Given a nonempty interval [t,) and a pair of budgets BY, BL to be allocated across
it at least one of which is positive, let z°[t,#, BY, B¥]—suppressing some or all of
these arguments when clear—denote the (potentially truncated) schedule on which
B is allocated 6"-optimally across [t,t°) and B’ is allocated §%-optimally across
[t°,T), where t° (or t°[t,t, BE, BH], etc.) is the point in [t,7] that uniquely renders
collective spending continuous at t°. Call this schedule the “open-loop” schedule,
and call t° its “regime-change point”.

_ B"a (r—af)(s—t 0).

:cf(o) = 1—5*0‘H<t"*t)€( ) )’ s € [t’t_ ) (A?l)
0 s € [t°,1),
0 s € [t,1%);
L(o) _ ’ ) y
L - L,L o) (s— 0 T
{e_aL(tOE)—e—aL(t—t)e( : t)7 s € [t 7t)

These formulas for z°, and a proof that it is the unique equilibrium schedule across its
interval when the schedule from ¢ onward depends only on { B}, follow immediately
from (17) and the proof of Proposition 3 (Appendix A.3).

t°[BH, BL] is C! in its arguments, by the implicit function theorem and the fact
that ¢t° uniquely satisfies

H(o) L(o) =0

lim z' — x40

st~
whose left-hand side is C! in ¢° and {B'}. Furthermore, since the first term of this
difference increases in B¥ and decreases in t° and the second increases in BL but
decreases in t°, t°[BY, BL] is increasing (decreasing) in B¥ (BL), as is intuitive.

It follows that, for all s € [t, ), the open-loop collective spending rate X°[BH | BL]
strictly increases in B® for both 7. Since from (A.71) X? is C! in t° and in {B'},
and since we found that ¢° is itself C! in {B'}, X? is C! in {B'} with respect to its
total derivatives (i.e. accounting for the effects of changes in B’ on t°). So, for each
i, U'(x°[B', B7]) is C! in B" and B™".

Stackelberg schedules

Given a nonempty interval [¢,T) and a pair of budgets BY, B to be allocated across
it at least one of which is positive, call a truncated schedule across the interval IC-po-
larized if there is a “regime-change point” ¢ € [t, T] such that H is the only spender
across [t,t) and L allocates BY % -optimally across [t, T). We will use T rather than
to denote the upper end of the interval because we will only consider intervals ending
at the end of the game. The “IC” stands for “incentive-compatible”, and refers to
the fact that if H exhausts her budget at ¢ and L is restricted from spending before
t, L can have no incentive to do anything other than allocate Bth dl-optimally across
t,7T).
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Call H’s favorite feasible IC-polarized schedule across the interval the “Stack-
elberg schedule”. Denote it by z*[t, T, B¥, B%], and its regime-change point by
t*[t, T, BE, BY]. As with 2° and t°, we will suppress some or all of these arguments
when clear. We will now show that for any ¢, 7 > ¢, B > 0, and B* > 0,
x*[t, T, B, BY] exists and is unique; existence and uniqueness when one budget or
both is zero is trivial. We will then note some of its properties.

(The Stackelberg schedule gets its name from the fact that, as we will later see,
2*[0, 00, B, BL] is the Stackelberg schedule found in Proposition 4. We will not
consider whether, on a finite horizon, z* is the unique equilibrium schedule of a
finite-horizon transformation of the Stackelberg game.)

Let ¢ denote a candidate regime-change point.
By the logic of the proof of Proposition 1, the §“-optimal allocation of BF across
[t,T) equals
L Blfa* (r—al)(s—t) -

Ty = e . selt,T). (A.72)

8 e—ak (t—t) _ e—alk(T-1)

Likewise, the §"-optimal allocation of B across [t,#)—which, if t* = ¢, must of
course be the allocation adopted under z*—equals
BHOéH H ~
H _ t (r—a'?)(s—t)
T E— . SE). (A.73)
Given that L spends nothing until # and then adopts (A.72), and that H adopts
(A.73), H'’s favorite location for # is that which maximizes §%-discounted utility:

t H H
/ eiéH(Sit)u(l Bt (6] e(rfaH)(sft))dS (A74)
t

t* = argmax

; — e—atl(i-1)

T L, L
—§H (s—t) ( Bya (rfocL)(sft)>
+/{ € U\ omatt) _ gmat(m—)© ds|.

We will not find a closed-form expression for ¢*, but we will show that it exists and
is unique.




63

Integrating (A.74) yields

1 1 p ¥ _
E [a_H <1 — eiaH(tit)) (BtI-ICYH)l K (A75)
1 H(} L_sH_ L = BLaL 1—y
—yalt (t—t) (6= —at)(T—1) t .
+5H+aL_(5L€ ! (1 € )(1_6_—QL(T_£)> ]7 y# L

g (1 (=) 5 1) )

Bla" N —6H (1t —H(T—¢
i (ln (w0 = ) + 0= (G 1) ) (710 = e 00)

+ (0 — 5L)e_5H(t~_t)f— (r — 5L)e_‘5H(T_t)T , v=1
Differentiating with respect to ¢ then yields
(BtHaH> 1_7% (1- e’aH(E’t))v_le’o‘H(E’t) (A.76)
-7

+ (BtLOzL> o (1 — eaL(T'g))W_zemH({t)

1 L 7 OéL L_sH_ L 7
= | e (T-t) . _ (0F =" —a™)(T—t) .
(1—7(6 1>+5H+aL—5L<1 ¢ )) 7L

1 — =01 (1) 1 — e—0L(T-1)

o0 (1) (ln < Bg{5H ) W ( B{J(SL )

Sk 1 — e—éH(T—f))

1 _ o—ok(T—0) oH =1

_l_
which is continuous in ¢ and approaches a positive value as t — t* and a negative
value as t — T~. This guarantees at least one interior solution. Though the second
derivative (i.e. the derivative of (A.76)) is not always negative, it can be proven as
follows that a unique # = t* sets (A.76) equal to zero.

Rearranging (A.76) yields

@ (@0 + (1 -®)D;i — 1), (A.T7)
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where

_ Bfadf Bl ot o
t eaH(fft) —1\1— efozH(fft) ’

B BtLOéL/(l o e—ozL(T—f))
"= Bl [T 1)

L_oL_gH Y
(BL)—W(aL)l—vl — el FHT-H (1 _ e—aL(T—£)>7_1 . Bg{O‘H
6 4+ ol — ok -0 —1)"°

®

&)

©
I

t 1—7 BHaH Blal eatl (i—t) _

BHEoH 1=y Blal 1=y ~y
1 (eaH(f—t)_1> - <1_efaL(T7t~)> BHaH
) : : | AL

eat (F—t) _q 1—e—al(T-%)

] BHsH ] BEst
n (eéH(f—t)_l) —n (1_6—5L(T—f)) BtHéH

BHSH BEsL edt(t—t) — 1’ y=1L

edH(E-t)_1 1_e—0L(T-1%)

@); is positive for all £ > t. To find ¢ that set (A.77) equal to zero, therefore, we
need only focus on the expression within the outer parentheses.

We will first show that (A.77) is negative if ®); > 1. This amounts to the intuitive
observation that, if H has set ¢ so high that spending weakly jumps up at ¢, because
her resources from t to ¢ are spread so thlnly and L’s resources from ¢ to T are so
concentrated, then H does not want to raise ¢ further.

When @); > 1, ©); (or its limit in the @B); = 1 case) is weakly less than 1. This
can be seen from the facts that u(-) is convex, that the first term of Q); is the slope
of the line segment connecting the points

Biaf " BHat Bla* " Blat (A.78)
el (i—t) _ 1’ el (t—t) _ 1 ’ 1 — e—al(T-1)’ 1 — e—ab(T-1) ’

(or the slope at that point when they are equal), and the second term of ©); divides
the first by the derivative at the lower of the two points. When ®); > 1, (A.77) is

thus weakly less than
®:B:(C; - D).

BL L - B{IOZH Y
< — e—al(T- t> (eoeH(f—t)_l)

=05~

But

L 51{ 5L 1 — e~ (T-1)
1 — e—(al+sH—sL)(T—1) > ©t'
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So (A.77) is negative.

Since B); is strictly increasing in £ from 0 at t = ¢ to co at £ = T, there is a
unique f such that ®; =1, and any  setting (A.77) equal to 0 must be less than i.
Denote some such ¢ by #*. We will now show that it is unique in (z, ;)

We will do this by showing that, if @), O, + (1 — ®),-)D),- = 1, this expression
is strictly lower for t € (t*,;). This will prove that the £ at which this sum equals 1,
and thus at which (A.77) equals 0, is unique.

Fixing t* € (¢,%) at which (A.77)=0, choose t € (t*,;).
®t*©t* + (1 - ®t*)®t* - ®£©£ - (1 - ®£)®£
= ®£(©t* - ©£) + (@t* - ©t*) (®E - ®t) + (1 - ®£) (@t* - @t) (A-79)

We will show that each of these terms is positive. ~
®; and 1 — @); are positive for all £ € (t,), by definition of . Because ®);
increases in ¢, B); — ®),. is also positive.

Putting aside the positive constant (B o) (BL)™(a®)=7 /(67 + o — 6%), ©;

can be split into three positive terms each of which decreases in t:

1 — e(éL—aL—(sH)(T—f)

. _ —al(@m-t\7 | afl(t—t) 1\~
S (1 e ) (e 1) .
©), — ©); is thus positive.
To see that ©),. — ©),- is positive, observe first that, for t* < ¢, ©),. > 1. Its first
term is the slope of the line segment connecting points (A.78) on the graph of u(-)

and the second divides it by the derivative of u(-) at what is, given ¢* < ¢ and thus
®),- < 1, the higher of the two points. Setting (A.77)=0 and rearranging, we then
have

®t*©t* + (1 - ®t*>®t* =1 (A‘SO)

- ©t*:®t*_®t®*—t:1

<O,

To see that ©),. — ©); is positive, recall once again that ); is the ratio between
the slope of the line segment connecting points (A.78) and the derivative at the
higher point. Labeling the points (p1,u(p1)) and (po, u(ps)) respectively, if both py
and py were multiplied by some m < 1, both the slope of the line segment and the
derivative at the higher point would be multiplied by m™", and the ratio would be
unchanged. In the move from ©),. to ©);, however, because

0 BlaH 0  Blal

<0 but —

Of e =0 — 1 91— earap (A.81)
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pp is indeed multiplied by some m < 1 and the derivative at the higher point multi-
plied by m™7, but ps is multiplied by m > 1 > m. The slope of the line segment is
multiplied by less than m™7, so the ratio falls.

We have now found that H’s favorite feasible IC-polarized schedule x* is unique.
We have also found that @), > 1. That is, if H allocates Bff §-optimally across
[t,t*) and L allocates BF §'-optimally across [t*,T'), then collective spending weakly
falls at ¢*. This establishes that ¢* < t°.

Precisely as with t° in the case of the open-loop schedule, we can use the implicit
function theorem to establish that t*[B¥, BL] is C! in both arguments, increasing in
B and decreasing in BL. Increases to B increase X[Bf, B| for all s € [t,T), as
with X°[-], though this is no longer obvious: it is proven in the “Final point: Unique
equilibrium schedule given placement of first announcement” section below. Now,
however, increases to B* do not necessarily do so.

Overview

First, we will show that the unique equilibrium schedule of the game with finite
horizon T resembles the Stackelberg schedule of Proposition 4, z*, but on a finite
horizon. We will also show that this T-horizon schedule converges pointwise almost
everywhere to x* as T'— oo. This will nearly prove part (a), as it will prove that if
x* is an equilibrium schedule, it is the unique limit equilibrium schedule.

Second, we will prove that for any polarized equilibrium ¢* of the infinite-horizon
game, x(0*) = x*. This will nearly prove part (b), as it will prove that if a polarized
equilibrium schedule exists, it is unique and equals x*.

Finally, we will show that a polarized equilibrium (of the infinite-horizon game)
exists. This will conclude the proofs of (a) and (b).

The proof of the unique equilibrium schedule of the game with finite horizon T
proceeds by backward induction. Let 7 = max{G™ N[0, T)} denote the highest grid
point in T-horizon game n. We will therefore begin by finding the unique equilibrium
schedule of each subgame beginning at a node hz.

If B(hjz) = 0 for either i, the subgame equilibrium schedule is trivial: any player
—i with a positive budget allocates it 6 ~*-optimally from 7 to 7. Announcements
are irrelevant.

If B'(hiz) > 0 for both ¢, the proof of the unique subgame equilibrium schedule
following hjz will itself proceed by backward induction. We will find equilibrium
schedules

1. after the second announced node, if any;

2. after the second announcement has been made, if any;
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3. after the first announced node (i.e. we will find when the second announcement
may occur in equilibrium), if any;

4. after the first announcement has been made, if any; and then

5. from 7 before any announcements have been made (i.e. we will find when the
first announcement may occur in equilibrium).

Let o* be an equilibrium.

Final period
Unique equilibrium schedule after second announced node

The schedule implemented by ¢* following the second announcement after 7 follows
immediately from (17) and the proof of Proposition 3 (Appendix A.3). Given a
type 5 node hy, z(hy, o) allocates B (hy;) §%-optimally across [t,t°) and B*(hy,)
§L-optimally across [t°,T), where the “regime-change point” t° € [t,T] uniquely
renders collective spending continuous at ¢°.

Equilibrium schedules given placement of second announcement

Given a type 4 node hy, let £ = é(h”) € (t,T) denote the time of the subsequent
node, and let t° € [t, T] denote the regime-change point of z°, the open-loop schedule
of {B}} across [t,T).

If Bi(h|t) = 0 for either 4, the unique equilibrium schedule across [t,T’) is trivial,
with any player —i with a positive budget allocating it d~*-optimally across this
interval. We will therefore assume until the end of this subsection of the proof that
B'(hy;) > 0 for both i: i.e. that t° € (¢,T).

We will now show that, for each possible value of £, there is an equilibrium
schedule following hj;. We will then show that the equilibrium schedule we have
found is unique.

If t° < &, 2° is an equilibrium schedule.

If L deviates from implementing z°; his deviation has no impact on H’s spending
at any time, because 27 spends down B by ¢. By definition, #%(°) is L’s unique
best response to ().

If H deviates in a way that maintains BgH = 0, her deviation likewise has no
impact on L’s spending at any time, so must lower her payoff, because 2/ is
her unique best response to z™. If she deviates such that Bg > 0, she must
in equilibrium increase spending across [£,T), because she induces the open-loop
schedule following & with a higher initial value of B¥ (positive instead of zero).

Because the §f-discounted marginal utility to any allocation in this interval (from
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X°) is strictly lower than that to an allocation in [t,t°), and u(-) is convex, any
deviation yielding Bg > ( thus also lowers her payoff.

If t° > £, let & denote a schedule that maximizes U subject to the conditions that

a) H spends some budget < B} §#-optimally across [t, ), and is the only spender
across this interval and

b) the schedule across [£,T) is the open-loop schedule across this interval given
initial budgets Bf, Bf = BFe"¢™) ie. 2°[¢, T, Bf, B].

