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Abstract

This paper provides a theoretical foundation for the use of commonly used fed-

eral transfers when multi-layered public good policies coexist. To ensure consent

of differently rich states we constrain the federal government to attain Pareto

superior allocations relative to the decentralized policy scenario. We show when

a uniform federal price combined with commonly used transfer criteria (equality,

decentralized emission level shares, juste retour) deliver Pareto superior alloca-

tions. We find that transfer criteria based on equality or decentralized shares

can be effective, but the states’ reactions to the federal transfer hamper the

federal policy intervention. In the absence of interstate transfers (juste retour),

we find that Pareto superior allocations are not attainable. We identify an en-

dogenously emerging federal minimum price which ensures consent of all states.

At this minimum price the richest state agrees to carry a disproportionately

large share of the federal policy cost and becomes the benevolent hegemon.
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1. Introduction

Policy-making on multiple governmental layers often coexists while or pre-

cisely because the layers pursue different interests. In federal and quasi federal

regimes the authority of upper governmental layers is often limited and their

decision-making requires the lower layers’ consent. If the provision of a public

good shall be improved by a federal government the states’ consent becomes

arguably a crucial element. States’ consent is not only influenced by a better

public good provision. At the heart of the states’ consent often stand federal

fiscal withdrawals from and injections into the states’ economies, summarized

under the term “federal transfers”. In reality, these transfers and transfer ne-

gotiations are often encountered. Likely, as a reply by policy pragmatism to

a complex world, the transfer criteria often follow simple rules of thumb as a

mixture derived from welfare economics, moral considerations, and state’s self-

interest.1

We aim at providing a theoretical foundation to guide the use of commonly

used federal transfers. We consider differently wealthy states embedded in a

multi-layered policy regime in which federal policy must have the states’ con-

sent, a subject that has received little attention in the previous literature. While

states and federal policies simultaneously coexist, states’ consent is ensured by

constraining the federal government to attain Pareto superior allocations com-

pared to the decentralized scenario. Within the context of the model developed

and the federal transfer criteria considered we determine when a uniform fed-

eral price delivers Pareto superior allocations and when it fails. In modeling a

uniform federal price we seek to pay tribute to current developments not only

but also on the background of carbon pricing (Edenhofer et al., 2017; Cramton

et al., 2015).

Using a general equilibrium framework we model coexisting, strategic multi-

1For empirical relevance of the simple transfer criteria see e.g. Warleigh (2004); FOEN

(2016); EC (2015); Carbon Pricing Leadership (2016).
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national and multi-layer policies for providing a global public good. The global

public good has the characteristic of mitigating a transboundary public bad cre-

ated by an input used in production. Therefore, the production side is regulated

by state and federal price policies. The federal price revenues are redistributed

as federal transfers to consumers. We study three types of transfer criteria: juste

retour, equality, and decentralized public bad creating input shares (referred to

as decentralized criterion).

The model developed considers the federal government to be a Stackelberg

leader which takes into account how its federal policy price influences the states’

policy prices. Whereas state governments act as Nash players with regard to

state and federal prices. Besides the impact of the marginal utility of consump-

tion on policy and the role of transfers, as determined in previous literature,

we also find that federal transfers and their anticipation by state governments

have an important policy impact. If each state government takes into account

the impact of its policy on federal transfers, this greatly influences the state’s

policy which in turn hampers the ability of the federal government to achieve

Pareto superior allocations.

The transfer criteria create an institutional tipping point as they influence

whether the federal regime is functionable— in delivering Pareto improvements—

or not. We find, inter alia, that a federal government can improve on strategic

states’ policies if the federal government uses a uniform price and transfers

based on equality or decentralized criteria. We demonstrate that the utility of

the richest state is maximized at the lower range of the set of federal prices

while all other utilities are maximized at higher federal price levels. The richest

state accepts the federal policy and accepts to bear a large share of the cost of

the federal policy if the price chosen is in the neighborhood of the price that

maximizes its utility— similarly, as if the federal government assigns a weight

of one to the richest state in the context of a social welfare function. As the

result of such federal policy the richest state becomes a benevolent hegemon of
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the federal regime.2

In addition to state policies, the federal price further internalizes the trans-

boundary externality, which benefits all states, while the federal transfer either

increases the income of relatively poor states (equality criterion) or rewards

higher decentralized income levels (decentralized criterion). We find that while

the applicability of the equality criterion is always limited by the heterogene-

ity of the states’ capital endowments, the transfer based on the decentralized

criterion does not always face such a restriction.

In contrast, the juste retour criterion does not generate Pareto improve-

ments. This result differs to that of d’Autumne et al. (2016); Sandmo (2004);

Shiell (2003) who assume that the juste retour transfer is lump-sum from the

state governments’ perspective. With a juste retour criterion states know ex-

actly to what does the federal transfer amounts to. Therefore, the most rea-

sonable assumption is that the federal transfer must not be taken as lump-sum

by the state governments. The juste retour criterion corresponds to the case in

which transfers across states do not occur since states receive as federal transfer

exactly what they paid to the federal government. Interestingly, in Chichilnisky

and Heal (1994) and Sandmo (2007) Pareto optimality is not achievable in the

absence of interstate transfers. Here we find that not even Pareto improvements

are attainable in the absence of interstate transfers.

Previous authors examine policies, transfers and state-federal regulation

with an unconstrained federal or central government (Chichilnisky and Heal,

1994; Sandmo, 2007; Helm, 2003; Williams, 2012; Köthenbürger, 2002). By

“unconstrained” , we mean that the federal or central government’s policy in-

tervention does not necessarily require the states’ consent in terms of ensuring

2 The term hegemon either signals a benevolent or a coercive power depending on whether

it is embedded in the neo-liberal or neo-realist version of hegemonic stability theory. The

neo-liberal version characterizes the hegemon as benevolent because the hegemon bears a

disproportionate share of the costs of providing public goods that benefit all (Yarbrough,

2001).
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Pareto improvements relative to the decentralized solution. If Pareto improve-

ments are not required, for instance, Helm (2003) finds that central regulation

underperforms decentralized regulation. A key element of Helm (2003)s result

is the transfers ex-ante determination by negotiations between states. A similar

finding, but in a political economy context, is obtained by Luelfesmann et al.

(2015). While we keep the idea of the self-interest of states, which drives Helm

and Luelfesmann et al. as a pivotal element, we depart from these papers by

allowing the simultaneous coexistence of state and federal policies in the fash-

ion of Williams (2012). Chichilnisky and Heal (2000) consider a constrained

central regulator, do not include a multi-layered policy system, and arrive at

similar findings as in their previous work. Böhringer and his colleagues consider

fiscal state and federal interactions in the context of climate change mitigation

by means of a CGE model for the Canadian economy (Böhringer et al., 2016).

They identify vertical fiscal externalities as a major determinant of the welfare

changes triggered by a state’s climate policy.

One implication of our results adds to the minimum price debate, lively dis-

cussed for instance in the EU ETS, an argument solely based on Pareto improve-

ments ensuring states’ consent whereas previous debates focus on its benefits

by reducing price uncertainty (Abrell and Rausch, 2016; Philibert, 2009). To

our knowledge, we add to the existing literature a new explanation in terms of

the emergence of a benevolent hegemon and a new argument in favor of min-

imum prices for global public goods. We show that an existing federal regime

structure can give rise to a benevolent hegemon, if the federal transfers are set

wisely. Our interpretation turns the theory of Olson (Olson, 1965, 1986) upside

down. While Olson demonstrates that a benevolent hegemon is often willing to

create a multinational regime, we demonstrate how a multinational regime can

create a benevolent hegemon.

In the remainder, we use for the sake of simplicity of our arguments, the word

“emissions” as a synonymous for the source of a global or federal externality (a

public bad) and “emission mitigation” as a synonymous for the provision of a

global or federal public good.
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2. The model

We consider a federal system comprised of n member states (i = 1, ..., n).

Across member states an identical final good is produced using capital and

emissions. In each state there is a representative household and population is

normalized to one. Households derive utility from consuming the final good,

but the federation’s aggregate emissions negatively affect their well-being. The

households own capital which they rent out to final good producers, but capital

is immobile across states. In each state there is a government that sets an

emission price on the local firm to regulate local emissions. In turn, state i’s

government tranfers emission-pricing revenues to state i’s household. In addition

there is a federal government which sets a uniform price on the emissions of all

firms and redistributes back federal revenues to the households of all states.

The primary focus of our model lies upon the transfer criteria of federal

government’s revenues. We compare two different institutional settings: First,

we derive the lower benchmark, called the decentralized solution. In the de-

centralized solution, only state governments set emission prices. Second, we

deploy a two-layered governmental system by introducing a federal government.

State governments act as Nash players by taking as given the emissions price

of other states and federal governments. Instead the federal government acts as

a Stackelberg-leader for all economic agents and state governments. Coexisting

with states’ policies, the federal government acts if and only if it can ensure

Pareto improvements relative to the decentralized solution. The federal govern-

ment redistributes its emission-price revenues based on three different transfer

criteria: equality, juste retour and transfers based on decentralized emission

level shares. We study the impact of the transfer criterion on the ability of the

federal government to improve upon the decentralized solution.

2.1. Economic agents

2.1.1. Firms

The firm of state i employs capital ki and emissions ei using a constant

returns to scale technology to produce final good yi. Taking prices as given the
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firm chooses ki and ei to maximize profits

max
ki,ei
{(yi − riki − (τi + T ) ei) |yi = AkαKi eαEi } . (1)

The price of the final good is presumed to be numéraire. The parameters αK >

0, αE > 0 are the production elasticities of capital and emissions, respectively,

with αK + αE = 1, and A is an efficiency parameter. The rental rate of capital

of state i is denoted by ri, τi is state i’s price of emissions, and T is the uniform

federal emissions price. Therefore, firm i’s unit cost of emissions equals τi + T .

Firms maximize profits by setting the marginal product of each factor equal to

its respective price. The marginal cost (mci) of producing good yi equals

mci =
rαKi (τi + T )

αE

ααKK ααEE A
. (2)

Zero profits imply

mci = 1 (3)

Hereafter, the conditional demand for capital ki can be derived as follows

ki =
∂mci
∂ri

yi =
αK
ri
mciyi (4)

and similarly for ei. Hence ki = αKyi/ri and ei = αEy
i/ (τi + T ).

2.1.2. Households

Each household derives satisfaction from consuming the final good. Ag-

gregate federal emissions, e =
∑
i ei, negatively affect each household’s utility.

We assume an additively separable utility function. The utility function of the

representative household of state i is given by ui(ci, e) where ci denotes con-

sumption of the final good, and ∂ui/∂ci > 0, ∂2ui/∂c2i ≤ 0, ∂ui/∂e < 0, and

∂2ui/∂e2 ≤ 0. The latter implies that the marginal utility loss from emissions

is the larger, the higher emissions are.

Households receive transfers from state and federal governments as lump-

sum income.3 Taking prices and local and aggregate emissions as given, the

3While households take all governmental transfers as given, state governments may have
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household of state i chooses the level of consumption ci that maximizes its

utility subject to the budget constraint

ci = riki + τiei + πi (5)

where riki is the return to capital endowment ki and πi and τiei are, respec-

tively, federal and state-i transfers to the household of state i. Since the house-

hold takes emissions as given, the solution to its optimization problem is reduced

to setting ci equal to income.

2.1.3. Market clearing

Capital market clearing in each state implies that capital demand ki equals

household i’s capital endowment (i.e. ki = ki). Market clearing in final goods

is given by
n∑
i=1

ci =

n∑
i=1

yi. (6)

Let e =
∑n
i=1 ei and k =

∑n
i=1 ki denote, respectively, aggregate federal emis-

sions and aggregate federal capital. In what follows, we derive expressions for

all variables in terms of τi and T, which we then use to solve the optimization

problems of state and federal governments. These expressions take into account

the first order conditions of households and firms as well as market clearing

conditions. Substituting (4) into (3) and solving for ri we obtain,

ri = Ri (τi, T ) =

(
ααKK ααEE A

(τi + T )
αE

) 1
αK

. (7)

ri is trivially decreasing in (τi + T ) , reflecting that if τi or T increase, the

remuneration that firms can make to the owners of capital must decrease. Since

ki = αKyi/ri, using (7) and ki = ki it follows that

yi = Yi (τi, T ) =

(
ααEE A

(τi + T )
αE

) 1
αK

ki. (8)

full information regarding federal transfers and hence they may internalize the effect of their

policies on federal transfers. We consider these issues in more detail in the next sections.
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Since ei = (αE/αK) riki/ (τi + T ) and using (7) we obtain,

ei = Ei (τi, T ) =

(
αEA

τi + T

) 1
αK

ki. (9)

As it should be, output (8) and emissions (9) decrease with the aggregate cost

of emissions in state i, given by τi + T . Thus consumption decreases as well.

The balance between these two opposing forces — the gain from decreasing

emissions and losses in consumption — and the choice of τi and T are studied

in the next sections 2.2 and 2.4, in which state and federal governments choose

τi and T .

Aggregate emissions e equal

e = E (τ, T ) =

n∑
i=1

(
αEAk

αK
i

τi + T

) 1
αK

. (10)

where τ = (τ1, τ2...τn). The federal transfer to household i equals

πi = Πi (τ, T ) = siTE (τ, T ) (11)

where si is the transfer share of federal revenues that is passed to the household

of state i. In section 3 we precisely define the transfer share si which depends

on the transfer criterion employed. Zero profits imply yi − Tei = riki + τiei,

substituting this into equation (5) state i’s consumption equals

ci = Ci (τ, T ) = Yi (τi, T ) + Πi (τ, T )− TEi (τi, T ) . (12)

Thus, household i’s consumption departure from local production Yi (τi, T ) is

given by the net federal transfer Πi (τ, T ) − TEi (τi, T ) . Equations (7) − (12),

defined in terms of τi (for i = 1, ...n) and T , are known to all governments. The

choice of τi and T is explained in the subsequent sections.

2.2. State governments

In each state there is a state government that only cares about the well-

being of the household living in the respective state. The government of state i

chooses the emission price τi to maximize household i’s utility while taking the
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federal emission price T and all other states’ emission prices τj ∀j 6=i as given.