To prove that such a schedule exists, let f(BIg ) denote the unique & compatible with
(a), (b), and a given value of Bg . Since U" is continuous in BgH and the range of

feasible values of Bf is [0, Bffe"~], which is compact, there is a U”-maximizing
Z, by the extreme value theorem. Also, T must satisfy

)8UH(‘CEO[€7T7 BHa BSL])

~H (T
ul(-’Et ) > 6( (€ aBg ’

(A.82)

with equality if Bg > 0, or else H could increase her payoff from the Z baseline,
while maintaining (a) and (b), by marginally shifting resources across .

Z falls discontinuously at &. If it does not and Bg = 0, so that L begins spending
immediately, this violates the stipulation that t° > £. If it does and Bg > 0, then
(A.82) cannot hold. Given BSH > 0, H must strictly prefer marginal allocations at &
to marginal allocations just before £. This is because, if H reduces spending before
¢ and thus increases BgH , she cannot allocate these resources to periods just after &
without affecting t°[¢, T, ...]. Rather, by increasing B, she delays the regime-change
point of the open-loop schedule beginning at &, increasing spending not only before
t° but also at times after t° at which the 6”-discounted marginal utility of resource
allocation is lower.

7 is an equilibrium schedule. Any deviation at hy; by H that leaves Bgf unchanged
would simply consist of a strictly dispreferred allocation of her resources before &, and
would have no effect on L’s schedule. Any deviation by H that changes B, while
maintaining §%-optimal spending before ¢ (and of course the open-loop schedule
after £), would leave (A.82) (with equality if Bff > 0) unsatisfied, and so would
offer H an opportunity to increase her payoff by shifting resources across ¢ in one
direction or the other.

Any deviation by L to spending before £ would decrease spending across [£,T).
Since the §%-discounted marginal utility of allocating resources to any time in this
interval (even from x) is higher than that to any time in [¢,§), this deviation must
lower L’s payoff.

To see that there are no equilibrium schedules beyond those identified above, first
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observe that there cannot be t*, t# with
t<th <" al(hy,o") >0 Vi (A.83)

To see this, suppose by contradiction that (A.83) obtains. Since aff > al, we must
have either

Xy (g, 0%) < ==X (b, 0%) (A.84)

tH L

or Xy (hy, %) > "D X (B, 0%). (A.85)

If ¢ <& (A.83) is incompatible with open-loop behavior after the second an-
nouncement.

If ¢ >t marginal reallocations from just after t* to just after t, or vice-versa,
do not affect budget sizes at £. They therefore do not affect the schedule implemented
from & onward. But if (A.84), by the right-continuity of each player’s spending, L
prefers a marginal reallocation from just after ¢t~ to just after t. Likewise, if (A.85),
H prefers a marginal reallocation from just after ¢t to just after t©. Since one of
these reallocations must increase a player’s payoff across [t, &) without affecting it
from ¢ onward, (A.83) is incompatible with equilibrium behavior at hy; given & > ¢.

If £ € (t5, t7], let

Ae)= sup X, A=limA(e). (A.86)

se(E—ef) =0

Because A(¢) is weakly decreasing in €, the limit is defined by the monotone conver-
gence theorem.

If A < X, then H can increase her payoff by increasing spending marginally for
some period just before . This marginally reduces Bg and so marginally reduces
spending at all s € [¢,T), and spending offers weakly lower §”-discounted marginal
utility throughout this interval than at &.

If A > X, and

Ve>0 Is€ (€ —¢&):al >0, (A.87)

then L can increase his payoff by reducing spending marginally for some period
before £. This marginally increases BSL and so marginally increases spending at
all s € [£,T), and allocation offers weakly higher §*-discounted marginal utility
throughout this interval than at &.

If A > X, and (A.87) fails, then either there exists s € [t,£) with Xy = 0 or
spending across [t, ) is not polarized: i.e. there exists s € (t&,¢) with 2% > 0. Both
possibilities are incompatible with equilibrium behavior at hj, because the equilib-
rium schedule across [t,€) must be the open-loop allocation of whatever resources
are spent on this interval.
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We have now shown that, in equilibrium, there do not exist &, t# satisfying (A.83).
That is, the time t* at which H exhausts her budget is also the earliest time at
which L spends (on [t,T)). We also know that the equilibrium schedule is an open-
loop schedule before and after £&. We will now see that these conditions rule out
equilibrium schedules other than z° given t° < ¢ and 7 (a U”-maximizing schedule
satisfying (a) and (b), not shown to be unique) given ¢° > £.

Given t° < &, a schedule z # z° satisfying the above conditions must feature
" <t’ort* >t

If t* < t°, then 2% > 27 for s < ¢ (or else H does not exhaust her budget
under z, and could increase her payoff by increasing spending at any time before &).
Spending at t* must be continuous, because if it is not, one of the players can increase
their payoff by shift spending across t* without affecting the other’s spending at any
time. z’ is then unaffordable for L, since it requires L to begin spending sooner
and from a higher present-value spending rate—unless z falls discontinuously at
&, which cannot happen in equilibrium, since L could then increase his payoff by
smoothing his spending across [t*, T).

If t* € (t°,€), it can be shown precisely as above that either 2 fails to exhaust
L’s budget or =¥ increases discontinuously at &, neither of which is compatible with
equilibrium.

If t* > ¢ and spending falls discontinuously at &, z* fails to exhaust L’s budget.
If spending does not fall discontinuously at &, then, as shown in the construction of
Z, H can increase his payoff by increasing spending before ¢ and lowering Bg .

Given t° > &, if t* > ¢ and = does not maximize H’s payoff subject to (a) and
(b), H can increase her payoff by setting xff = 7 across [t,£) for some schedule &
that is Uf-maximizing given (a) and (b).

If t* < &, the open-loop schedule is either unaffordable for L even up to & or
o must fall discontinuously at &. In the latter case, L could profitably deviate by
smoothing his spending across [t*,T) without affecting H’s spending anywhere.

Equilibrium placement of second announcement

Let i, be a type 3 node, and let 2° = 2°[¢, T, B BE.

If f?L(hﬁ) = () (and & (hy;) = t), it follows from the previous section that L imple-
ments x° for any choice of announcement o (h
for o® (hﬁ) < t°. Relative to z°, therefore, any choice of UL(h‘;
spending across [UL(h‘;),T ) and greater spending across [t,o” (hﬁ)), a reallocation

which L disprefers. We must therefore have o™*(hy;) > t°, and x(hy,,0%) = a°.

| t) > t°, and some instantiation of “z”

) < t° induces less

If ¢Z (h;) =0 (and EL( ir) = t), it likewise follows from the previous section that
for any choice of o (hﬁ), H implements an IC-polarized schedule.
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Recall that H’s favorite feasible IC-polarized schedule x* is unique, with ¢* < t°.
We therefore have JL*(hrt’) = 0 for s € [t,t*), where hr; denotes the type 4 node

S
subsequent to hﬁ given off (hﬁ) = t*. So H can indeed achieve z* with this choice
of announcement, and cannot achieve a superior schedule.
This identifies the unique equilibrium schedule following h‘;.

Unique equilibrium schedule given placement of first announcement

Let hyz be a type 2 node and 2° = 2°[7, T, BY, BL]. Note that ¢° is interior because
we have assumed BL > 0 for both i. Let £ = é(h‘;).

If ¢#(hz) = ¢ is defined, the unique equilibrium schedule across [,T) is
x°l¢, T, B, BgL] So, by a proof identical to that characterizing equilibrium schedules
following a type 4 node, any equilibrium schedule following Az is IC-polarized.

If ¢ (hz) = 0, so that &&(hz) = £, the unique equilibrium schedule across [¢,T') is
*[¢, T, BE, BgL] Furthermore, because x* depends only on the initial budgets and
not on other features of the history, the unique equilibrium schedule across [t,£)
is the open-loop schedule for whatever pair of budgets is allocated to this interval.
Given this pair of observations, we will now show that any equilibrium schedule
following hz is IC-polarized.

Suppose (hjz, o) is not IC-polarized. It must then consist of an open-loop
schedule before &, on which L spends, followed by a Stackelberg schedule on and
after &, on which H spends.

If x(hjz, 0*) is not IC-polarized and A\ > X¢(hjz,0*), where X is defined as in (A.86),
we will show that L can increase his payoff by reducing spending before £&. We will
show this in two steps.

First, we will show that the d“-discounted utility generated by a resource allo-
cation across the interval before ¢ during which L spends is strictly less than the
d"-discounted utility lost by an equal decrease to e "¢~ B That is, L would pre-
fer to invest marginal resources until ¢ and then to transfer them to H (if this were
permitted).

Second, we will show that if L invests to &, given that o = o'* from ¢ onward, he
can implement the collective schedule that would result by transferring the resources
to H at ¢ and then following strategy o**. This will imply that the §*-discounted
utility lost by decreasing H’s budget at & is weakly less than that lost by equally
decreasing L’s budget at £&. In conjunction, these results imply that L strictly prefers
to reduce spending before &, as desired.

For the first step, given a time s < & at which L spends, the d*-discounted flow
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utility to a marginal resource allocation at s equals
mL = e('r—éL)(s—t) (O_Lfl*(hl?))—q/

per unit allocated.

As noted in the discussion of Stackelberg schedules at the beginning of this proof,
a decrease to Bf' decreases t*[¢, T, B, Bf].

A decrease to Bf does not however decrease t* by enough that

BHEaH
H _ S
ol = Qi (A.88)
weakly rises. To see this, choose two potential values for H’s budget at &, B < EH,
and suppose t*[B"] < t* [EH] are such that

B B ol

| P CET9 ] a0

(A.89)

For Z = A,B,C, D, let ) denote the value of (@) at B = EH, t = t*[EH], and
t = & (as € is now the beginning of the interval), fixing BE. Define () likewise, but
at B" = B and ¢ = t*[BY]. If the two sides of (A.89) were equal, a proof precisely
analogous to that from (A.77) to just following (A.81) would yield

BO-0)+®-0)(@®-0)+(1-B)(@-0) <o (A.90)

with © — ©,.® —®), and ©— O ) negative, and the other terms positive. Inequality
(A.89) then increases the absolute values of these three differences without affecting
the positive terms. So (A.90) holds.

Thus, when H begins at ¢ with budget B < EH, if she exhausts her budget

at a time so far below ¢* [EH] that (A.89) holds, then the marginal utility for H to
increasing the regime-change point from ¢* [EH | is greater than the marginal utility

for H to increasing the regime-change point from t* [BH] given initial budget B
But both must be zero. This concludes the proof that when Bf is smaller, H’s
spending path from & to the chosen regime-change point ¢*[BJ] is lower.

H'’s spending path before t* falls, the point t* at which spending falls discontin-
uously itself decreases, and L’s spending path after t* falls. It follows that, as in
the open-loop case, a decrease to Bg decreases the resources allocated to all periods
from £ to T in equilibrium. Furthermore, the §%-discounted flow utility to a marginal
resource allocation at s > £ increases in s (at proportional rate 67 — §%) from £ to
t*, then jumps and is constant from t* to T". Since, flow utility is strictly concave in
flow spending, the §L-discounted utility (as of t) lost by a decrease to e*T(gft)Bg is
strictly more than m’ per unit decreased. This proves that if at ¢ L allocates any
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resources before &, and collective spending weakly falls at &, then L would prefer on
the margin to invest resources until £ and then to transfer them to H (if this were
permitted).

We have just seen that, when Bg increases, x? increases. For the second step, we
will first show that, when Bf increases, z{' increases by weakly less than when B{f
increases.

Suppose that it does not. Then, given a partial schedule z¢, for simplicity let B

denote B'(z¢),
T H
Uf(B", BY) E/ e Oy ( Xy (21, 07))ds, (A.91)
£

and
vVA(BT, B", )

denote H'’s payoff following ¢ given B, BL| and (not necessarily optimal) regime-
change time t*, as defined by (A.75) (with &,¢* replacing t,7). By the envelope
theorem, when at ¢ H optimally sets the regime-change point at t*[Bf| BL], since
her payoff after ¢ is C! in both B¥ and the regime-change point, the marginal utility
to H of having a larger budget is always the same as what it would be if the regime-
change point were fixed:

outt ovH
OBH OBH

So, on the assumption that when BL increases, x£ increases by more than when BH
increases, we have

——(B",B") = ——(B", B",t*[B", B"]) = (z{/) ™. (A.92)

o?UH 0?UH
9B ~ 9BLoBH"
It can be seen from (A.74) that if both B? are multiplied by the same proportion
(say m), then OUH /Ot* is multiplied by the same proportion for all ¢* (m'~7). The
unique t* setting OUH /0t* = 0 therefore does not change, and spending is multiplied
by m at all periods. That is, t*[Bf  BL] is h.o.d. 0 and z*[B¥, BL] is h.o.d. 1. Tt
follows from this homotheticity that OUY /OB* is in turn multiplied by the same
proportion (m~7) for both B?. Formally,

(A.93)

Ut L |, 9%Uu" U pL 2UH H
OBLHBH B + HBH?2 B _ 9BI2 B + OBHYBL B (A 94)
UH o OUH :
dBH BT

By Young’s Theorem,
oPUH 0?UH

OBLOBH — 9BHYBL'
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Substituting the left-hand side for the right-hand side into (A.94) and rearranging,
0?UH ( ; OUM JoBE 82UHBH8UH/8BL ottt
0OBLoBH OUH |oBH OBH2™ QUH/OBH — 9BL2

Then given (A.93),

Ut outjopt  B" U <0UH/aBL - 1) _ o
OBLOBH OUH J9BH ' BL 9BLOBH \oUH JQBH oBI2"

BL.

_BH)+

(A.95)

Given Bg’ ,BgL, if resources are transferred at £ from L to H, H can always
implement the collective schedule that would have obtained without the transfer, by
adopting her original schedule until the original regime-change point t*[Bf, Bf] and
then following L’s original schedule after t*[B{’, Bf] until her funds are exhausted.
H can then strictly improve on this schedule by smoothing her spending around
t*[B{!, B{]. This implies that

ouH - ouH

oOBH = 9BL-
The term of (A.95) in parentheses is therefore negative. Since flow spending by H
at € increases as B” increases, the envelope theorem gives us that

o*ut

— <

0BLoBH
The second term of the sum in (A.95) is therefore positive.

In combination with (A.96), which implies that the coefficient on
O?UH /(OBLOB™) in the first term of the sum is less than 1, this gives us

QU UM
9BLOBH ~ 9Bl

(A.96)

0.