The government of state i incorporates into its optimization problem the solu-

tion of all households’ and firms’ optimization problems, and market clearing

conditions. In other words, state i incorporates equations (7) − (12) into its

optimization by substituting e = E (τ, T ) and ci = Ci (τ, T ) from (9) − (12)

into ui (ci, e) . We rewrite household i’s utility in terms of τ and T as follows

U i (τ, T ) ≡ ui (Ci (τ, T ) , E (τ, T )). State i government’s problem is given by

max
τi

ui (Ci (τ, T ) , E (τ, T ))
∣∣
τj ∀j 6=i and T

. (13)

The first order condition that solves problem (13) is given by

U iτi =
∂ui

∂ci

∂Ci
∂τi

+
∂ui

∂e

∂E

∂τi

∣∣∣∣
τj ∀j 6=i and T

= 0. (14)

After some algebraic manipulations we get

U iτi =
∂ui

∂ci

∂Ei
∂τi

τi +
∂ui

∂ci

∂Πi

∂τi
+
∂ui

∂e

∂Ei
∂τi

∣∣∣∣
τj ∀j 6=i and T

= 0. (15)

Since ∂Ei/∂τi < 0 and riki + τiEi = Yi − TEi, the first term in equation (15),

reflects how the marginal utility of consumption declines due to the impact of

τi on income absent from the federal transfer
(
riki + τiEi

)
. An increase in τi

first generates a decline in income from capital returns and the state transfer,

which in turn leads to a decrease in household i’s consumption. The next term

in equation (15) indicates how the marginal utility of consumption is influenced

by the impact of τi on the federal transfer. If si in Πi = siTE is constant,

for example an si that equally distributes the federal revenues to households,

then τi has a negative impact on Πi via its effect on state i’s emissions ei.

We later differentiate about whether or not the federal transfer Πi is lump-

sum from the state i government’s perspective. The last term in equation (15)

reflects the marginal utility from emissions reduction due to an increase in τi.

After deriving and substituting for ∂Ei/∂τi, and rearranging (15) the states’

first order conditions implicitly define the states’ prices depending solely on the
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federal emission price. We denote this relation by ti (T ) and get

τi = ti (T ) = −
∂ui

∂e
∂ui

∂ci

−
∂Πi
∂τi
∂Ei
∂τi

∣∣∣∣∣
τj ∀j 6=i and T

for all i. (16)

Claim 1. The per-unit cost of emissions from state i’s policy (τi) equals the

marginal rate of substitution (MRS) between aggregate emissions reduction and

consumption in state i
(
−∂u

i

∂e /
∂ui

∂ci

)
minus the ratio of partial derivatives of the

federal transfer to state i and state i’s emissions with regard to τi.

Focusing on the first term on the RHS of equation (16) we observe how state

policies can differ across states. Ceteris paribus, a larger marginal dis-utility

from aggregate emissions leads to a larger τi, whereas a larger marginal utility

from consumption leads to a lower τi. This effect is equal to Chichilnisky and

Heal’s (1994) finding in the case of social optima. The impact of the marginal

utility of consumption on the provision of public goods has been studied in

previous literature (e.g. Chichilnisky and Heal’s (1994)). However the impact

of federal transfer criteria on state policy choice under the requirement of states’

consensus has largely been neglected. The second term
(
−∂Πi
∂τi

/∂Ei∂τi

)
takes into

account how τi influences the federal transfer to household i against the decline

of emissions in state i due to an increase on τi.

If the federal transfer is not lump-sum to state i’s government and if the sign

of ∂Πi/∂τi is negative, which we show to hold, the state’s emission price τi falls

below the marginal rate of substitution between e and ci, the first term of the

RHS. This demonstrates that federal transfers can have an important effect of

state policy choice.

Claim 2. If the federal transfer to household i equals πi = siTE where si is a

positive constant, then

τi = ti (T ) = −
∂ui

∂e
∂ui

∂ci

− siT

∣∣∣∣∣
τj ∀j 6=i and T

for all i. (17)

2.3. Decentralized equilibrium

Definition A decentralized equilibrium is the quantities c̃i, ỹi, k̃i, ẽi and prices

r̃i, τ̃i, for all i, such that c̃i solves the optimization problem of household i; ỹi, k̃i
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and ẽi solve the problem of firm i; τ̃i solves the problem of the state government

i; the capital market clearing condition and the market clearing conditions in

final goods (6) hold; and T = 0.

A tilde over a variable indicates the variable’s levels in a decentralized solu-

tion. Setting T = 0 and πi = 0 in equations (7) − (10) the state government’s

first order condition (15) reduces to

τ̃i = −
∂ui

∂e
∂ui

∂ci

∣∣∣∣∣
T=0

for all i. (18)

State-i’s government internalizes the local externalities from state i’s emissions.

This result lies below the social optimum since it fails to consider the spillover

effect of state i’s emissions to the neighboring states (Samuelson rule). The

resulting decentralized utility levels are

Ũ i ≡ U i(τ̃ , 0) given τ̃j ∀j 6=i and T = 0 (19)

where c̃i = ỹi = (ααEE A/τ̃αEi )
1
αK ki, ẽi = (αEA/τ̃i)

1
αK ki, and

ẽ =

n∑
j=1

(
αEAk

αK
j

τ̃j

) 1
αK

. (20)

In the decentralized solution the marginal rate of substitution between de-

creasing e and ci equals τ̃i (the per unit cost of emissions) which the firm sets

equal to the marginal product of emissions.

2.4. The federal government

We introduce a federal government which knows the solution of the house-

holds’, firms’, and state governments’ problems and all market clearing con-

ditions and acts as a Stackelberg-leader. In other words, the federal govern-

ment considers the effect of T on equations (7)-(12) and (15). Using a uniform

price on emissions, T , and federal transfers πi with
∑
i πi = Te its objective

is to attain a Pareto superior allocation to the decentralized solution Ũ i. Let

t = (t1 (T ) , t2 (T ) , ...tn (T )) denote the vector of states’ chosen prices which,
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as indicated in section (2.2), solely depend on the federal price T . The federal

government’s problem is given by

max
T

{
ui (Ci (t, T ) , E (t, T ))

∣∣∣uj (Cj (t, T ) , E (t, T )) ≥ Ũ j ∀ j 6= i
}

(21)

Equation (21) indicates that the federal government regulates if and only if it

can attain Pareto superior allocations relative to the decentralized solution —

as to acknowledge the self-interest of the states4. This departs from Helm (2003)

whose model allows top-level government policy to perform less efficiently than

decentralized state policies and from d’Autumne et al. (2016) whose top-level

government can delegate tasks down to state governments independent of the

ensurance of Pareto-improvements.

Let λ = (λ1, λ2, ...λn) , the Lagrangian function related to problem (21) is

given by

L (T, λ) = ui (Ci (t, T ) , E (t, T )) +
∑
j 6=i

λj

[
uj (Cj (t, T ) , E (t, T ))− Ũ j

]
. (22)

The n first order conditions for a maximum are given by5

−
n∑
j=1

λj
∂uj

∂E

[
n∑
h=1

∂Eh
∂τh

dth
dT

+
∂E

∂T

]
(23)

=

n∑
j=1

λj
∂uj

∂cj

 ∂Md
j

∂τj︸ ︷︷ ︸
negative

dtj
dT

+
∂Md

j

∂T︸ ︷︷ ︸
negative

+

n∑
h=1

∂Πj

∂τh

dth
dT

+
∂Πj

∂T


4Equivalently, the federal objective can be interpreted as addressing the principle of sub-

sidiarity. If the principle of subsidiarity is applied, the federal government should rather fulfill

a supporting than subordinating role towards state governments’ policies. The federal level

shall execute only those tasks that cannot be performed effectively at the state level (Wincott,

2009).
5In the appendix we show that U i (t (T ) , T ) is concave in T.
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with λi = 1 and Md
i = riki + τiei and

λj

[
U j (t, T )− Ũ j

]
= 0 for all j 6= i . (24)

Equation (23) indicates that the federal government considers direct impacts

of T on ui (Ci, E), and also indirect impacts by considering the impact of T on

states’ prices th (T ) (for h = 1, ..., n). The first order conditions also indicate

that either, the federal government takes into account how aggregate emissions

impact all households’ utilities and how consumption in each state i influences

state i utility. Or, the federal government does this only for some households

j 6= q while ensuring that the other households utilities are greater than the

decentralized scenario Uq (t, T ) > Ũq in such case λq = 0.

If some T satisfies U j (t, T ) > Ũ j for all j 6= i this implies that λj ∀j 6=i = 0.

If such case exists6 that would greatly simplify matters and it would allow us to

get further analytical insights. In such a case the federal government first order

conditions reduce to

−
∂ui

∂E
∂ui

∂ci

=

∂Md
i

∂τi
dti
dT +

∂Md
j

∂T +
n∑
h=1

∂Πi
∂τh

dth
dT + ∂Πi

∂T

n∑
h=1

∂Eh
∂τh

dth
dT + ∂E

∂T

. (25)

Implying that the federal government would chose to implement a federal price

T such that household i’s marginal rate of substitution between decreasing emis-

sions and private consumption equals the marginal change in income (including

the federal transfer) relative to the marginal change of aggregate emissions due

to a marginal increase in T .

Definition A Stackelberg equilibrium with transfer criterion π̂i is the quantities

ĉi, ŷi,k̂i, êi and prices r̂i, τ̂i, T̂ such that ĉi solves the optimization problem of

household i; ŷi, k̂i and êi solve the problem of firm i; τ̂i solves the problem of

the state government i; T̂ solves the problem of the federal government; the

6We discuss and show the existence of such cases in the sequel of this paper.
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market clearing conditions of capital and final goods (6) hold; and the balance

of payments condition ŷi + π̂i − T̂ êi = ĉi is satisfied for all i.

We use hats to denote a Stackelberg equilibrium solution. In the next section

we more carefully specify the federal transfers considered, and present analytical

results under specific household utility functions.

3. The role of different federal fiscal transfer criteria

Before we focus on the transfers, let us explain our federal policy choice.

While we consider a uniform federal emission price, it might be argued that

differentiated prices could fulfill the same purpose. Indeed, if emissions are reg-

ulated in a centralized fashion and optimal transfers are absent, Chichilnisky and

Heal (1994) show that differentiated prices need to be deployed to attain Pareto

optimality. Our justification for using a uniform price is threefold; it is applied

in practice and in theory, it is supposed to counteract federal fragmentation,

and it serves to foster states’ commitment on the basis of reciprocity(Edenhofer

et al., 2017; Cramton et al., 2015).

We stay in the tradition of Chichilnisky and Heal by considering income

level differences which we model as differences in capital endowments. While

Chichilnisky and Heal focus on Pareto optimality, we impose a multi-layered

governmental structure, in which the federal government constraint is to find

Pareto superior allocations to the resulting decentralized solution.

3.1. Juste retour criterion

Let us consider a transfer which represents an often claimed fairness criterion

from the states’ perspective. Juste retour literally means “fair return”. In other

contexts it has been supported by state governments in federal like systems

since the federal withdrawals from a state equal the federal re-injections into

its economy. This transfer criterion is often demanded from the EU by the

EU Member States (Warleigh (2004)) and implicitly considered in the models

of d’Autumne et al. (2016) and Shiell (2003). As Shiell (2003) puts it, a state
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which feels relatively poor might not be willing to pay transfers to relatively

richer states and might put its concern into its negotiation position.

The juste retour criterion transfer criterion implies that there are no inter-

state transfers as states receive from the federal government exactly what they

paid. We use the JR superscript to denote this criterion. Let πJRi denote the

federal transfer under the juste retour criterion, then

πJRi = Tei.

Since the state government knows exactly what Tei amounts to and how

τi impacts ei the only reasonable assumption in this case is to consider that

each state government takes into account how its respective τi influences this

transfer, ∂Πi/∂τi 6= 0 (hence the federal transfer is not taken as lump-sum from

the state governments).

Proposition 3. If the federal fiscal transfer to households equals the sum paid

by the state’s firm and state governments take into account how their respec-

tive price τi influences the federal transfer, then the federal government cannot

achieve a Pareto superior allocation relative to the decentralized solution.

Proof. Since the federal transfer πJRi equals Tei, then its partial derivative

with regard to τi equals
∂Πi

∂τi
= T

∂Ei
∂τi

(26)

Substituting this result into (16) and rearranging we get

τi = −
∂ui

∂e
∂ui

∂ci

− T (27)

Equation (27) indicates that state government i reacts with a 100 percent

counter-movement to the federal price. Notice that the aggregate per unit price

of emissions is given by τi + T = −∂u
i

∂e /
∂ui

∂ci
which is as in the decentralized

solution where also the per unit price of emissions equals the marginal rate of

substitution between decreasing emissions and consumption. �

Since the federal policy addresses the effect of transboundary emissions one

would expect that each household could be made better off by the federal policy.
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Instead, the juste retour federal tranfers create a pitfall making the federal price

redundant. Interestingly, as in Chichilnisky and Heal (1994) and Sandmo (2007)

Pareto optimality cannot be established in the absence of interstate transfers.

We find here that not even Pareto improvements are achievable without inter-

state transfers — despite the presence of a strong federal government (Stackel-

berg leader).

Claim 4. Pareto improvements are not achievable without interstate transfers.

3.2. Equality criterion

In this section we present a transfer based on equality and use the superscript

EQ to denote variables related to this type of transfer. All households receive

an identical federal fiscal transfer such that sEQi = sEQj = 1
n . Since there is

a single household in each state, the federal transfer given to each household

equals

πEQ =
1

n
Te. (28)

The equality criterion is, for instance, applied by the Swiss Federal govern-

ment which equally redistributes revenues from the Swiss CO2 levy back to all

Swiss residents(FOEN, 2016).

Let

ui(ci, e) = ci − gieγi . (29)

gi and γi are constants with gi > 0 and γi = 1. Also let κi denote the ratio

of the capital endowment of state i’s household to the capital endowment of

the entire federation, κi ≡ ki/k. Also let κN−EQ ≡ 1
n
n+γ−αE
1+γ−αE and κI−EQ ≡

1
n
n+γ−αE−1
1+γ−αE− 1

n

.

Proposition 5. Let k1 < ... < kn, gi = g and γi = γ ≥ 1 for all i. If i)

the federal fiscal transfer is equal across households; ii) each state government

does-not (does) take into account the impact of its policy on the federal transfer;

and iii) κi < κN−EQ (κI−EQ) for all i = 1, ..., n, then the federal government

can achieve a Pareto superior allocation relative to the decentralized solution.
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Furthermore, there is a uniform federal minimum price T̂min > 0 that is in the

self-interest of all states to pay. The minimum price T̂min maximizes the richest

state’s utility, T̂min ≡ arg maxT U
n(t, T ).

Proof. See Appendix A and Appendix B.

While we give an intuitive explanation of the proof for the case in which

state governments do not take into account how τi impacts the federal transfer

(they set ∂Πi/∂τi = 0 for all i = 1, ..., n), we refer to the appendix for technical

details.