(A.97)

By (A.93) and (A.97), if marginal resources are transferred from H to L at £ (from
some initial values of B and BY), oUH /OBH rises by

o*UH 0?UH

OBLOBH — QBH2

(i.e. falls) per unit transferred, and OU¥ /OB* rises by
0?UH 0?UH

9B ~ 9BLopH ~

As seen above with respect to B, by the envelope theorem,

out . . ovH
aBL(B BY) = OBL

<0 (A.98)

0. (A.99)

(B", B*,t*|B", B")).
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Partially differentiating (A.75) with respect to BY, with &, t*[B¥, BY] replacing ¢,
respectively, we have

L_oL_gHY(T_4*[BH BL 1—v
(BL)*’Yl _ 0 §H)(T—t*[BH B De—wH(t*[BH,BL]—g) ok |
SH 4 oL — §L 1 — e—ol(T—t*[BH,BL])

Given (A.99), there exists an € > 0 such that, when B falls by ¢ and B’ increases
by €, this partial derivative rises:

. L 1— e((sL—aL—(SH)(T—t*[BH—E,BL-i-E])
(B +) 5T+ al — ot
I—y
o (t*[BH +e,BY —€-¢) ot (A.100)
1 — e—al(T—t*[BH +e,BL—¢]) ’
1 _ p(6F—ak—6M)(T—*[BH BL)) R ol 1=
> (BL)_’Y ef’ya (t*[B B ]76)
— oH + ol — 8L 1 — e—aL(T—t*[BH,BLD
(BL + €)aL BLaL aH(t*[BH,BL}ft*[BHfﬁ,BLﬁﬂi]) %
1 — e~ ol (T—t*[BH—¢,BL+e]) — | _ g—al(T—t*[BH,BL])

(1 _ 6(6L—aL—éH)(T—t*[BHBL]))/(1 _ e—ocL(T—t*[BHBL])) -1
((1 ) |

_ e(éLfaLféH)(Tft*[Ber,BL+e]))/(1 _ efaL(Tft*[Ber,BLJre]))

Because we have seen that both decreases to BY and increases to B lower t*,
t*[B” — ¢, B + €] < t*[BY, BY]. (A.101)

It follows that the fraction in the numerator of the large fraction just above exceeds
the fraction in the denominator, and thus that

(BL + E)OéL < eaH(t*[BH,BL}ft*[Ber,BL+6]) BLOZL
1 — e—al(T—t*[BH—¢,BL+¢]) 1 — e—al(T—t*[BH,BL])"

(A.102)

Let @pre (for “pre-transfer”) denote the value of Q) at B, B and t*[B¥, BL];
@)t denote the value of @) at B —e, B +-¢, and t*[B" —¢, B" +¢]; and @)
O pre/post likewise. We will now show that, given (A.98) and (A.102),

®pre (©post - ©pre) + (@post - ©post) (@pre - ®post)
+ (1= Bhre) (Dpost = Ope) > 0- (A.103)

We will do this by showing that each of the terms of the sum above is positive.

pre/post
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We know from the discussion surrounding (A.78) that ®pre and 1 — @),,, are
positive. Also, (A.100)—(A.101) and (A.98) give us that © ., > ©

It follows from the paragraph ending at (A.80) that @
from (A.102) and (A.98) that B),,, > ®p05t.
reasoning surrounding (A.81) that ©),es > Opre-

Recall that, by definition, the marginal utility for H of raising t* from ¢*[BH BL]
(given that the players’ budgets equal B B%) equals zero. It thus follows from
(A.103), by the calculations preceding (A.77) and (A.79), that the marginal utility
for H of raising t* from t*(BY — ¢, BY + €) (given that the players’ budgets equal
B — ¢ and BT + € respectively) is positive. This contradicts the supposition that
setting t*(Bf — ¢, BY + ¢) is optimal for H given these budgets.

This completes the proof that (A.93) is false, i.e. that in fact

0*UH o*UH
<
oBH2 = 9BLOBH’

and thus that, when Bf increases, x? increases by weakly less than when BEH in-
creases.

pre @pre It follows
It follows in turn from this and the

So, if L reduces spending before &, thereby increasing BgL, he can implement the
schedule that would have subsequently have been implemented if the additional
resources had been transferred to H at £. In combination with the result that L would
prefer to reduce spending before ¢ if the resources saved would then be transferred
to H at &, this completes the proof that an equilibrium schedule following Az cannot

both fail to be IC-polarized and feature a weak decrease at £ = & (hy7).

The proof that the schedule implemented by ¢* following A= cannot both fail to be
IC-polarized and feature A < X¢(hjz,0*) is more straightforward.

If an equilibrium ¢* implements a non-IC-polarized schedule following hj=, we
must have

LU (B BY)
oBH
_ e(rféH)(gf?) (X§<th’ U*))_ﬂ{,
where, as before, B' = B{(hz,¢0*) and U"(-) is defined as in (A.91). The weak

inequality must hold for H not to prefer to increase spending at 7 at the cost of
lowering her budget at £&. The equality of the second line follows from the envelope
theorem.

But the d§%-discounted marginal utility of a resource allocation at s,
e(r=0")(s=7) (X,) ", weakly falls across [T, £) and, given a jump in collective spending
at &, falls discontinuously at €. So (A.104) cannot hold.

This completes the proof that any equilibrium schedule following hz is IC-
polarized.

(X (hpr, 0%)) 7 < i (A.104)
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Unique equilibrium schedule from beginning of period

Let h|; be a type 1 node. Suppose H chooses announcement o' (h|;) = t* =
t*[7, T, B2, BL]. We will now show that this subsequently implements the Stack-
elberg schedule z* = z*[7, T, BZ, BL], regardless of UL(h|;) (given that the players
will play an equilibrium strategy profile after h|;) Since this is H’s favorite feasible
IC-polarized schedule, this will establish that it is the unique equilibrium schedule
following hl;. We will let 22 denote the node after hl; given the players’ announce-
ments.

Regardless of O'L(h‘;), £= {A(h‘;) < t*. Then if ¢ is an equilibrium, the schedule

following hr; must be

e open-loop across [T, f ) (for some non-negative pair of budgets allocated by the
players to this interval) and

e [C-polarized.

At hﬁ;, therefore, L cannot plan to spend in equilibrium. Because é <t'<t’ H’s

optimal open-loop spending plan across [T, é) that is continuous with L’s é“-optimal
spending up to 7" would not exhaust H’s budget.

Since L spends nothing before f , H can implement z*[7, T, BZ BL] by following
this schedule up to é and, at f , if é < t*, announcing t* again. This is H’s favorite
feasible I1C-polarized schedule, so this plan must be H’s best response to aL(hl;),
and what obtains in equilibrium.

Inductive step

Given a grid point 7 < T, suppose that the unique equilibrium schedule across [7/, T)
is Stackelberg. We will show that the unique equilibrium schedule beginning at any
pre-announcement node hy, is Stackelberg as well.

As before, given a node hy, if B'(h;) = 0 for some 4, the unique subgame equi-
librium following Ay, is trivial: —i allocates B'(hy;) d '-optimally across [t,T). We
therefore assume for the rest of this section of the proof that, when studying the
game beginning at any node hy, B*(hj;) > 0 for both .

Unique equilibrium schedule after second announced node

Let h be a type 5 node following the second announcement after 7. Let 2° =
2°[t, T, B, BF] and z* = x*[t, T, B, BF].

A schedule implemented by o* following hj; must be IC-polarized, by the proof
above of the unique equilibrium schedule following a type 2 node in the last period
given &L > ¢ Tt must also be Stackelberg across [7/,T), and, since the Stackelberg
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schedule following 7" depends only on the budget sizes at 7/, it must be open-loop
across [t, 7').

Let t denote the time at which H exhausts her budget on a schedule implemented
by o*.

If 2 < 7/, the unique equilibrium schedule following A, is 2°.

The fact that no other schedule is an equilibrium schedule follows from polariza-
tion. If £ > t°, then collective spending increases discontinuously at . Whenever this
occurs, L can then increase his payoff by beginning to spend before t. If t < t° < 7/,
then collective spending must fall discontinuously at ¢, so H can increase her payoff
by delaying some spending to after . Neither deviation affects the other player’s
spending.

Any deviation by L reallocates resources from times with higher to times with
weakly lower §-discounted marginal utility to resource allocation without affecting
H’s spending at any time. A deviation by H that maintains Bf = 0 reallocates
resources from times with higher to times with weakly lower §”-discounted marginal
utility to resource allocation without affecting L’s spending at any time. A deviation
by H that results in BY > 0 would increase spending across [7/,T). Since the §%-
discounted marginal utility to resource allocation throughout this interval is strictly
lower than that to resource allocation before 7/, such a deviation must lower H’s
payoff. z° is therefore an equilibrium schedule.

If t* > 7', the unique equilibrium schedule following Ay, is *.

The fact that no other schedule is an equilibrium schedule follows from polariza-
tion. If £ < 7/, then collective spending falls discontinuously at ¢, so H can increase
her payoff by delaying some spending to after £ without affecting L’s spending. Given
that ¢ > 7/, H can implement x* by and only by setting 27 = 27* for s € [t,7').
Since z* is H’s favorite feasible IC-polarized schedule, H must do this in equilibrium.

Any deviation by H would result in an IC-polarized schedule other than z*, so
H disprefers it. Any deviation by L must take the form of spending before 7/. As
shown in the proof above of the unique equilibrium schedule following a type 2 node
in the last period given ¢V > ¢ L disprefers such a deviation. z* is therefore an
equilibrium schedule.

If 77 € (t*,1°), the unique equilibrium schedule following hj, consists of H allocating
B §H-optimally across [t,7') and L allocating B} 6%-optimally across [r/,T). Call
this the quasi-Stackelberg schedule with regime-change time 7'.

Again, the fact that no other schedule is an equilibrium schedule follows from
polarization. If ¢ < 7', then collective spending falls discontinuously at ¢, so H
can increase her payoff by delaying some spending to after ¢ without affecting L’s
spending. H'’s favorite schedule among those with ¢ > 7/—given a Stackelberg
schedule after 7/, and thus a discontinuous drop in collective spending at £ and B}
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spent d“-optimally across [f, T')—is that in which she spends B} §7-optimally across
[t,). H’s favorite location for , under the restriction that £ > 7/, then follows from
the proof that H has a unique favorite ¢ without this restriction, in the discussion of
Stackelberg schedules at the beginning of this proof. There it is shown that, given
that the derivative of H’s payoff with respect to regime-change time # (there denoted
€) equals 0 at £ = t*, this derivative is negative for all > t*. Here, since 7/ > t*, it
follows that H’s favorite location for ¢, under the restriction that ¢ > 7/, is 7. So,
from a strategy profile implementing an IC-polarized schedule in which H does not
spend down by 7/, H can implement a strictly preferred schedule by spending down
§-optimally by 7.

This implies that H cannot profitably deviate. Since collective spending weakly
falls at 7/, it is clear that L also cannot profitably deviate. The quasi-Stackelberg
schedule with regime-change time 7’ is therefore an equilibrium schedule.

Equilibrium schedules given placement of second announcement

Given a type 4 node hy, let § = é(h|t) denote the time of the subsequent node. Let
x° = 2°t, T, B, BF] and o* = 2*[t, T, B, BF]. Recall that t* < t°.

To begin, recall that the unique equilibrium schedule after A is IC-polarized.
Also, since it is determined by {BE}, any equilibrium schedule following hj; is open-
loop until &.

If t° < ¢, the unique equilibrium schedule following hy; is x°.

We will first show that no other schedule is an equilibrium schedule.

If L does not spend before &, collective spending jumps up at . If H exhausts
her budget at &, then L can increase his payoff by beginning to spend before £. If
H spends at &, then spending jumps up at &, regardless of whether the following
schedule is open-loop, Stackelberg, or quasi-Stackelberg. In all three cases, H can
increase her payoff by marginally increasing spending to before £. In the open-loop
case this is because this deviation will shift resources away from all times [£,T) to
times before &, and all the latter offer higher §*-discounted marginal utility than
all the former; in the Stackelberg case, it follows from the envelope theorem; and in
the quasi-Stackelberg case H can reallocate resources from after to before £ without
affecting L’s schedule.

Suppose therefore that L spends before . If H spends at &, then if collective
spending weakly jumps up at &, H prefers to increase spending across some interval
before ¢ during which L spends, by the reasoning just above. If collective spend-
ing jumps down at &, L wants to decrease his spending marginally before £: in the
open-loop case because this will constitute a transfer away from all of [, T), and so
from lower- to higher- 6%-discounted marginal utility times; in the Stackelberg case
by the proof in the “Final period: Unique equilibrium placement of first announce-
ment” section above; and in the quasi-Stackelberg case because he can then increase
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reallocate spending to after 7 without affecting H’s schedule. If instead H exhausts
her budget before &, then spending must be continuous at &, or else L can increase
his payoff by smoothing his spending without affecting H’s spending. So only z° can
be an equilibrium schedule following hj,.

To verify that x° is in fact an equilibrium schedule, observe that any deviation
by H that leaves Bg > ( transfers resources from before ¢ to all times weakly after
¢, which all offer strictly lower §7-discounted marginal utility. Any deviation thus
lowers her payoff. It is trivial that L has no incentive to deviate.

If t* < ¢ and t° > &, the unique equilibrium schedule following hj is the quasi-
Stackelberg schedule with regime-change time £ (reducing to the open-loop schedule
if ° = £ and to the Stackelberg schedule if t* = €).

Suppose L spends before £. If collective spending jumps down at &, L prefers to
reallocate marginal spending from before to after £ regardless of which equilibrium-
type prevails from & onward, as explained above. If collective spending does not
jump down at &, then H must spend at £ (since t° > &), and H prefers to reallocate
marginal spending from after to before £ regardless of which equilibrium-type prevails
from & onward, as explained above.

So in any equilibrium, L does not spend before £&. H does not spend at or after
&, because if she does, the equilibrium schedule must be IC-polarized with regime-
change time ¢ > &; H strictly disprefers any such schedule to the quasi-Stackelberg
schedule with regime-change time &, as explained above; and H can implement the
latter by exhausting her budget by &.

This is an equilibrium schedule because any deviation by H implements an I1C-
polarized schedule which she disprefers, and because again L has no incentive to
deviate.

If t* € ({,7') and ¢ < 7/, the unique equilibrium schedule following hy is H’s
favorite IC-polarized schedule that is open-loop after £: i.e. the schedule denoted
in the proof of the unique equilibrium schedule given the placement of the second
announcement in the final period (see the paragraph up to (A.82)).

Suppose L spends before £&. Then, as we have seen, because t° > &, either
spending jumps down at £ or it does not and H spends at &; and in the former case
L prefers to reallocate from before to after &, and in the latter case H prefers to
reallocate in the other direction. So L does not spend before £ on any equilibrium
schedule.

Because t° < 7/, t°[¢, T, BY, BE] < 7/ as long as H spends at least as quickly on
[t,€) as she does on z°[t, T, BfH, BjL]; so in this case the unique equilibrium schedule
following ¢ is open-loop. If H spends more slowly on [t, &) than [, T, BY BF],
then Bf > 0 and collective spending jumps up at £ (whichever of the three equilibria
obtains), and H prefers to reallocate from after to before £ as we have seen. So any
equilibrium schedule must be IC-polarized and open-loop after €.
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H'’s favorite schedule of this form is found (and found to exist and be unique)
in the proof of the unique equilibrium schedule given the placement of the second
announcement in the final period. Since it never features a jump up in collective
spending at &, its regime-change time is before 7/. Given that L spends nothing
before £, H can unilaterally implement it (as of ) simply by following it with her
own spending up to £. So no other schedule can obtain in equilibrium.