Rearranging κN−EQ we get

0 <
(
k − ki

)
+ (γ − αE)

(
kav − ki

)
(30)

where kav = k
n . Since γ−αE > 0 equation (30) clearly holds for states with cap-

ital endowments that are less than the average capital endowment
(
ki < kav

)
,

however for relatively richer states equation (30) becomes a constraint on the

federal government’s ability to reach Pareto improvements.

Substituting the assumptions and equation (16) into (10), emissions are im-

plicitly defined in terms of T . Substituting E (t, T ) and equations (8) , (9) and

(12) into equation (29) we get7

U i (t, T ) =
(
αKκi +

αE
n

)
Ak

αK
EαE −

[(
1

n
− κi

)
γ + 1

]
gEγ . (31)

If for some T and some i none of the utility constraints is binding (that is

U j 6=i > Ũ j 6=i), then the federal government’s first order condition equals

dU i

dT
=

[
αEA (χi − θi)

(
k

E

)αK
− χiγgEγ−1

]
dE

dT
= 0, (32)

7We acknowledge that the assumption of linear consumption may seem odd at a first glance.

Combing linear consumption with an emission externality ensures a concave utility function

and the existence of interior solutions. Therefore, it allows to reproduce similar features as

would be obtained using more traditional utility functions such as log(ci) while maintaining

analytical traceability. Additionally, we ran numerical simulations with other utility functions.

The main findings remain similar.
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where χi =
(

1
n − κi

)
γ+ 1, and θi = χi−αKκi− αE

n . Since dE
dT < 0, the term in

square brackets in equation (32) must equal zero. We then show that as long as

κi < κN−EQ, the slope of the function U i (t, T ) (for all i) is positive at T = 0.

This and the concavity of U i (t, T ) ensure that there exists a positive federal

price that maximizes the utility of state i. Note that the size of κN−EQ depends

on the parameter values αE , γ, and the number of states n. The larger n the

smaller κN−EQ becomes, and the smaller the gap among capital endowments

must be. Further rearranging κN−EQ, we get a reflection of state-i’s self-interest

with regard to the federal policy,

ki + (γ − αE) ki︸ ︷︷ ︸
self-interested perspective

< k + (γ − αE) kav︸ ︷︷ ︸
federal egalitarian perspective

. (33)

The inequality requirement of equation (33) reflects an institutional tipping

point, that determines whether or not the federal policy works. Parameters γ

and αE are, respectively, the elasticity of the marginal dis-utility from emissions8

and the production elasticity of emissions. The difference (γ − αE) points at

the ambivalence of emission reduction. The larger the difference of (γ − αE)

the smaller κN−EQ becomes. The inequality requirement also guaranties that

U i > Ũ i. State government i is concerned with its own economy (the LHS of

equation (33) but it is willing to be governed by a federal policy, if its gains from

being part of the federal economy with an egalitarian perspective (the RHS) are

above the gains from focusing exclusively on its own economy.

When the gap between the capital endowments of the poorest and the rich-

est states’ households is too extreme, then the richest states carry a burden(
T̂ êi − π̂EQi > 0

)
which is too high compared to their benefits from emissions

reduction. The more capital is available in a state, the higher is the output of

the firm and the higher is the firm’s payment to the federal government.

8The elasticity parameter of the externality is derived as follows ∂
(
gγEγ−1

)
/∂E ∗

E/
(
gγEγ−1

)
= γ.
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Imposing κi < κN−EQ and solving equation (32) we obtain

êiN−EQ =

(
αEA

gγ

χi − θi
χi

k
αK
) 1
γ−αE

(34)

and

T̂ iN−EQ = θi

(
αEA

χi

) γ−1
γ−αE

(
gγk

γ−1

χi − θi

) αK
γ−αE

(35)

where êiN−EQ and T̂ iN−EQ are the total emission level and the federal emission

price which maximizes the utility of the household of state-i alone.

A question remains: which uniform federal emission price is necessary and

sufficient such that the federal policy benefits all states, even those who carry

the burden of the federal policy? Since κ1 < ... < κn the federal emission prices

that maximize the utility of state i’s household for i = 1, ..., n can be ranked

such that

0 < T̂nN−EQ < T̂n−1
N−EQ < ... < T̂ 1

N−EQ. (36)

The price that maximizes the riches state’s utility, T̂nN−EQ, represents the lower

bound of the range of federal prices which solve the federal government’s prob-

lem. Since κi < κN−EQ ensures that the slope of all U i (t, T ) is positive at

T = 0. The federal price T̂nN−EQ pushes all utilities above their decentralized

levels and suffices as the uniform federal minimum price.

At T̂nN−EQ all the constraints of the federal government’s problem are not

binding such that equation (25) holds. Substitute n for i into equation (35) to

obtain the closed form solution of the uniform federal minimum price,

T̂min
N−EQ ≡ T̂nN−EQ = θn

(
αEA

χn

) γ−1
γ−αE

(
gγk

γ−1

χn − θn

) αK
γ−αE

. (37)

If the minimum price T̂nN−EQ is chosen, the burden of the federal price is

carried by the richer states. The maximal burden lies upon the richest state.

Maximizing the richest state’s utility guarantees staying below the threshold-

to-accept for all states. If the minimum price is set, the richest state can be

interpreted as a benevolent hegemon created by the federal regime. For the

states for which ki > kav they solely benefit from the federal policy due to
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a decrease in emissions. For the states for which ki < kav, which we call

the poorer states, the benefit from federal policy is twofold. First, the federal

emission price decreases the externality which has a positive impact on utility.

Second, poorer states are net recipients as the federal policy injects more money

into the poorer states’ economies than what it withdraws from those economies,

while the opposite is true if states’ capital endowments are above average.9

Since for poorer states π̂EQi > T̂ êi, the equality criterion can also be un-

derstood as an implicit federal positive bias towards poorer states. Our results

implicitly follow the claim of Chichilnisky and Heal that poorer states shall

become net recipients while richer states shall become net donors based on ef-

ficiency grounds. Our work extends their consideration by appreciating the

self-interest of the states.10

For the case in which each state government takes into account how its

emission price τi influence the federal transfer (indicated by subscript I) we

find that this decreases the gap among capital endowments up to which all

states agree to be governed by the federal policy. In this case the restriction

pertaining κi is smaller. Using equation (16) under the equality criterion the

state policy becomes τN−EQi if state governments do not take into account how

their price influences the federal transfer, and becomes τ I−EQi for the case in

which state governments take this into account, and are respectively given by

τN−EQi = −
∂ui

∂e
∂ui

∂ci

, τ Ii = −
∂ui

∂e
∂ui

∂ci

− 1

n
T (38)

In the case in which the state government takes into account how its price

9To prove that poorer states are net recipients suppose, i.e. if κi < 1/n,multiply equation

(9) by n/k, then nei/k = (αE/ [AV (τi + T )])
1
αK nκi. Multiply equation (10) with 1/k,then

e/k =
∑n
i=1

(
αEκ

αK
i / [AV (τi + T )]

) 1
αK . If there exists a state i for which κi < 1/n, there

must be a state j 6= i for which κj > 1/n. Thus, nei/k < e/k and Tei < Te/n. Proceed

similarly to prove that richer states are net donors, i.e. Tei > Te/n.
10When considering differences in preferences, such that gi 6= gj , we find that also in that

case the federal government is able to attain Pareto improvements. For brevity we omit

providing this proof but it is available upon request.
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influences the federal transfer τ Ii is reduced in magnitude precisely by the per

unit amount of the federal transfer it receives. This has a detrimental effect

on the federal government’s ability to achieve Pareto improvements. This is

reflected by a stronger restriction given by a smaller κI−EQ relative to κN−EQ.

Now, the reflection of the states’ self-interest is derived by rearranging

κI−EQ,

ki + (γ − αE) ki︸ ︷︷ ︸ <

self-interested perspective

k + (γ − αE) kav︸ ︷︷ ︸
federal egalitarian perspective

− k − ki
n︸ ︷︷ ︸ .

information term

(39)

Except for the term k−ki
n , equation (39) is equal to case N in equation (33).

The term k−ki
n measures the average capital endowment of the entire federation

without state i.

Now the minimum federal emission price equals

T̂min
I−EQ ≡ T̂nI−EQ =

n

n− 1

(
θn +

κn − 1

n

)(
αEA

χn − 1/n

) γ−1
γ−αE

(
gγk

γ−1

χn − θn − κn
n

) αK
γ−αE

.

(40)

3.3. Decentralized emission share criterion

In this section, we set the transfer share equal to the emission shares of the

decentralized solution. We now use the marking DC to denote this criterion. If

each state receives a transfer based on the ratio of its decentralized to aggregate

decentralized emission levels so that sDCi = ẽi/ẽ, then

πDCi =
ẽi
ẽ
T e.

As we have discussed in section 3.2, firms’ total payments for emissions

are larger the more capital is available in a state. A federal transfer policy

that transfers back more to states that paid more may be considered as more

agreeable for richer states when compared to an equitable transfer policy. In

practice, for instance, the EU ETS’ revenue redistribution largely accounts for

the historical emission levels before the EU ETS.

Let the utility of each state be equal to equation (29)
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Proposition 6. Let ki 6= kj 6=i, gi = g and γi = γ ≥ 1 for all i. If i) si equals

the ratio of each state’s decentralized to aggregate decentralized emission levels

(ẽi/ẽ) so that πi = ẽi/ẽTe; and ii) each state government does not incorporate

the impact of its policy on the federal transfer, then the federal government

can achieve a Pareto superior allocation relative to the decentralized solution.

Moreover, there exists a uniform federal minimum price, T̂min
N−DC > 0, which

is in the self interest of all states to pay. The minimum price maximizes the

richest state’s utility, T̂min
N−DC ≡ arg maxT U

n(t, T ).

Proof. See Appendix C.

The uniform federal minimum price is now given by

T̂min
N−DC ≡ T̂nN−DC = (1− κn)

[
(αEA)

γ−1

(
gγk

γ−1

κn

)αK] 1
γ−αE

. (41)

When revenues are redistributed according to decentralized emission shares lev-

els, we arrive at similar findings as with the equality based transfers except of

one crucial constraint: there is no threshold for the capital endowment gap as

long as the state governments do not take into account how their policies im-

pact the federal transfer. This transfer criterion ensures agreeability across the

states who carry the burden of the federal policy. The federal price addresses

emission externalities, while when using this transfer the federal government

acknowledges the richer states’ higher production levels.

Note that sDCi = ẽi/ẽ reduces to sDCi = κi = ki/k such that πDCi = κiTe.

Under the decentralized emission levels share criterion the state policy is either

τN−DCi or τ I−DCi , depending on whether each state government does not (N) or

does (I) take into account how their price influences the federal transfer, using

equation (16) we obtain

τN−DCi = −
∂ui

∂e
∂ui

∂ci

, or τ I−DCi = −
∂ui

∂e
∂ui

∂ci

− κiT. (42)

The latter term in τ I−DCi in equation (42) hints at a pitfall of the trans-

fer criteria subject to states’ reaction. The richer a state is the larger is the

23



state’s policy counter-reaction to the federal policy. The states’ capital endow-

ments shares, κi, become again a limiting factor for federal policy to be Pareto

improving.

For γ = 1 we present the restriction on capital endowments. Let κI−DC ≡
αKκi+αE
αKκi+1 .

Proposition 7. Let ki 6= kj 6=i, gi = g and γi = γ = 1 for all i. If i) the transfer

is based on the ratio of each state’s decentralized to aggregate decentralized emis-

sion levels (ẽi/ẽ) and ii) each state government incorporates the impact of its

policy on the federal transfer, and iii) κi < κI−DC , then the federal government

can achieve a Pareto superior allocation relative to the decentralized solution.

Proof. See Appendix D.

Consider the requirement κi < κI−DC , and recall that αE + αK = 1 to see

how restrictive this transfer criteria is. The larger the production elasticity of

emissions is the larger κI−DC , which allows this criterion to be Pareto improving

. This tells us, that using the decentralized criterion is not a promising transfer

if states take into account how their policy influences the federal transfer. Un-

like the equity criterion the number of states is irrelevant in the decentralized

criterion for the cases we analyze.

3.4. Federal solution space

In addition to the uniform federal minimum price which defines the lower

bound of the solution space of possible federal prices, we now specify the range

of all admissible federal prices. As depicted in figure 1, all states benefit from

the uniform federal price as long as the federal policy intervention pushes each

utility level above its decentralized solution. Let T iind > 0 denote the federal

emission price at which state i’s household utility level is equal to that of the

decentralized scenario, that is U i
(
t, T iind

)
= U i (τ̃ , 0). As stated before the

smallest federal price is T̂min = T̂n. The highest federal price is the smallest of

either the price that maximizes the utility of the poorest state’s household or

T iind for i = 1, ..., n.
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Corollary 8. The federal government’s solution space is the interval of uniform

federal prices that satisfy

T ∈
[
T̂min,min

{
T̂ 1, T 1

ind, ..., T
n
ind

}]
.

Figure 1: Stylized illustration for n = 2 and k1 < k2. If the federal price T leads to Pareto

improvements, relative to the decentralized scenario Ũ i, the federal policy solution space is

given by the set
[
T̂min,min

{
T̂ 1, T 2

ind

}]
. The largest admissible T equals T̂ 1, if T̂ 1 < T 2

ind.

Instead, if T 2
ind < T̂ 1 then the largest admissible T is T 2

ind (dotted line).

4. Conclusion

We study an entry point for global public good provision in federal regimes

and provide a theoretical foundation to guide the use of rules of thumb for federal

transfers when consent of states is required. In reality, simple transfer criteria
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and transfer negotiations are often encountered but mechanisms to ensure the

states’ consent are not sufficiently understood. The federal policy we consider

consists of a uniform federal price complemented with simple federal transfer

criteria which exist coexists with states’ policies. In this context we analyze

the federal policys Pareto improvement potential relative to the decentralized

policy outcome. Since optimal transfers leading to Pareto optimality are difficult

to attain as this may be the case for pragmatic, economic or political reasons

we focus on sub-optimal equilibria and consider instead commonly used federal

transfers. We make the case for emissions’ mitigation and focus on the case in

which wealth differs across the federation’s states.

Three types of transfer criteria which have, in different settings, also re-

ceived attention in previous literature are considered, namely transfers based

on equality, decentralized emission shares, and juste retour criteria. We find

that transfers based on equality and decentralized emission shares can lead to

Pareto improvements. As our theoretical formulation considers states with dif-

ferent capital endowments we find that there is an institutional tipping point

in which the gap among the states’ capital endowments becomes a constraint

for the federal policy. This tipping point in capital endowments is governed

by the elasticity of the marginal dis-utility from federal emission and the pro-

duction elasticity of emissions and the states’ reactions to the federal transfer.