Any deviation by L to spending before £ reallocates resources from all times
weakly after ¢ to some times before. Since the former all offer strictly higher §%-
discounted marginal utility to resource allocations than the latter, any deviation
lowers L’s payoff. Any deviation by H that leaves °[¢, T, B, Bf] < 7’ would by con-
struction lower her payoff. Any more extreme deviation would implement a schedule
that can be constructed by beginning with a schedule that leaves t°[¢, T, B, BgL] <7
and reallocating resources from before £ to some set of times weakly after &, all of
which (from this baseline) offer strictly lower 67-discounted marginal utility. So H
has no incentive to deviate either, and the proposed schedule is in fact an equilibrium
schedule.

If t* € (§,7') and t° > 7/, either only the quasi-Stackelberg schedule with regime-
change time 7’ is the unique equilibrium schedule following hy, only H’s favorite IC-
polarized schedule that is open-loop following &, or both are equilibrium schedules
following h;.

L cannot spend before £ in equilibrium just as in the t* € (&, 77), t° < 7/ case.
Again, therefore, Bg determines the equilibrium schedule following &. If BgH is small
(including zero), the equilibrium schedule following ¢ is open-loop; if larger, it is
quasi-Stackelberg with regime-change time 7'; and if larger still, it is Stackelberg,
with a regime-change time after 7/.

If H spends so quickly before ¢ that the equilibrium schedule following £ is
Stackelberg with a regime-change time after 7/, then her (and collective) spending
must jump up at &, since t* < 7/. H then prefers to reallocate from after to before
&. This leaves the quasi-Stackelberg and open-loop possibilities. H can implement
either, as we have seen. In equilibrium, she must implement her favorite of the two,
or simply one of the two if they offer her equal payoffs.

Given that she does so, a deviation by L to spending before ¢ never increases
spending at any time after £, so it always shifts resources from times with higher
to times with lower d*-discounted marginal utility, lowering his payoff. A deviation
by H before ¢ always lowers her payoff by construction. The proposed equilibrium
schedules are therefore in fact equilibrium schedules.

If t* > 7', 2 is the unique equilibrium schedule following hj;.

The proof that L cannot spend before £ in equilibrium is precisely as in the
cases above. Since only H spends before £, and any equilibrium schedule after &
is IC-polarized, any equilibrium schedule is IC-polarized. x* is H’s favorite feasible
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[C-polarized schedule, and she can implement it by following it up to £&. So if there
is an equilibrium schedule, it must be z*.

Any deviation by H would implement an alternative, and therefore dispreferred,
IC-polarized schedule. Any deviation by L would implement a reallocation from
some or all times weakly after £ to before £, which he disprefers. x* is therefore an
equilibrium schedule.

Unique equilibrium schedule incorporating choice of second announcement

Given a type 3 node hy, let 2° = 2°[¢, T, Bf, Bf] and 2* = 2*[t, T, B/, B}].

Suppose & (b)) = 0 (and X (hy) = t).

If t° < 7/, L implements z° by choosing announcement ¢& € [t°, 7']; the quasi-
Stackelberg schedule with regime-change time £ by choosing £ € (¢*,¢°); and H’s
favorite schedule that is open-loop after £ by choosing £& € (t,t*] (which is Stack-
elberg iff €& = t*). L’s favorite collective schedule, among those he can implement,
is X the others can all be constructed by beginning with X° and then shifting
resources from [¢,T) to [t,€), where the latter all offer weakly higher §%-discounted
marginal utility than the former. L thus chooses ¥ € [t°, 7'] in equilibrium, and the
schedule implemented is z°.

If t* < 7/ < t°, L implements the quasi-Stackelberg schedule with regime-change
time &X' by choosing ¢ € [t*,7'], and if L chooses X € (t,t*), he implements either
(a) the quasi-Stackelberg schedule with regime-change time 7’ or (b) H’s favorite
feasible IC-polarized schedule that is open-loop after L. If he chooses ¢F € (¢,t*)
and H weakly prefers (b) to (a), then the regime-change time implemented by (b)
cannot be after 7/: if it were, then H would prefer to smooth her spending across
[t,7") rather than letting her spending jump down at &, as it must under (b). The
collective schedule associated (b) can therefore be constructed by beginning from that
associated with (a) and shifting resources from after to before ¢£. The collective
schedule associated with the quasi-Stackelberg schedule with regime-change time
¢ < 7' can be constructed likewise. Since such shifts must lower L’s payoff, L’s
favorite implementable schedule is the quasi-Stackelberg schedule with regime-change
time 7’. This is the schedule implemented in equilibrium.

If t* > 7/, the equilibrium schedule is z* regardless of £%.

Suppose £ (h;) = 0 (and &£ (hy) = t). As shown in the previous subsection, on equi-
librium schedules given the placement of the second announcement, the implemented
schedule is IC-polarized for any choice of ¢. H’s favorite feasible IC-polarized
schedule is z*. If t* < 7/, she can implement it by choosing ¢ = t*; if t* > 7/,
she implements it with any choice of . x* is therefore always implemented in
equilibrium.
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Polarization of equilibrium schedules given placement of first announcement

Given a type 2 node hy,, let ¢¥ = ¢#(h);), and define ¢& and ¢ likewise. Let
2° = 2°|7, T, B BE] and x* = 2*[r, T, B2, BL]. We will show that any equilibrium
schedule following A/, is IC-polarized.

If ¢ = ¢ = €& = 7/, the equilibrium schedule(s) following h|, are those found
following a type 5 node hy; (with 7 in place of t), all of which are IC-polarized.

If £ = ¢ = ¢ < 7/, the equilibrium schedule(s) following hj, are those found
following a type 4 node hy, (with 7 in place of ¢ and ¢ in place of & (hye)), all of which
are [C-polarized.

If f = ¢ < €8 the equilibrium schedule following f is Stackelberg. As we have
seen, this implies that the equilibrium schedule following A, is open-loop if 2 < f ,
quasi-Stackelberg with regime-change time é ift* < f < t°, and Stackelberg if é <t
In every case, it is IC-polarized.

If ¢ = ¢ < €L the equilibrium schedule following & is open-loop
if ¢, T, BY BgL] < 7/, quasi-Stackelberg with regime-change time 7' if
t[ET, BBl < 7' < o€, T, Bf, BY], and Stackelberg if t[E,T, Bf\Bl] = 7.
This is precisely analogous to the equilibrium schedules following a type 5 node Ay,
(with é in place of t). The equilibrium schedule(s) following h). are those found

following a type 4 node hy, (with 7 in place of ¢ and ¢ in place of & (hye)), all of which
are IC-polarized.

Unique equilibrium schedule from beginning of period

Given a type 1 node h|_T, let 2° = 2°[7, T, BY, BL] and z* = 2*[r, T, B¥, BL], let &
denote ai*(hﬁ), and let hr; denote the subsequent (type 2) node.

If t* > 7/, suppose £ = 7/. If €& = 7/, the unique equilibrium schedule fol-
lowing hr; is Stackelberg, as following a type 5 node with t* > 7/. If ¢& < 7/, the
unique equilibrium schedule following £* is Stackelberg; so, since t* > £%, the unique

equilibrium schedule following h‘t is also Stackelberg.

If t* < 7/, suppose £ = t*. If £&' > ¢*, the unique equilibrium schedule following
¢H is open-loop, quasi-Stackelberg, or Stackelberg, in the usual way; L does not
spend before ¢ in equilibrium, because t° > ¢#: and H can thus implement z*
by spending her budget 67-optimally across [7,t*). If €& < t*, the unique equilib-
rium schedule following ¢ is Stackelberg; so, since t* > £F, the unique equilibrium

schedule following hlt is also Stackelberg.

Since in equilibrium the schedule following hlt must be polarized, and since at h‘_T

H can implement her favorite feasible IC-polarized schedule z* with the appropriate
strategy, x* is the unique equilibrium schedule following h|_T.
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A limit equilibrium schedule must be Stackelberg

For the rest of the proof, z* and t* will be as defined by Proposition 4.

Continuous time

Having completed the inductive step, we have proven that, fixing horizon T', the
equilibrium schedule of game n is unique and Stackelberg. Denote this schedule
by z™. 2"l is independent of n, so it is also the unique equilibrium schedule in
continuous time.

z[T converges pointwise almost everywhere to x* as T — oo

Let U#[t, T denote H’s payoff from a quasi-Stackelberg schedule with regime-change
time ¢ across [0,T). Let f(f,T) denote the derivative of U# with respect to ¢, as
given by (A.76) with 0 replacing ¢, expressed as a function of  and 7. Observe that
it is defined and continuous in both variables over T € (0, 00] and ¢ € (0,7).

Fixing BY and BT, let t*(T) denote the value of ¢ that sets (A.76) equal to 0
given horizon T'. Recall that ¢*(T) is unique for all 7' > 0, including 7" = oo. It can
be found analytically that t*(co) = t*.

Fixing ¢, when T rises, ®); falls and ©); and ); rise. By (A.79), as we have seen,
this implies that f(f,T) rises. It follows that ¢*(7T') increases in 7.

By the monotone convergence theorem, ¢ = limg_,o t*(T') is defined. Further-
more, because f(£,T) is continuous, f(I,00) = limp_o f(t*(T),T). This limit
equals zero, since each of its elements equals zero by definition of t*(-). Therefore
=1t

It is then easy to verify that x,ET] converges pointwise to z; for all ¢t # t*.

A polarized equilibrium schedule must be Stackelberg

Let o* be a polarized equilibrium.

Let hj; be a post-announcement node. Suppose af*(h‘t) > (0 for some s, and
let s = inf{s : o*(hy) > 0}. (Recall that o™*(hy;) is a spending plan for L across
[t,f(h‘t)), S0 s € [t,f(h‘t)].) By definition of polarized equilibrium, = (hy,0*) = 0
for all s > s (the s = s case following from the assumption that spending plans are
right-continuous). For o* to be an optimal strategy for L, therefore, we must have
zk(hy,0%) = BSLe(’”*aL)(S*Q for all s > s. Since ¢* is a polarized equilibrium and
L begins spending before the next node, if B¥(hy) > 0, o* must allocate B (hy;)
§f-optimally across [t,s); and collective spending cannot be discontinuous at s, or
else restricting spending to before (weakly after) s cannot be a best response for H

(L). So, if B¥(hy;) > 0, we can only have o*(hy;) # 0 if the schedule implemented
by o* following hj; is open-loop with a regime-change time before f (hj). This in turn
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is possible only if t°[t, 00, BY (hy,), BX ()] < &(hy.):

t°[t, 00, B (hye), B*(hyo)] = &(hyo)
= " (hy;) =0 for all post-announcement nodes hy;. (A.105)

Suppose that o7 is such that, at any pre-announcement node hy; with {f{t)(h‘t) =
0 and B¥(h;) > 0, H chooses announcement

a™(hy) = min(t*[t, oo, B (hy), B (hy)], 7' ());

and that any post-announcement node hy, with t*[t, oo, B¥ (h,), B*(hy)] > {A(h‘t), H
chooses spending plan

O'H(h‘t) = ZEH

o 100> BT (he), B (o))

For any o* satisfying (A.105), (o, o%*) = 2*. This can be seen by observing that
(o, ol*) implements z* following all post-announcement nodes:

e At any type 2 node hy; with B (h;;) > 0,
é(h\t) <t [t7 o0, BH(h|t)7 BL(h|t)] < to[ta 00, BH<h|t)7 BL(h|t)]7

so in equilibrium H is the only spender across [t, & (hy)), and follows the Stack-
elberg schedule across this interval.

e H exhausts her budget at f(h‘t) only if f(h‘t) = t*[t, 00, B¥(hy;), B(hy)]. So
at a type 4 node hy, either B¥(h;) = 0 and the Stackelberg schedule has
been followed across [7(t),t) (and will be implemented by L across [t, 00)), or
B (hy) > 0 and fgt)(hﬁ) = (), in which case the next node will occur weakly
before the Stackelberg regime-change time, and H will be the only spender
until the next node, following the Stackelberg schedule.

e A type 5 node hy; can be reached only at the Stackelberg regime-change time,
in which case B¥(hy;) = 0, the Stackelberg schedule has been followed across
[7(t),t), and it will be implemented by L across [t, c0).

Since H can implement z* when L employs any strategy o* satisfying (A.105),
since z* is her favorite feasible IC-polarized schedule, and since x(c*) is a feasible IC-

polarized schedule for any polarized equilibrium ¢*, there is no polarized equilibrium
o* with z(c*) # z*.
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A polarized equilibrium exists

Let of'* satisfy the conditions imposed on ¢! in the previous subsection, and de-

fine it fully by stipulating that, for a pre-announcement node hy with ff(t)(h|t) =
0 and B(h;) = 0, oc"*(h;) = 7/(t), and for a post-announcement node hy
with ¢*[t, 00, B (hy;), BX(hy)] < f(h“), H allocates B¥(hy;) ¢"-optimally across
[t,t°[t, 00, B (hy), B (hy)]) if t° < 7/(t) and across [t, 7/(t)] otherwise.

Let ol* satisfy (A.105); for post-announcement mnodes h; with
to[tvoov BH(h\t)vBL(h\t)] < é(h|t)a

o (hy) = 2, [t 00, B (hy), BE ()]
and for pre-announcement nodes hy; with §£(t)(h|t) =0, o (hy) = 7'(2).

Because ol* satisfies (A.105), and for any post-announcement node hy
with ¢°[t, 00, B¥(hy), BX(hy)] < 7/(t) we have of*(hy) = 0 for all s >
t°[t, 00, BE(hyy), BE(hyp)], @jt00)(hy, 0*) is polarized for all nodes hy. Therefore, if
o* is an equilibrium, it is a polarized equilibrium.

Given that L adopts strategy o™*, z((c”,0*)) is IC-polarized for any o’. Since
x(0*) = x*, which is H’s favorite feasible IC-polarized schedule, o is a best re-
sponse for H to o™*.

Following the node-cases of the “inductive step” above, it can be verified that
for any grid point 7, if the players will play a strategy profile that implements the
Stackelberg schedule from 7" onward (as ¢* does), and if H plays of* across [, 7'),
ol* is a best response for L for every possible node that might arise across [r,7’).
The proofs of L’s best responses through the inductive step rely nowhere on the
assumption that T is finite.

When v < 1, infinite-horizon game n is continuous at infinity (for any n), since
the range of feasible payoffs at any period is bounded above and below and the
stream of flow payoffs cannot grow more quickly than the players’ discount rates, by
(9). By the one-shot deviation principle, therefore, o2* is a best response for L to
ofl*. This establishes that o* is an equilibrium of the infinite-horizon game when
v < 1.