The states’ reactions hamper the federal policy intervention such that the in-

stitutional tipping point is attained earlier, when the transfer is anticipated

by each state. Opposite to previous results we argue that in the absence of

interstate transfers, that is when the juste retour criterion is applied, Pareto

superior allocations are not attainable. Juste retour transfers make the federal

policy fully ineffective as they induce the states to react with a 100 percent

countermovement to the federal policy.

We identify welfare enhancing uniform federal minimum prices for emissions

mitigation if federal transfers based on equality or decentralized emission shares

are employed. The minimum prices endogenously emerge and are determined

by the state with the highest level of capital endowment. The higher the capital
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endowment within a state the higher is the federal policy burden imposed on

it. When such a minimum price, maximizing the richest state’s utility, is estab-

lished, these two transfers trigger benevolent hegemony by the richest state.

Given the simple nature of the model, a natural extension would be to relax

the model’s assumptions such as introducing capital mobility or a dynamic

setting, and to run numerical simulations for federal or federal-like systems like,

for instance, the EU, the US or Canada. Additionally, it can be relevant to

suppose that state governments act ex-ante as hegemons or frontrunners, in

order to correspond to the discussed leadership of specific states and countries

like California and Germany. Spillover effects across regulated and unregulated

sectors might also provide an interesting facet.
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Appendix A. Proof of Proposition 5 Case N

Let sEQ = 1/n, gi = g > 0, γi = γ ≥ 1,and ∂Πi/∂τi = 0 for all i = 1, ..., n.

Let l denote the subset of states with capital endowments that are less or equal to

the average capital endowment so that l = {i ∈ {1, ..., n} | κi ≤ 1/n}. Note that

the average capital endowment equals kav ≡ k/n implying that kav/k = 1/n.

Since κi ≡ ki/k, then the kappa of a state with an average capital endowment

equals 1/n. Also let h denote the set of countries with capital endowments larger

than the average capital endowment h =
{
i ∈ {1, ..., n} | κi > 1

n

}
. Suppose,

without loss of generality, that k1 < k2 < ... < kn. Substitute the assumptions

into equation (16) to obtain

ti (T ) = gγeγ−1 for i = 1, ..., n. (A.1)

Replace τi from equation(A.1) into equation (10) ,

E (t, T ) =

(
αEAk

αK

gγeγ−1 + T

) 1
αK

. (A.2)

Rearranging equation (A.2) e is implicitly defined in terms of T ,

T = αEA

(
k

e

)αK
− gγeγ−1. (A.3)

Substituting equations (A.1) and (A.3) into (8) , (9) and (12) yi, ei, ci are

implicitly defined in terms of T as follows

Yi (t, T ) = A

(
E

k

)αE
ki, (A.4)

Ei (t, T ) = κiE, (A.5)

and

Ci = yi + Πi − TEi = A

(
E

k

)αE
ki + πi − TκiE. (A.6)

30



Replace equations (A.3), (A.5), and (A.6) in equation (29) 11 to implicitly ex-

press U i, in terms of T ,

U i (t, T ) = A

(
E

k

)αE
ki +

(
1

n
− κi

)
TE − gEγ .

Simplifying yields

U i (t, T ) =
(
αKκi +

αE
n

)
Ak

αK
EαE −

[(
1

n
− κi

)
γ + 1

]
gEγ . (A.7)

The federal government chooses T to maximize U i while, at the same time,

ensuring that U j does not fall below the decentralized level Ũ j ∀j,

max
{
U i (t, T )

∣∣∣U j 6=i (t, T ) = Ũ j 6=i ∀ j
}

(A.8)

We will now demonstrate that the T that maximizes Un also implies U j > Ũ j

for all j. If for some T and some i all the utility constraints are not binding

(that is U j 6=i > Ũ j 6=i), then the federal government’s first order conditions equal

dU i

dT
= ZN−EQi

dE

dT
= 0, (A.9)

where

ZN−EQi = αEA (χi − θi)
(
k

E

)αK
− γχigEγ−1, (A.10)

and

χi =

(
1

n
− κi

)
γ + 1 and θi = χi − αKκi −

αE
n
. (A.11)

Thus, either ZN−EQi or dE
dT or both must equal zero. Implicit differentiation of

equation (A.2) leads to

dE

dT
= − E

αKαEA
(
k
E

)αK
+ gγ (γ − 1)Eγ−1

. (A.12)

By definition αK , αE , A, and g are positive, γ ≥ 1, and E ≥ 0. We rule out

the case of E = 0 and therefore the denominator of the RHS is positive. It

11Note that τ̂ represents the vector of all emission price levels chosen by the state govern-

ments. It depends on the federal price T as defined in section 2.4.
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follows that dE
dT < 0. Therefore, ZN−EQi must equal zero. Let T̂ i denote the T

that makes ZN−EQi equal to zero, and êi the related level of E. Then, setting

ZN−EQi = 0 and solving yields

êi =

(
αEA

gγ

χi − θi
χi

k
αK
) 1
γ−αE

. (A.13)

Substitute êi in equation (A.3). After some manipulations we obtain

T̂ i = θi

(
αEA

χi

) γ−1
γ−αE

(
gγk

γ−1

χi − θi

) αK
γ−αE

(A.14)

As the federal government seeks to determine a uniform T, which ensures Pareto

improvements for all states, let us examine which T suffices. Considering set l

and examining χi and θi from equation (A.11), we see that

χi ≥ 1, θi > 0 and χi − θi > 0 for i ∈ l. (A.15)

Together with equation (A.14) follows that T̂ i > 0 for all i ∈ l.

Let us examine the behavior of U i∈l on the interval [0, T̂ i∈l) by evaluating

the slope of U i∈l at the decentralized level, T = 0. We know from equation

(A.12) that dE
dT < 0. Substitute χi, θi and E|T=0, into ZN−EQi . After some

manipulations, we obtain

ZN−EQi |T=0 = − θigγE
γ−1
∣∣
T=0

(A.16)

Since for i ∈ l, all parameters of equation (A.16) are always positive, we find

that ZN−EQi∈l

∣∣∣
T=0

< 0. As dE
dT < 0, it follows from equation (A.9) that U i∈l

has a positive slope at T = 0. Consequently, if there is a role for the federal

government then T̂ must be positive, else a negative T̂ would make states in set

l worse than the decentralized solution.

Let us examine what T > 0 implies for states in set h. To ensure a Pareto

improvement, and hence a role for the federal government, for all i ∈ h the slope

of U i∈h must be increasing at T = 0. Since

κi <
1 + 1

n (γ − αE)

αK + γ
for i = 1, ..., n. (A.17)
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this implies θi∈h > 0 and therefore ZN−EQi∈h

∣∣∣
T=0

< 0 demonstrating that

dU i∈h/dT
∣∣
T=0

> 0.

We now prove that U i is decreasing on the interval (T̂ i,∞). Let T b > T̂ i.