When v > 1, however, the game is not continuous at infinity. We must verify
explicitly that, given that H plays ¢/'*, at any node h; L has no incentive to deviate
permanently from o’* to an alternative strategy o’.

o™ maximizes L’s forward-looking optimization problem at all nodes hy; with
Bf(hy) = 0. Deviation to o* therefore can only be profitable for L at a node hy
with B¥(hy;) > 0. Suppose by contradiction that there is such an h; and o*.

If o = (c*,0%) is such that

Ir e G : B (h) =0, h=h(hy,0), (A.106)
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then ol offers L a lower payoff than o* at h;. This can be seen by backward
induction. First, because of the unique optimality for L of the schedule implemented
by ol* from h onward, a permanent deviation to o’ cannot offer L higher utility
than a deviation to o* until h followed by a reversion to o**, and must offer L lower
utility if (h, o) # x(h,0*). Then, given that the players play o* from 7 onward, and
given that H plays o”* from 7 onward (where 7 denotes the grid point before 7), it
follows from the “inductive step” of the proof of the unique limit equilibrium that
any strategy 6° among L’s most preferred strategies at any node hs with s € [7,7)
must satisfy z(hys, &) = z(hs, 0*). By induction, deviation to a strategy o satisfying
(A.106) is weakly undesirable for L at any node.

Consider a strategy ¢ not satisfying (A.106). We will assume by contradiction
that permanently deviating to ¥ at h); increases L’s payoff, and show that this
implies that L’s payoff to playing 6% from time 7 onward is —oo for some grid point
T > 1.

By the reasoning above, for any grid point 7 > t, L’s payoff to playing 6" at
all nodes hy; with s € [t,7), and o™* from 7 onward, is weakly less than his payoff
to playing o from hj; onward. So, in general denoting L’s continuation payoff to
playing strategy o from grid point 7 > t onward after playing 6% at all nodes hys
with s € [¢t,7) by

Cletr) = [ D, (e 2. (07 o)

T

L

and denoting L’s payoff to playing % from hj; onward by C (oL, t), we have
Co™,t) > C(6", 1) + e (C(o™, 7) — (5", 7))

— O, 1) — O, 1) > & TD(C (5%, 1) — O™, 1)). (A.107)

If 61 is a profitable deviation for L at hj, the right-hand side of (A.107) is
positive, so the difference in continuation payoffs as a function of 7 —¢ must be “fast-
growing”, which we will define to mean asymptotically bounded below by coed (1)
for some constant ¢y > 0. C(6%,7) can never exceed the continuation payoff for L
at 7 obtained if both parties invest all funds from ¢ to 7 and subsequently disburse
them d%-optimally. This continuation payoff plateaus if v > 1, and grows linearly
in 7 — t at absolute rate r if 7y = 1. (See the payoff expression from Proposition
1, substituting B(hy)e" ™" for B.) For the difference in continuation payoffs to be
fast-growing, therefore, C'(o*, 7) must eventually be negative and its absolute value
fast-growing.

Since ¢* implements the Stackelberg schedule from any pre-
announcement grid node onward, C(o* 7) = UL(a*[r]), where z*[r] =
a*[r,00, B¥(h (7)), B*(h.(hy,6))]. An expression for this payoff can be

found analytically by integrating

/ T (e fr])ds,



88

because the regime-change point t*[7]| can be found analytically in this setting where
the horizon is infinite (see Proposition 4). The result can be written in terms of the
collective initial budget B, and L’s initial budget share b, as

B, (o)
I—7  aflaly+ (07 —05)(1 — 1)

(A H L . ﬁ 1—y H _ L\2
(a aFy (b, + (1 bT)aLn) +(0" —§7)

RS L il H L

(1—9)b, =" ((bT+(1—bT)Z—Ln)‘3*HV>, v>1;  (A.108)

1 (8" =82 (1—b,)0" \~ix L "
ﬁ(W(l bTT"> +1In(B,) +In (b,6" + (1 — b,)5"n)
o — gty — g
) =t

If v > 1, the coefficient on B1™7 is negative and is bounded below across b, €

[0,1]. For C(a*,7) to be fast-growing, therefore, B1~7 must be fast-growing. B,
L

must thus eventually be bounded above by ¢; e for some c1 > 0. Because the

spending rate cannot sustainably shrink more slowly than the collective budget, the

discounted continuation payoff to adopting o” from a sufficiently large grid point

7 > t must likewise be bounded above, for some ¢y > 0, by

If v = 1, the terms added to In(B,) are likewise bounded across b, € [0,1]. For
C(ol*,7) to be fast-growing, therefore, In(B,) must be (again, negative and) fast-
growing, so B, must eventually be bounded above by a function f(7) that falls su-
perexponentially to zero quickly enough that In(f(7)) is (negative and) fast-growing.
Again, because the spending rate cannot sustainably shrink more slowly than the
collective budget, the discounted continuation payoff to following o from sufficiently
large 7 must be bounded above, for some ¢y, ¢y > 0, by

/ e 50 (crf(s)?)ds = —o0.

T

This contradicts the assumption that o is a profitable deviation at h); from o,
whose payoff is well-defined and finite (as confirmed by (A.108), recalling conditions

(9) and (18)). ¢* is thus an equilibrium of infinite-horizon game n for all n.
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A.6 Proof of Proposition 6

Preliminaries

Following the notation of Appendix A.5, we will let z*[t, T', B, BL] denote the Stack-
elberg schedule beginning at t with budgets B and B” and ending at 7', dropping

some or all of the arguments where clear. X*, etc. are defined likewise. We will also
let ¥ = B /B =1—.

We begin by showing that the frontier of efficient payoffs is strictly concave.
Let U° = (UH© UEO)) and U = (UM, UED) be two efficient payoff profiles,
and let X(© and X be collective schedules which attain these (payoff profiles.
The mixture collective schedule X(¢), defined by Xt(o = Cth) +(1—- C)Xt(o), is
feasible:

/ h e (e 4 (1= X at
0

=¢ / e X Vdt + (1 () / et X Vdt
0 0
=(B+(1-()B=58.

Furthermore, for ¢ € (0,1), the discounted flow utility that X (¢ offers player
i at each time ¢ is defined and equal to e-9tu(¢X"Y + (1 — C)Xt(o)). By the strict
concavity of u(-), this is strictly greater than the (-mixture of the discounted flow
utilities offered by X and X® i.e. e*‘;"t(Cu(Xt(l)) + (1 - C)u(Xt(O))).

Thus X¢ offers a payoff profile that is weakly Pareto-superior to (U + (1 —¢)U°.
It follows that the frontier of efficient payoffs cannot exhibit any (even weak)
convexities.

Because the frontier of efficient payoffs is concave, an efficient collective schedule X
must maximize

U(X) = aU"(X) + (1 — a)UH(X)

for some payoff weight a € [0, 1]. In particular, given efficient collective schedule X,
the corresponding U® cannot be increased by shifting resources between time 0 and
any other time ¢. Given that X, is right-continuous, this implies

X, = e”(ae“sHt + (1 - a)e"SLt)Xt_7 Vit. (A.109)
So X is optimal according to time preference factor

B = ae®" 4 (1 —a)e™ ", (A.110)



90

or time preference rate

w Bt(a) B a(sHeféHt + (1 N a)(SLeféLt AL
t _Bt(a) o ae—90t + (1 _ a)eféLt ’ ( ) )

J

As we can see, 6" = ad® + (1 — a)6%. Therefore a is not only the weight placed
on H'’s payoff, but also the weight placed on her time preference in determining the
starting time preference rate.

Given payoff weight a, let w,fa) denote the weight placed on H’s time preference
rate at ¢, such that

5 = w4 (1 — w)s". (A.112)
Substituting (A.111) into (A.112) and rearranging, we have
w!® = a4

a+ (1 —a)e@ =t
Observe that
wy = a. (A.113)

Fixing payoff weight a, the resulting schedule is not time-consistent, because the
resulting time preference rate (A.111) is not constant. Upon reaching time s > 0,
aU™ + (1 —a)U* is maximized across times ¢ > s by allocating the collective budget
according to time preference rate schedule d;_, as prescribed, not according to a

fixed 4.
However, if upon reaching s we instead place weight

a= wga)

on H’s future payoff (and 1 — a on L’s), the resulting time preference rate schedule
is the same across t > s as that prescribed at time 0 using payoff weight a. That is,

5@ =6 Vs>t
We can see this by substituting w!® for a into (A.110), simplifying, and differenti-
ating:
. e—(SH(t—s) (1 _ a)€(5H—6L)s . e—(sL(t—s)

a4 (1 — a)e6 3" * a+ (1 —a)e@”—")s

= — (ae_‘SHt +(1-— a)e_éLt)
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Let X now denote the efficient collective schedule implied by payoff weight a. It
is unique by the strict concavity of the feasible payoff set. It is also C! in a, as can
be seeing by rearranging and integrating (A.109) to get

T () 1 _
/O XY gt~ B =0 (A114)

and applying the implicit function theorem to find that Xéa), and thus X ) for each

t,is Ct in a.
Let (@ denote the corresponding collective schedule defined by

=X/,
Likewise, for b7 € [0, 1], let x*[b] denote the collective schedule defined by
xi[b"] = X7 [Bv", B(1 - b")]/B.

Given b, by the homotheticity of U(-), X(@ is [weakly] Pareto superior to X*
iff x(@ is [weakly] Pareto superior to x*[b].

Given any x(@ for a € (0,1), there is an interval (l_)H,l_)H) C (0,1) such that x(®
is a strict Pareto improvement on *[b*] iff b € (b ,BH). This follows from the
inefficiency of x*[b¥] for b¥ € (0,1) and the facts that

i U(x0]) =U("),
i. U(x*[1]) =UKxW),
iii. U (X*[ ]) is Continuous and strictly increasing (in fact C' with a positive
derivative) in b

iv. UX (X* [bH]) is continuous and strictly decreasing (in fact C!' with a negative
derivative) in bf.
We can thus define
b" (a) = argmin : U* (X(a)) > U (x*[b"]),
bH
BH(a) = argmax : U (X(“)) > UH(X*[bH]),
bH
with BH(a) > b (a). Recall that X(@, and thus UI( @)), are C' in a. By the implicit

function theorem and (iii)-(iv), b"(a) and b (a) are also C' in a, with negative
derivatives.
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By construction, (b (a), Z_)H(a)) is the range of initial impatient budget shares b
such that x(® is strictly Pareto superior to x* [b7]. As noted above, by homotheticity
of U(+), it is also the bf-range such that X (% is Pareto superior to X*. So both parties
weakly prefer X(@ to X* at ¢t = 0 iff

b € (b7 (a),b" (a)). (A.115)

More generally, given a schedule z, it holds at all ¢ that both parties weakly pre-
fer the forward-looking collective schedule X (a) ) to the forward-looking Stackelberg

[t,00

collective schedule X*[t, 0o, B (2;), B ()] iff
b (zy) € (B (w™), 5" (w™)) V. (A.116)

Observe that %wga) < 0 and thus that 2" (wga)) < 0 and %Z_JH (w§“>) <0.
We will now show that, for any a satisfying (A.115), there is a schedule z such
that X = X@ and (A.116) holds.

A schedule everywhere superior to forward-looking Stackelberg

Observe that b” (w@) and b (wt(a)) are C! in t for any payoff weight a. We can
therefore define a differentiable path of budget shares for H, {5{{ }, by

bl = bt

d - 14+p—2 - . . - .
%bf = max <O’ lpfppt> max (fl(bf7t)af2(b1{{7t)) + min (2]?[t_§71>f2(b£{7t)a
(A.117)
where
. D — pHY (45T (@) — dpH (@ § 3 x@
PR i o 5 0) PN T R

B (w®) — b (w(®) B(X}")

bt — b (wi”)
p=—F———€(0,1), pe= = ,
b () — b (wf?)

Because the right-hand side of (A.117) is continuous in ¢ (fixing b7) and Lipschitz
continuous in b7 across [0,T] for all T, b is defined and C' for all T by the Pi-
card—Lindel6f theorem.

Recall that py = p by (A.113), and observe that p(, is differentiable. We will
show that p; € (0, 1) for all .

First, observe that %Ef linearly interpolates, in p;, from max(fi, fo) at p; < p
to fy at py > #. Also, %pt strictly increases in %B{{, and when %l;f = fl(i)f],t),
%pt = 0. Soif p; < p, %pt > 0. This establishes that we never reach a t with p; < p.
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Next, suppose by contradiction that ps = 1 for some t*. Let t* denote the
minimum such time, noting that a minimum exists because p(.) is continuous and

[0,00) is closed below. Then b /b b (wt* ) = 1. Since p; is continuous and py < 1,
there is an s € (0,¢*) such that p, € [F32,1) V¢ € [s,#*], and therefore also such that

bH /b b ( ) < 1 throughout this interval. However,

H
O e <0 e[ 1]
A5 ()

This is because the proportional, and thus the absolute, growth rate of
EH(IH)/Z_)H(w,ga)) is non-positive iff

b ( (a)) N %bH(xlt)

BH(wt( )) — b ()

By (A.117) and the fact that l;H(x‘t) < bH(w§“>) for t € [s,t*],

46 () _ () - DX BOG) (@ () - )X/ BIXY)

L = < —~ Vit € [s,t"].
bH () bH () b (w™)
The proof is thus completed by showing that
_ —H
in (a) b w(a) 1\ x9px@
b (v )>( (") — )X/ BX) vt € [s,t*]. (A.118)

—H, (a0 = “H, (a
b (wi”) b ()
Suppose by contradiction that (A.118) fails for some t € [s,t*]. The right-hand
side equals (4b/7)/bfT given b/T = b (@) and 27 = X, But b = b" (w¥)

implies that H is indifferent between the forward-looking efficient and Stackelberg
schedules:

Ut (X)) = UM (X*[t, 00, BY (x,), B (y,)]). (A.119)

[t,00)

b > 0 and the failure of (A.118) then imply that there is an € > 0 such that it is
feasible to set 2 = X for s e [t,t + €), and such that if this obtains, " falls by

a larger proportion than b across the interval. We then have b (wgi)e) < bl and
thus

UH(X[tJre oo)) < UH(X*[t + €, 00, BH(x|t+e)a BL(x\tJre)]) =

U (X(a)

[t,00)

) <U" (X[gfg+€)) +e UM (XH [t + €, 00, BT (2)140), BE(21140)]).
(A.120)
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But this is impossible, since the schedule across the right-hand side of (A.120)—
o = X 2L = 0 for s € [t,t + ¢) followed by a Stackelberg schedule—is an IC-

polarized schedule from ¢ onward, and H’s favorite such schedule is the Stackelberg
schedule itself from ¢ onward (see Appendix A.5, “Stackelberg schedules”, the t = oo
case), whose payoff for H equals the left-hand side of (A.120) by (A.119). So (A.118)
holds.

So, given the path of impatient budget shares {b7} characterized by (A.117),

JURS (0, 1) Vt.

We will now show that there is a unique schedule z(® such that zH(®) 4 gl =

X(@ and b7 (:L’l(ta)) = P V¢, and confirm that 2@ is (i) feasible in the sense that

xi(a) > 0 Vi, t and (ii) continuous. We will not need to further verify that #(+) does
not violate either player’s budget constraint, since we have already established that
b € (0,1) Vt.

Given a schedule (9 with z(®) 4 g@) = X(@) bH(:L"(f)) = b vt iff

l;th(a) — xfl(a)

—bf = bt (2lV) =
et dt (") B(X|(ta))
H(a) B(X(a))
Ty _jH 1~H [t
— @ =0 il X (A.121)

(with 2@ /X =1 — 2@/ x ). ] )

2@ is thus well defined. Furthermore (A.121) > 1 at ¢ iff 40/ < fo(bf,t), and
(A.121) < 0 at ¢ only if b/ < 0. Both are impossible, by (A.117) and the non-
positivity of f; and f,. So z(® is feasible. Finally, because Bf is C' in t, 2@ is
continuous.

This completes the construction of a feasible schedule z(* that is continuous and
satisfies (A.116).

Constructing a grid and equilibrium

Given a grid G and a payoff weight a satisfying (A.115), let ¢* be a polarized equi-
librium, and let & be the strategy profile of the game played on G with

T(t), e = h(0);
&' (he) = 2%y =it (6), (A.122)
o™ (hy)  otherwise.

Note that any node reached on the path of & must occur at a grid point t € GG, and
so be of type 1 or type 2.
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We will now construct a grid GG such that o is an equilibrium of the game played
on G.

Let 79 = 0, and define 74 for k > 1 recursively as follows.
Let X|[t, €] be the truncated schedule across [t, 00) with

~

X[t €] = X}, [t + €, 00, B[t ], B[t e]]e" D=0 g e [t 1 4 ¢);
X*[t+e,m,éH[t,e],BL[t,e]], s>t+e,

where
A . . t+€ .
B'[t,e] = <BZ (:Eff)) —I—/ e_r(s_t)xs_’(“)ab) e Vi.
t

To interpret X [t, €], suppose that x|, = x|(ta) Suppose then that, at t, each i receives

a budget-increase equal to the present value of the resources allocated by —i across
[t,t+¢€) according to 27(?); invests the entirety of the newly increased B; until ¢ + ¢
(so that their budget at ¢ + ¢ is then B[t,€]); and subsequently implements the
Stackelberg schedule. Then

Xipe = X;\ [t +€,00, BX[t, ], BE[t, €]].

X[t7t+€) [t,€] is then the truncated collective schedule obtained across [t,t + €) by
positing that collective spending grows at rate r — off across [t,t + €) (as it does
just after t + ¢) and is continuous at ¢t + e. X[t €] is of course infeasible given
initial budgets {Bz(mfta ))}, for any € > 0. In particular, observe that for all s > ¢,
X[t 0] = X*[t, 00, BH (2!, BE(2{™)], and X,[t, ] is C! in € with a derivative strictly
positive for all € > 0. Observe also that X is Stackelberg with respect to the present-
value budgets it allocates from player.
Then let

€t)y=e>0: Ui(X(a)

[t,00

) = U (Xt,€),
e(t) = min(e” (t), " (1)).
€'(t) exists and is unique for each i because

iy T H (a)y pL¢,.(a) i (@ .
U'(X[t,0]) = U (X*[t, 00, B (z,"), B"(w )]) <U (X[tm)),
lime o0 Ui()A([t,e]) is the supremum feasible payoff (0o if v < 1, 0 if v > 1); and
U'(X[t,€]) is continuous and monotonic in e.
Let Tk = Tp—1 T 6(7’]671).
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We must establish that lim_,. 7%+ = 00, so that the grid is locally finite and the
game is well-defined. This follows from the facts that, if not, then limy oo 7 = 7
for some 7 < oo, by the monotone convergence theorem, and thus €'(7;) — 0 for
some 7; that €'(¢) is continuous in ¢ for each 7, by the implicit function theorem; and
€'(T) > 0 for each i.

To establish that ¢ is an equilibrium of the game played on grid G = {7 }ren, we
will show that no player profits by deviating at any node. Given a node 7, we will
let X = X[r, 7' — 7).

If hy; is off the path of &, this follows from the fact that o* is an SPE.

If 1y, is on path and of type 1, a deviation by H induces an IC-polarized subse-
quent schedule, which she must weakly disprefer to X*[t, 00, BZ, BX] (see Appendix
A.5); and since X7*[t,00, B¥  BY] < X, Vs > 7, she prefers the latter schedule.
Since a deviation by L to an announcement (¥ < 7/ will be followed by polar-
ized equilibrium behavior from 7 onward, it follows from Appendix A.5: Inductive
step: Polarization of equilibrium schedules given placement of first announcement
(the é = < ¢F case) that L weakly prefers the schedule implemented by o* given
¢F = 7/ to that implemented by o* given any other £¥. This schedule likewise exhibits
lower spending than X across [T,00) in all three cases (open-loop, quasi-Stackelberg,
and Stackelberg).

If by is on path and of type 2, first observe that

X[, 00, B (x2)), BH (")) > X1, (A.123)

If (A.123) failed, then, because the growth rate of X@ is everywhere within (r —
o r — o) by (A.110), and because X® cannot lie everywhere above X* after 7/
given the same initial budgets since both collectlve schedules are budget-exhausting,
there would have to be a t > t*[7/, 0o BH( N, BL( ,)] such that

Xi[r' o0, BY(af)). B ) < / = | > X7 1< /=/>F
X(@ could thus be constructed by shifting resources from times after 7 to times
before . Since all of the latter offer weakly lower d%-discounted marginal
utility than all of the former, X[(f,)oo) is then not a Pareto improvement on

X*[7, 00, BH(x |( )y, BE(z ) ()], as we know it to be by construction.
Next, observe that if X is a collective schedule following 7 that ¢ can implement
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by deviating at h;, ¢ can also implement X given

(and polarized equilibrium behavior from 7’ onward) by reserving the resources
“transferred” from the other player for spending before 7’ as prescribed by 2.

Under these circumstances, with ¢ = H, any schedule H implements is an IC-
polarized allocation of {B’}. It follows from (A.123) that

BH</ e T X Ha,

and so the same also holds for L. To summarize, therefore, H prefers X to
X*[r, 00, BH, BL], as both are Stackelberg but the former uses larger budgets for
both players (and U# (X*[BH | B%]) is increasing in both arguments); weakly prefers
X*[r, 00, BH, BL] to any IC-polarized allocation of {BZ}, and weakly prefers an 1C-
polarized allocation of {B'} to any schedule she can implement by deviating at 7.

With i = L, he maximizes his payoff by setting a 6%-optimal schedule across [, 7’)
with some fraction of his BTL and allocating the rest to the Stackelberg schedule that
will obtain following 7/. (A maximal payoff exists by the extreme value theorem,
since U” is continuous in the fraction of BE allocated before 7/.) Whatever fraction
he chooses, the resulting schedule following 7’ is Stackelberg with an initial budget
for H of BHe"™=7) < BH and an initial budget for L weakly less than B” (with
equality only if L spends nothing before 7).

Since UX(X*[B¥, BL]) increases in both arguments (see Appendix A.5: Final
period: Unique equilibrium schedule given placement of first announcement), an
optimal deviation by L produces a schedule X with

UL (X 00)) < UH(X 0.

The cited subsection also establishes that an optimal division of BL across 7' must
yield limy_,./+ Xt < X,, and that in general X;[t, 00 B{{ , BL] increases in B} for
both 4. Since B’ must be weakly greater than B'(z.) for both , lim, .+ X; < X
Finally, since to be d*-optimal X must grow at rate r — o across [r,7’), and since
X grows at the slower rate r — o across this interval, X, > X, Vs € [,7') and thus

UL(X[TJ-/)) < UL(X[TJ./)).

We have shown that ¢* is an equilibrium on any grid G with 7/ < 7+ €(7) V7 € G.
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To find an admissible grid sequence such that ¢* is an equilibrium of every grid
in the sequence, let f(t) = {fi(t) }rew be the sequence defined recursively by

fot) =t fu(t) = fri1(t) + e(fe-1(t)) (k> 0), (A.124)
so that G = f(0). Then let G = G, and let

G =gy | f(%) n > 0.
m=0

Intermediate equilibrium payoffs

So far we have established that any payoff profile U that is (i) efficient and (ii)
strictly Pareto superior to U(X*) is an equilibrium payoff profile. We will now show
that any feasible payoff profile U that is Pareto superior to U(X*) is an equilibrium
payoft profile.

Let [a,a] be the range of values of a such that X(@ is Pareto superior to X*.
Observe that, since Xﬁ“) is continuous in a for all ¢ and nowhere constant in a (see
(A.114)), U (X)) is continuous and strictly monotonic in a for each i.

Define f(@(t) as in (A.124), but with €(-) defined with respect to a.

Suppose U is efficient but only weakly Pareto superior to U(X*), with U’ = U*(X*).
Let

a' € {a,a} =a: U (X)) =U'(X"),

and recall that for any a € (a,a), there a grid G and a strategy profile o such that
o is an equilibrium of the game given grid G and X (o) = X(@.

We can therefore define a monotonic sequence {a, } with ag € (a,a) and a,, — ad’,
and a corresponding grid sequence with G(® = f(@)(0) and

[e.9] o0

¢ = s )0 [ 1o (), n> o0

k=0 m=0

The first union ensures that G™ > G™~Y. The second ensures that UX G™ is
dense. The inclusion of all elements of f(@7)(7) for 7 € G™ ensures that, for each
n, there is a strategy profile ¢(™ that is an equilibrium of the game played on G™

and such that X (c™) = X(@) Since X*) — Xt@) for all ¢, X is an equilibrium
collective schedule. Since U (X)) — U = U(X@")), U is an equilibrium payoff.

Suppose U is Pareto superior to U(X*) but inefficient. Then there is an efficient
payoff profile U strictly Pareto superior to U (and so also to U(X*)) and a C € (0,1)
such that

¢, v# 1L

U=l = {(UH +ln(C),UL +In(C)), =1
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Let a € (0,1) be such that U(X@) = U.
Let ¢* be a polarized equilibrium, and for ¢ € (C,1), let ¢(® be the strategy
profile with

(1), e = hig (o)

gi(h|t) _ {B (1-— C)em}se[{),n)’ t=0and hy, = h;(o');
c@mx[t( )ﬂ ()17 t > 0 and h|t = hr’t—(o');
Ul*<h|t)7 otherwise.

Given ¢(9, at time 0, each i chooses announcement & = 7, and then allocates fraction
1 — ¢ of B® uniformly across [0,7;). The players then play &, as defined by (A.122),
with initial time 7; in place of 0 and initial budgets {ce"™ B’} in place of {B'}.
We will now find a 7 such that ¢(© is an equilibrium of the game played on grid
G =0U (m + f(0)), where 71 + f(0) denotes the set f(®(0) with 7; added to
each element. Note that f(*)(0) constructs a grid on which & is an equilibrium given
any pair of budgets in the same ratio as {B'}, as {ce"™ B'} is.

It follows from the fact that & and o* are SPEs that ¢ is an equilibrium at nodes
after time 0. To verify that o is an equilibrium at 0 for sufficiently small 7y, i’s payoff
to defecting at either the type 1 or the type 2 node at ¢ = 0 can be upper-bounded
by the payoff i receives if the entire budget is allocated §’-optimally across [0, 7)
and also (of course infeasibly) invested to 7 and subsequently Stackelberg:

" —5%t Ba' (r—ad)t —8iryTTi * H rr L rr
e u<—.e )dt+e U (X*[m, 00, BEe™  BLer™))
0

1 —eon
— 04 U'(X*[0,00, BY, B"]) = U'(X")

as 7 — 01, UY(X(0'9))) converges to U '[c] as 7y — 0. Since ¢ > C, U'[c] > U [C] =
U > U'(X™).

Given c € (C, 1), let 71[c] be a time such that 0 is an equilibrium on any grid
G =0U (r 4+ f@(0)) with 71 < 7[c]. Let {c,} be a decreasing sequence with
co € (C,1) and ¢, — C. We can then define a corresponding grid sequence with
GO =0U (ri[co) + f@(0)) and

G — =1 UU n>+f (n—1) (n) U f(a><

= 1) n >0,

where 7™ = min(1/2"!, 71[c,]). The first term ensures that G™ > G=1. The
second ensures that o(“) is an equilibrium of the on-path subgame beginning at 7'1(").
The third again ensures that U2 G is dense.

{o(e)} is thus a sequence of equilibria across an admissible grid sequence. Since
X (olen)) — CXt(a) Vt # 0 (since 7'1(”) — 0), CX@ is an equilibrium collective
schedule. Since U(X(U(C"))) — U(C’X(“)) = U, U is an equilibrium payoff.
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A.7 Proof of Proposition 7
Existence and uniqueness of constrained-polarized equilibrium schedule

Let 0* be a strategy profile in which, at each post-announcement node hy, for s €
t,&(hy)) we have

o (hy) = B (hy)ae" 60 (A.125)
07 s < E*(h‘t),
O'SL*(h\t) — (BH(h|t)e(r—a)(fifh|t)—t) + BL(h“)er(z*(h‘t)—t)) (A.126)
. aLe(r—aL)(s—t (h) _ BH(h‘t)ae(T_a)(s‘t), 5> f*(h“),
where
—% BH(h|t) o — OZL _
t (hy) =t + max (0’ID<BL(h|t) i >/a>. (A.127)

Observe that
i. by (A.125), 2f((¢®*, o)) is independent of ot;

ii. by (A.125) and (A.126), X,(c*) is the §%-optimal allocation of By (1) across
s >t (hy); and

iii. by (A.126) and (A.127), 272, (o) = 0 if £ (hy) > t.

By (ii), 2%(0*) exhausts L’s budget in present-value terms. By (i) and (iii), any
alternative schedule for L either would sub-optimally allocate his resources weakly
after ¢ (hy;) or would shift some of L’s resources from weakly after ¢ (hy;) to times
before ¢ (hy;) which, because o < @ and X is continuous at  (hy), offer weakly
lower §'-discounted marginal utility. It follows that o™* is a best response to o*,
and that for any constrained-polarized equilibrium o, x(o) = z(c*).

As with the unconstrained game of Proposition 5, the constrained game is continuous
at infinity iff v < 1. In this case, to prove that o/'* is a best response to o**, we can
use the one-shot deviation principle. Let k), be a post-announcement node and let
§=E(hy).

Let Y, = e "B} denote the present value, as of time 0, of H’s budget at s,
and let it be written as a function of the history and/or strategy profile as Bf
can. Y, < 0, since H has no outside income, and Y, > @Y, due to the spending
constraint. Since z!! is right-continuous, any deviation by H at h); to a strategy o
with 6 (hy;) < B @ for some s € [t, ) raises Y from its lower bound for an interval
following s, which raises Y, and thus Bg . S0 a deviation by H shifts resources from
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some times in [t, &) (a) to increases in B{' and possibly also (b) to later times in the
[t,€) interval. We will now show that both shifts lower H’s payoff.
Regarding (b): let

= {s € [t,€) : 67 (hyy) > Xu(hy, 0"}, (A.128)
= {s € [t,) : 57 (hy) < Xl 0"}

denote the set of times in [t,£) at which H spends more (less) under o than under
Hx
o"*. Let

Y = / e " <6f(h|t) — BH(h‘t)e(r_a)(S_t)>ds.
T
Let
t ' y) =s:Y, — Yi(hpo') =y
) = s: Y, = Ya(hy, 67, 0")) = v,

Observe first that ¢~'(y) is defined for all but a countable number of y €
[Y'(hye), Ye(hye,0*)). If a value of y in this interval is undefined, there exist t1,t, > t;
such that

Y;‘/l <h|t7 U*> = }/;Q(hhf? U*) =Y,

so, by the monotonicity of Yy, Y; = y for all s € [t;,t5]. Thus if there were an
uncountable number of values of y in the interval for which ¢~!(y) were undefined,
the interval would contain an uncountable number of disjoint intervals, which it does
not (as can be seen e.g. from the fact that each interval contains a distinct rational,
and the rationals are countable). Likewise, 1~!(y) is defined almost everywhere for
(61, 0%*). Now observe that, for any y € [0,Y] for which t~1(y) and £~ '(y) are
defined,

1 y) >t (y).

Finally, the payoff gains for H achieved by any above-baseline expenditures before
¢ implemented by 7 are bounded above by

Y .
/ e(rf(SH)tfl(y)u/ <X{—1(y)(h|t’ O_*)) dy, (A129)
0

and the payoff losses to the first Y units of below-baseline expenditures are bounded
below by

Y
/ =8t (), <X5—1(y) (hys, J*)> dy. (A.130)
0
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(The integrals are defined because ¢~!(-) and ~!(-) are defined almost everywhere.)
Since 7'(y) > ¢~ !(y) almost everywhere, and since X(,(hy;,c*) always grows at a
proportional rate weakly greater than r» — !, the expression in integral (A.129) is
less than or equal to that in (A.130) for every value of y. So any reallocations within
[t, &) implemented by 67 from the o#* baseline cannot raise H’s payoff.

Regarding (a): we will show that increases to B increase X, for all s > &.
Let h = he (hy, (6%,0%%)) and h* = h(hy,0*). Observe that £ (h) is continuous
and weakly increasing in B (h), and that 2% (h, o) is proportional to B (h) for all
s >E&.

If T°(h) = t, then t"(h*) = t; the schedule implemented by o* from & onward is
in either case the §“-optimal allocation of the collective budget Be; and the increase
to BE proportionally increases X, for all s > €.

If £°(h) > t, then the increase to BY increases t'—i.e. ¥ (h) > #"(h*)—unless
@ = o’ (in which case '(h) = T'(h*) = ¢ regardless of Bf"). And Xg*(ﬁ)(ﬁ, o*) >

i

Xz () (R, 0%): if it were not, then the collective resources allocated across [t (h), 00)

would be weakly less following & than following h*, even while the resources allocated
by H would be strictly greater, so L’s spending (now beginning at Z*(ﬁ) > 1" (h*))
would not exhaust his budget. Since r —a < r — o, X,(h,0*) > X,(h*,o*) for all
s € [€,7°(h)). So again, the increase to B{! increases X, for all s > €.

This proves that one-shot deviations do not raise H'’s payoff. If v < 1, this
completes the proof that o/’* is a best response to o’*.

Suppose v > 1. Given that post-announcement node hj; has been reached, denote
H’s continuation payoff to playing strategy o from grid point 7 > t onward after
playing 6% at all nodes his with s € [t,T) by

C(O'H7 T) = / e_aH(S_T))U(XS(hE'<h|t) 5-)7 (0H7 O-L*)))d87

and denote H’s payoff to playing o from h; onward by C(c*,t). By backward
induction on one-shot deviations, deviation from o7* to ¢ for only a finite length
of time lowers H’s payoff following hj;. We therefore have

Clo™*,t) > C(6" 1) + "D (C (o™, 7) — C (6", 7))
— C(6",7) — O, 1) > "I (C (5 1) — C (!, 1)).

If 6% is a profitable deviation for H at hy, the right-hand side of (A.107) is
positive, so the difference in continuation payoffs as a function of 7 — ¢t must be
“fast-growing”, as defined to mean asymptotically bounded below by coe® 1 for
some constant ¢y > 0. C(6%,7) can never exceed the continuation payoff for H at 7
obtained if both parties invest all funds from ¢ to 7 and subsequently disburse them
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§f-optimally. (This is in fact a very loose upper bound, since it ignores the feasibility
constraint imposed by the spending maximum.) This continuation payoff plateaus
if v > 1, and grows linearly in 7 — t at absolute rate r if v = 1. (See the payoff
expression from Proposition 1, substituting B(hy)e" ™% for B.) For the difference
in continuation payoffs to be fast-growing, therefore, C'(o7*, 7) must eventually be
negative and its absolute value fast-growing.

But this is impossible, since C(cf*, 1) is bounded below by H’s continuation
payoff at 7 in the event that she minimizes BX by spending as quickly as possible

until 7—so that
Bf — BtHe(T*E)(T*t)

—and then enjoys only X, = 2 (h,,0*) for s > 7, so that we ignore contributions

from L. By the homotheticity of U(-), this lower bound is proportional to u(BX).

Thus if v = 1, this lower bound is linear in 7, and if v > 1, this lower bound is

proportional to —e"" 107 By a < ol and (9),r <a = (r—a)(1 —~) < §.
So o* is a best response to o* given any value of 7.

Open-loop schedule

*

By (i), the proof that ol* is a best response to of* also serves as a proof that, in
the open-loop setting, " is a best response to Z1. The proof that, given o™*, H
weakly disprefers reallocations from o* (at a node hj;) implemented within the [¢, €)

interval also, with ¢ = 0 and £ = oo, serves as a proof that, in the open-loop setting,

71 is a best response to zr.

A.8 Proof of Proposition 8
Existence and uniqueness of constrained-polarized equilibrium schedule

Let 0* be a strategy profile in which, at each post-announcement node hy, for s €
t,&(hy)) we have

07" (hy) = B (hyp)ae” =267, (A.131)

E(hy)aelr=s=0), s<t'(hy),  (A.132)
0, s> t* (h‘t);

(BL(h‘t)e(rfg)(t*(h‘t)ft)) qer—a)(s—t* (b))
O_H*(h‘t) _ —B

S

where t*(hy;) uniquely satisfies
o Jb(hy) = ael@ ==t 4 (o _ g)ema 1) (A.133)

(or equals oo if BX(hy) = b(hy) =0, or if a = a™).
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To verify that there is a t*(h;) > ¢ satisfying (A.133) if b(h;) > 0 and a < o',
observe that the right-hand side of (A.133) equals o' at t* = t and that, given
afl > @, it rises without bound as t* — oco. To verify that t*(hy) is unique, observe
that the derivative of the right-hand side of (A.133) equals 0 at t* = ¢ and is positive
at t* > t.

Equality (A.133), and t*(h;) = oo given b(hy) = 0 or o = o', is derived by
setting

. t* (hye) oo
B () = / e g (1) ds,
t

so that H precisely exhausts her budget at t*(hy).
Observe that
i. by (A.131), 2% ((0,o%*)) is independent of of7;

ii. by (A.132), o* implements the §"-optimal allocation of resources spent across
[t,t*(hy)); and

ifi. by (A.132), lim,_pe s,y 28 (0*) = 0.

So any alternative schedule for H either would sub-optimally allocate her resources
weakly before t*(hy;) or would shift some of her resources from weakly before t*(hy;) to
times on or after t*(hy;) which, because a” > o and X is continuous at t*(hy;), offer
weakly lower 67-discounted marginal utility. It follows that o/’* is a best response
to ol*, and that for any constrained-polarized equilibrium o, z(c) = x(c*).

As with the unconstrained game of Proposition 5, the constrained game is continuous
at infinity iff v < 1. In this case, to prove that o’* is a best response to o”*, we can
use the one-shot deviation principle. Let h; be a post-announcement node and let
£ = &(hy). By a proof precisely analogous to that in the case of a spending minimum
(see Appendix A.8), deviation by L at hy to a strategy implementing an alternative
path of % until £ must shift resources from all times on and after ¢ to some times
before £, and may also shift resources from later to earlier periods within [¢, {); and
both effects lower L’s payoff. If v < 1, this completes the proof that ¢* is a best
response to o’*.

If v > 1, the proof that ol* is a best response to o’* is, for the first two
paragraphs, identical to the proof that of* is a best response to o%* in the case of
a spending minimum (where o* is defined as in Appendix A.8), with the L and H
indices reversed. Here, to disprove that C'(c™*, 1) is negative and fast-growing, let

*

Bi = Bi(l‘h(hﬁ, (O'H*7 5'L)));

and observe that C'(¢%*,7) is bounded below both by
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e [’s continuation payoff at 7 if he allocates BL §-optimally from 7 onward in
the absence of H, which is given by (A.6), and by

e L’s continuation payoff at 7 if H allocates B §-optimally from 7 onward in
the absence of L, which is given by Usz (B2, o) as defined by (A.7).

As in the proof that a polarized equilibrium exists in the unconstrained setting
(Appendix 5), this in turn implies for any v > 1 that BY and B¥ (and thus also
B.) are asymptotically bounded above by an expression that declines to zero quickly
enough that lim, ., Pacaalel (&L ,7) cannot feasibly exceed —oo. This contradicts

the assumption that &% is a profitable deviation from o*.

Open-loop schedule

By (i), the proof that of* is a best response to o%* also serves as a proof that, in

the open-loop setting, T is a best response to TF. The proof that, given o7*, L
weakly disprefers reallocations from o™ (at a node hj;) implemented within the [¢,€)
interval also, with t = 0 and £ = oo, serves as a proof that, in the open-loop setting,

7" is a best response to zH.

A.9 Proof of Proposition 9
Existence and uniqueness of constrained-polarized equilibrium schedule

Suppose that, at each post-announcement node A, the players’ spending plans follow

Tl = BY (hy e,

S

zr = B"(hy)ae @0,

Denote these spending plans {Z*(hy;)}.

Any feasible deviation by H from to a strategy implementing z7 # z# (hye), fol-
lowing any node, shifts H’s resources from earlier to later times—in the sense of
(A.128)-(A.130) and the surrounding discussion—without affecting z* = z*(hy,).
From the X(hy;) baseline, increases in allocations to later times offer lower §7-
discounted marginal utility than increases in allocations to earlier times—

s> 51 = e OO (X () < e (X (hy))

—since the growth rate of X is everywhere a weighted average of r — o and r — @,
which weakly exceeds r — af. The deviation thus lowers H’s payoff.

Fixing 27 = % (hy;), any feasible deviation by L likewise only shifts resources
from later to earlier times and, since a weighted average of r — o and r — @ is
everywhere weakly less r — o, lowers L’s payoff.

Given existence, uniqueness here follows immediately from the definition of con-
strained polarization.
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Open-loop schedule

Since the above applies to any hy, including hy = 0, Z is also an equilibrium of the
open-loop game.

A.10 Proof of Proposition 10

Assume throughout that spending minima and maxima satisfy (23).

Given a spending rate o (@), define ¢ (9) as the time preference rate for which
the corresponding spending rate is optimal, as in (A.8).

Bounded WTP for H given both constraints

H’s payoff given a spending minimum « > ol only, U (z[B#, BY, o, d]), is less
than

Us#(B*,a) + (B*a) "B,

This is the payoff she receives from L spending B at rate o, as he does under z”,
plus the payoff-increase implied if she could spend all of Bf at time zero, when
the 6-discounted marginal utility to resource allocations is highest from the z’
baseline, without confronting the diminishing marginal utility to her own spending.
Then substituting BH (1 — w) for B¥ and using the explicit expression for Ugn(-)
from (A.7), we have

UH(x[BH(l —w), B, a, oo]) < Usn (B*, a) + (BLQ)JYBH(l —w)
(597 o

o =3 L Y nH o .
(A.134)

0 In (BYS) +r—6 _
- ( (SHg +(BLé) 1BH(1_w)7 v=1L

H’s payoff given spending minimum a > o’ and spending maximum @ < o,
U (x[BH, BY, a,al), is weakly greater than Usx (B, a)—the payoff she receives when
the collective budget B is spent at rate a—since given T, she can achieve this payoff
by choosing 27 = BHae"=9* We thus have

U (2[B", B*, a,@)) > Usn (B, a)
Bl Ql—v
S l—ya+d7-4

61 (BS) +r—0a
- SH? , v=1

v #1; (A.135)
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Solving for the w* such that (A.134)=(A.135) at w = w* yields

b —0b 1 «
h)y=1- — 1; Al
w*(b) Tr i yatei s 17U (A.136)
_ b ) _
T Tt

For the v # 1 case, by (18) and (9), a € [a*,a*] implies that o + 67 — § > 0.
Also, since b € (0,1), (" —b)/(1 —~) > 0: the numerator and denominator are
both positive if v < 1 and both negative if v > 1. This establishes that w*(b) < 1
for b € (0,1). Observe also that w*(-) is continuous in b, with w*(0) = 1 and, by
L’Hopital’s Rule,
b —=b o a
fm T =1lmr = im et (0) =1 -

For the v = 1 case, since b € (0,1), In(b) < 0. Also, % > 0 by (9). So
w*(b) < 1. Observe again that w*(-) is continuous in b, with lim, o+ w*(b) = 1
and lim,_,;- w*(b) = 1 — 6 < 1 by L’Hopital’s Rule.

Since increases in H’s budget continuously strictly increase z" early in time
without affecting 2%, U (z[B (1 — w), B*, o, 00]) continuously strictly decreases in
w. Also,

< 1.

H

U ([B", B, a,0]) > U" (2[B", BY, o, @),
since z is the same in each case, and
UH(.’E[O, Bt a, oo]) < UH(x[BH,BL,g,a]),

for the same reason. So, recalling that we can assume B = 1 without loss of generality
due to homotheticity, there is a unique w*?(b) € (0,1) such that

U (z[(1 = b)(1 — w™(b)),b, e, 00]) = U (z[(1 — b),b,a,0)).
Then by (A.134) (A.136),
U (z[(1 = b)(1 — w* (b)), b, a,00]) < U (z[(1 —b),b,a, ).
< w(

So wH(b) w*(b) < 1 for all b € (0,1). Since w*(b) is continuous and
limy_,;- w*(b) < 1, it only remains to show that lim,_o+ w(b) < 1.

To do this, observe that
U" (z[B"(1 — w),B", a,00]) < Usn (B"(1 —w) + B",a™)

B (1 —w)+ BE 1= _
— ( T ) (™), v#1;  (A.137)
6HIn (B (1 —w) + BX)of) +r — ¥
= 5H2 ? ’Y = ]'7
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with the first weak inequality following from the fact that the right-hand side is the
maximum utility achievable for H with collective budget B¥ (1 — w) + BL. Solving
for the w such that (A.137)=(A.135) at w = w yields

1 af'np—a

() = +— S (A.138)

where 7 equals (8) with off, §" @, § in place of o, 6, &, 5.

As above, we must have wf(b) < w(b) < 1 for all b € (0,1). Since w(b) is
continuous and @w(0) < 1, limy_,o+ w(b) < 1, as desired. So sup,w?(b,a,@) < 1
given a > o’ and a < o'l

Bounded WTP for H given spending maximum only

Given B = 1, H’s payoff in the absence of constraints, after foregoing fraction w of
her budget, can be found analytically:

U (2*[(1 = b)(1 — w),b]) = /00 e";Htu(xf[(l —b)(1 —w),b])dt

0

b - (1-=0b)(1—w)a \-v/1-b ol
=107 (1 W (ot arem) 17

1—7 bak
= < (m (oo (14 2= b)&; w)aHn>) +- ;H(SL), v=1, (A.139)

where 7 equals (8) with o, 87, oF, 6% in place of a, 4, @&, 9.

H’s payoff given spending maximum @ < aff only is weakly greater than the
payoff she receives when the collective budget B = 1 is spent at rate ol (with
equality only when b is sufficiently large: see (22)):

U (z[1 —b,b,0,al) > Usu(1,a"). (A.140)

Solving for the w* such that (A.139)=Usu (1,ar) at w = w* yields

ol
h)=1-—x1 A.141
W) =1- G <, (A141)

independent of b.
U (z*[(1 — b)(1 — w),b]) strictly and continuously decreases in w, since
OUH (z*[BH | BL])/OB® > 0 everywhere (see (A.92)).

UM (z*[1 = b,b]) > U (z[1 — b,,0,a]),

by Proposition 4 and the fact that Z* is a best response to T even in the absence
of constraints (see Appendix A.7), so that there would be alternative equilibrium of
the Stackelberg game (with 2% = ) if the inequality above failed. Finally,

U™ (2*[0,0]) < U" (z[1 - b,b,0,a)),
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since z*[0,b] = x[0,b,0,a] is the §L-optimal schedule given collective budget b, and
x¢ (B b,0,@] strictly increases in B¥ for all . So there is a unique w*(b) € (0, 1)
such that

U (z*[(1 = b)(1 — w"(b)),0]) = U™ (z[1 — b,b,0,a]).

Then by (A.140)-(A.141),
UM (z*[(1 = b)(1 — w*(b)),b]) < U™ (2[1 —b,b,0,a]).

So wf(b) < w*(b) < 1forallb € (0,1), and w(b) is bounded below 1 as b approaches
0 or 1. So sup, w?(b,0,@) < 1 given @ < af.

Unbounded WTP for L given both constraints
Assume that b < 1 — o’ /@, so that £ =7 [1 —b,b(1 —w)] > 0 for all w € [0, 1) (see
(21) and the discussion around (22)).

Given B = 1 and a spending maximum @ < af only, L’s payoff after foregoing
fraction w of his budget can be found analytically:

*

t

U (z[(1=b),b(1 — w),0,a)) :/o e tu((1 - byae ") dt

+/ eiéLtu(((l — b)e("*aﬁ* +b(1 — w)erz*)e(T’aL)(t’Z*))dt
o

(1-ba) " —b @ al\ T
:(11—7) (a+51L_3+<$_a+51L_3>(b(i—fu)aaLa) )’77&1;

(A.142)
1 =3 L—b N6 — 6T
=5z (I (0= 09) + 5 +(b(1—w)> () ") =1
Observe that, by (9) and (18), @ + d* — § > 0.
Let £(b) = — In(b)z, where
Za(g:iL—éL)’ a<o—ok
=41 R (A.143)
00, a>0— b

L’s payoff given both spending minimum o > o* and spending maximum @ €

(a®, af] can be upper-bounded by the sum of the following three terms. First, as a
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baseline, is the payoff he receives from H’s schedule ¥ in isolation:

1-b)' @

Use(1 —b,a) = R v#1; (A.144)
6“In ((1 =)0 + 7 — )
= 502 , v=1

Second is the additional payoff he would receive from his own spending from ¢ = 0
to (b) if this spending confronted no diminishing marginal utility, so that each unit

spent at t offered u/(Z) units of flow utility:

t(b)
/ 6—(5Ltbge(r—g)t((1 . b)ae(r—a)t)—’Ydt
0

_ 1 = L
—ba((1 = bja) " (1 - b e, A.145
o(1 b)) (A.145)
Third is the additional payoff he would receive from the present value of his budget
not spent before £(b), i.e. be=2* ) if it were feasible for him to spend it subject to no
constraints and subject to no diminishing marginal utility from L’s own other spend-
ing. This can be found by subtracting Usz(1 — b, @) from (A.142) and substituting

e=2®) for 1 — w in the remainder to get, for all ~,
al™ o — 04L 5oL sl _a . a+sl -3
i 5 ) Ay e (A.146)

Denote the sum of (A.144)~(A.146) by U*(b), so that
UL (21— b,b,a,a]) < U*(b), (A.147)

and let w*(b) denote the value of w such that (A.142)=U%(b) at w = w*(b):

= <L
L 0=9 _
arol 5

) T (1-b)TF (A.148)

wib) =1— ((a+5L—3)(_O‘

a—al

(Q((l —ba) (b — ot et

a+ oL —§

alf’y = L 3 sL

a — qf 3= 5L a atsl_3 a+sl—s
+ = “(1-0b) = b<1+az>a)>
a4+ oL — 5( al ) ( )

lim;_,o w*(b) = 1 under all conditions.
Recall that w’ (b, a, @) is the value of w such that

U (z[1 = b,b(1 — w),0,a)) = U*(z[1 — b,b,a,a]).
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wk(b,a,@) € (0,1) is defined by the facts that
U (z[1 = b,b,0,a]) > U*(z[1 — b,b,a,a))

(since L can implement z[1 — b, b, o, @] in the presence of a spending maximum but
no minimum, in the open-loop setting, but prefers not to (see Appendix A.7)); that

U*(z[1 —b,0,0,@]) < U"(z[l —b,b,a,al);

and that U%(z[1 — b,b(1 — w),0,a]) strictly and continuously decreases in w.
Furthermore by (A.147) w®(b, o, @) > w*(b) for all b. So lim, o w” (b, o, @) = 1.

Unbounded WTP for L given spending minimum only

Given B = 1, L’s payoff in the absence of constraints, after foregoing fraction w of
his budget, can be found analytically:

U (z*[1 = b,b(1 — w)]) = /000 e“sLtu(x;‘[l —b,b(1 — w)])dt

ol + 6L — §H

- lln (= p)o" + ot nw)5L> L ;LéH (A.149)
+ %(b(l —w) + %n)w(b(l - w))(?‘f[] , oy =1,

where 7 equals (8) with o, 87, oF, §* in place of a, 0, @&, 9.

In the presence of a spending minimum « only, the collective spending rate at time
0—X,—is weakly less than o) the spending rate at time 0 that H implements if
the entire collective budget is hers. (If it were greater, then because X grows at rate
r — o' until * < oo and then grows at » — a > r — off, X would be unaffordable.)
Thus we also have £[b] > ¢*[b], where

H

il = In (O‘—)/(aH —a)

ba

denotes the regime-change time ¢ at which a” et = paer—2)t,
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So given spending minimum a only, L’s payoff is weakly less than U”(b), where
U~ (b) denotes the payoff he receives if X, = af e for t € [0, [b]) and = bae(r 2t
for ¢ € [£[b], o0).

We will assume in the expression below that o < aff. We can ignore the o = «
case because, for any b > 0,

H

UL(x[l—b,b,aH,oo]) < UL(x[l —b,b,g,oo]) Va < ot

this follows from the fact that in the constrained open-loop setting with o < off
it is feasible for L, given 2 = 2, to implement the §-optimal allocation of the
collective budget, but he prefers not to do so (see Appendix A.8). We can thus upper-
bound U* ($[1 —b,b, ', oo]) by the expression below for any choice of o € (ol a').

U (x[1 = b,b, o, 00]) < T*(b) (A.150)

1— oH 5L _sH 1— oH 5L _sH
(-G ) ) o

(A.151)

sL

1 O — 8 bd\sir—5 r—o
=m0+ = () ™ ) =t

Let w*(b) denote the value of w € (—o0,1) such that (A.149)=(A.151) at
w = w*(b). w*(b) is defined, since UL (x*[1 — b,b(1 — w)]) strictly and continu-
ously decreases in w from the supremum feasible payoff at w = —oo (00 if v < 1,
0if v > 1) to Use(1 — b,67) at w = 1, and (A.151) is greater than Uy (1 — b, a!?).
Furthermore, there cannot be a sequence b, — 0 with lim,,_,, b,(1—w*(b,)) =b > 0,
because by the continuity of UX(z*[Bf, BY]) in both budgets and the continuity of
U™ (b), this would imply

U (2*[1,0]) = U*(0),

but U%(0) = U¥(2*[1,0]) = Us(1,a"), and U*(2*[BY, B]) strictly increases in B*
(see Appendix A.5: Final period: Unique equilibrium schedule given placement of
first announcement). So lim,,_, b, (1 — w*(b,)) = 0.

To find w*(b), set (A.149) = (A.151) and subtract Usz(1, ) from both sides. If
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o sl _sH

a < ¢ — 6%, divide both sides by b "= and simplify to get
1 H * aL I—y H _afqsh sH
M—L—(w(<(1_b)o‘ +b(1 —w <b>)7) —a )b
L H CaHisL_sH o WH sl sH

_ « « — g —H" * H
+ (") 7(1_(%1:4_51{_51: aH+5L_5H>b : e (L—w'(b) o

_a+sl—s

_ 1 B 1 -t ‘
—(g+6L—§ aH+5L—5H)(O‘ ) T v # 1
b(1 — w*(b))s" _ sl
H H H_
(ln<(1—b)(5 + p >_1n(5 ))b 5
(01 — o) . (1—b)oH \~27 _sb 5 Bk
T sEst (b(l_w (b))+5—L77) "o (1 — wt(b))°
H é 6£IL—§
=@ _é)<5_H> ’ y=1

In each case, given o < 67 — 6%, the exponent on b in the first term is greater than
—1. So the limit of the first term as b — 0 is finite, regardless of w*(+), by L’Hopital’s
Rule. The coefficient to the left of the b in the second term is nonzero by (18). So,
from the second term, unless lim;_,o w*(b) = 1, the limit of left-hand side as b — 0
is not a finite constant, as the right-hand side is.

If o > 0% — 6%, instead divide both sides by b—i.e. multiply the expression above

oH 5L _sH
by b “1—a ' Note that if o > 67 — 6%, the exponent on b on the right-hand side is
now positive, so the limit of the right-hand side as b — 0 is zero. Here the limit of the
first term on the left-hand side as b — 0 is finite, regardless of w*(-), by L’Hopital’s
Rule, and limit of the second term is defined and finite only if lim, o w*(b) = 1.

So limy_,o w*(b) = 1.

Recall that w (b, o, 00) is the value of w such that
U (2*[1 = b,b(1 — w)]) = U"(z[1 — b, b, , ]).

wk(b) is defined and less than 1 by the reasoning following (A.151), noting that
Ut (z[l —b,b,a, oo]) too is greater than Usz(1 — b, a'). Then by (A.150) and the
fact that UL (2*[1 — b, b(1 — w)]) decreases in w, w” (b, a, 00) > w*(b) for all b.

So limy_o w*(b, a, 00) = 1.

A.11 Proof of Proposition 11

By (A.109) and the surrounding discussion, a collective schedule is efficient iff it is
a measure-zero deviation from a collective schedule X that exhausts the collective
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budget and satisfies
X, = Xoest(ae_‘sHt +(1— a)e_‘sLt)7

for some Xj and some a € [0, 1] representing the weight placed on U (with weight
1 — a placed on U%Y). The result follows from comparing this expression to the
expressions for z[a, @, B, BL] from Propositions 5 and 7-9.

A.12 Proof of Proposition 12

Suppose {u(-)} satisfies single crossing from X, and let s < 3.

UM (X) _ R, UM (X)

> = :
X, — R, 0X, (A.152)
t—1
- o Ou(X)  Rs 0uy(X)
: Y=g (2] IS T
= e ( 9Xs R, 0X, )
> ot o/ ou (X) Rg ou (X)
Ll t 1z oy >

+Z€ < 0X; R, 0X, > = (A.153)

with each term in the first sum non-positive and each term in the second sum non-
negative, by (25), and at least one term in the second sum positive, by (26).
If (A.153) holds for t = 0, then we immediately have

s (Ou(X) Ry 0u(X)
;6 (e R ox )

JUL(X) R, OUL(X)

Otherwise, since eXa=1004=07) _ 1 equals 0 at t = 0 and strictly increases in ¢, (A.153)
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implies

i—1

(st e met) (B - R %)

PE () (RO s s

(621 (85 —sE) _ 1)6*22:165 (31;%_)(5) _ % Ouy (X )
X

- S (6H—sky _ 1) -, 551(3%()() _ Rs Auy( )) >0. (A 156
+§(6 ¢ ox. R ox, )20 (A150)
with inequality (A.155) holding strictly unless the difference in derivatives equals
zero for all t # ¢, in which case inequality (A.156) holds strictly by (26).

So the left-hand side of (A.155) is positive. In conjunction with (A.153), this
implies (A.154). This proves part (a).

In the generalized open-loop game, suppose the players choose a strategy profile x
such that 22 > 0, 2L > 0 for 5 > s. Then either (A.152) holds, or H can increase her
payoff by shifting her resources marginally from 5 to s. If (A.152) holds, then by part
(a), (A.154) holds, so L can increase his payoff by shifting his resources marginally
from s to 5. In either case, x is not an equilibrium. This proves part (b).



	Introduction
	Motivation
	On modeling differential public good games
	Related discounting literature
	Outline

	Benchmarks
	Private goods
	Open-loop game: intertemporal polarization
	Stackelberg game: first-mover advantage

	Dynamic game
	Setup
	The polarized equilibrium
	Superior equilibrium payoffs

	Constraints
	Spending maxima / borrowing constraints
	Spending minima / saving constraints
	The costs of constraints

	Delayed benefits
	Conclusion
	Proofs
	Proof of Proposition 1 and corresponding payoff
	Proof of Proposition 2
	Proof of Proposition 3
	Proof of Proposition 4
	Proof of Proposition 5
	Proof of Proposition 6
	Proof of Proposition 7
	Proof of Proposition 8
	Proof of Proposition 9
	Proof of Proposition 10
	Proof of Proposition 11
	Proof of Proposition 12