Evaluate the slope of equation (A.9) at T b. Since we know that dE
dT < 0 it

suffices to evaluateZN−EQi

∣∣∣
T b

. Take equation (A.13) to see that
(
êi
)γ−αE

=

αEA(χi−θi)k
αK

γχig
. Since dE

dT < 0, then T b > T̂ i implies

Eγ−αE
∣∣
T b
<
(
êi
)γ−αE

=
αEA (χi − θi) k

αK

γχig
. (A.18)

Rearranging we get

0 <

(
αEA (χi − θi)

(
k

E

)αK
− γχigEγ−1

)∣∣∣∣∣
T b

(A.19)

the RHS of equation (A.19) is nothing else than ZN−EQi

∣∣∣
T b

and hence ZN−EQi

∣∣∣
T b
>

0. This implies that U i is a concave function with a unique maximum at T̂ i > 0.

We now rank the different T̂ is for i = 1, ..., n. To do so, we first rank êi for

i = 1, ...n. Since the êis only differ with regard to κi we now take the derivative

of êi from equation (A.13) with respect to κi. After several manipulations and

substitution of χi from equation (A.11) we obtain

∂êi

∂κi
=
αK + γ

n

γ − αE

[
AαEk

αK

gγ

(χi − θi)1−γ+αE

χαK+γ
i

] 1
γ−αE

. (A.20)

The first term of the RHS is always positive. Since θi > 0 and χi − θi > 0 it

follows that χi > 0. Hence ∂êi

∂κi
> 0 for all i. We can, therefore, conclude that

the higher κi, the higher êi. From equation (A.12), it follows that the higher êi

the lower must be T̂ i. Thus,

κ1 < ... < κn ⇒ ê1 < ... < ên ⇒ T̂n < ... < T̂ 1. (A.21)

implying U j
∣∣
T=T̂n

> Ũ j for all j. �

Appendix B. Proof of Proposition 5 Case I

All else equal as in Appendix A except for the assumption that state govern-

ments take into account how their respective τi influences the federal transfer
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(∂Πi/∂τi 6= 0). If not mentioned explicitly, the steps are similar to the previous

proof such that we only provide the equations without description.

ti (T ) = gγEγ−1 − T

n
(B.1)

E (t, T ) =

(
AαEk

αK

gγEγ−1 + n−1
n T

) 1
αK

. (B.2)

U i (t, T ) =
(αKn− 1)κi + αE

(n− 1)
Ak

αK
EαE +

[
κin− 1

n− 1
γ − 1

]
gEγ . (B.3)

If U j > Ũ j for all j 6= i for some T and some i, then, the federal government’s

first order condition equals

dU i

dT
= ZI−EQi

dE

dT
= 0 (B.4)

where

ZI−EQi =
n

n− 1

[
AαE

(
χi − θi −

κi
n

)( k
E

)αK
+

(
1

n
− χi

)
gγEγ−1

]
. (B.5)

Thus, either ZI−EQi or dE
dT or both must equal zero. Implicit differentiation of

equation (B.2) leads to

dE

dT
=

1− n
n

E

AαEαK

(
k
E

)αK
+ gγ (γ − 1)Eγ−1

< 0. (B.6)

Thus, at the optimum ZI−EQi must equal zero. Solving ZI−Ei = 0 for E yields

êi =

[
AαE
gγ

χi − θi − κi
n

χi − 1
n

k
αK
] 1
γ−αE

. (B.7)

Substituting equation (B.7) into equation (A.3), leads to

T̂ i =
n

n− 1

(
θi +

κi − 1

n

)(
AαE

χi − 1
n

) γ−1
γ−αE

[(
gγ

χi − θi − κi
n

)αK (
k
αK
)γ−1

] 1
γ−αE

.

(B.8)

Evaluating ZI−EQi at T = 0 yields

ZI−EQi

∣∣∣
T=0

= − ngγ

n− 1

(
θi −

1− κi
n

)
Eγ−1

∣∣∣∣
T=0

(B.9)
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For i ∈ l we see that ZI−EQi

∣∣∣
T=0

< 0. Same as argued in the previous proof, it

must be that T̂ i > 0 for i ∈ l. Since

κi <
1

n

n− αE + γ − 1

1− αE + γ − 1
n

for i = 1, ..., n. (B.10)

then 1−κi
n < θi and consequently ZI−EQi

∣∣∣
T=0

< 0 for all i. Take equation (B.7)

to see that
(
êi
)γ−αE

=
AαE(χi−θi−κin )kαK

gγ(χi− 1
n )

. Since dE
dT < 0 and T b > T̂ i then

Eγ−αE
∣∣
T b
<
(
êi
)γ−αE

=
AαEk

αK (
χi − θi − κi

n

)
gγ
(
χi − 1

n

) (B.11)

rearranging we get

0 <

(
AαE

(
χi − θi −

κi
n

)( k
E

)αK
− gγ

(
χi −

1

n

)
Eγ−1

)∣∣∣∣∣
T b

(B.12)

The RHS of equation (B.11) is nothing else than (n− 1) /nZI−EQi

∣∣∣
T b

and hence

ZI−EQi

∣∣∣
T b
> 0. Therefore, it follows that U i is a concave function with a unique

maximum at T̂ i > 0. The T̂ is can be ranked by considering

∂êi

∂κi
=
n− 1

n

αK + γ−1
n

γ − αE

[
AαEk

αK

gγ

(
χi − θi − κi

n

)1−γ+αE(
χi − 1

n

)
αK+γ

] 1
γ−αE

.

Same as in the previous proof T̂n < ... < T̂ 1. �

Appendix C. Proof of Proposition 6

All else equal as in Appendix A except for the assumption that the federal

transfer Πi equals sDCi TE = κiTE. If not explicitly mentioned the steps are

similar to the previous proof such that we only provide the equations without

description. Substitute the assumptions into equation (16) to obtain

ti (T ) = gγEγ−1 for all i = 1, ..., n, (C.1)

E (t, T ) =

(
AαEk

αK

gγEγ−1 + T

) 1
αK

, (C.2)
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and

U i (t, T ) = (αKκi + αEκi)Ak
αK
EαE − geγ = Aκik

αK
EαE − gEγ . (C.3)

If U j > Ũ j (for all j 6= i) for some T̂ and some i, then the federal government’s

first order condition equals

dU i

dT
=

[
AαEκi

(
k

E

)αK
− gγEγ−1

]
∂E

∂T
= 0. (C.4)

Thus, either the term in parenthesis or dE
dT or both equal zero. Implicit differ-

entiation of equation (C.2) leads to

dE

dT
= − E

AαEαK

(
k
E

)αK
+ gγ (γ − 1)Eγ−1

< 0. (C.5)

Solve the term in parenthesis of equation (C.4) to obtain

êi =

(
AαEκi
gγ

k
αK
) 1
γ−αE

. (C.6)

Substituting equation (C.2) into (A.3) we get,

T̂ i = (1− κi)
[(
AαEk

αK
)γ−1

(
gγ

κi

)αK] 1
γ−αE

. (C.7)

Note that all terms in equation (C.7) are positive. Thus, the federal price is

always positive.

Consider the interval T ∈ [0, T̂ i). Since ∂E
∂T < 0. Take the term in parenthesis

of equation (C.4) and substitute ẽ, to see

(κi − 1) (gγ)
αK
γ−αE

(
AαEk

αK
) γ−1
γ−αE < 0.

Thus, dU
i

dT

∣∣∣
T=0

> 0. Use equation (C.6) to see that
(
êi
)γ−αE

= AαEκik
αK

gγ .

Since dE
dT < 0 note that Eγ−αE |T b <

(
êi
)γ−αE

for T b > T̂ i, thus Eγ−αE |T b <(
êi
)γ−αE

= AαEκik
αK

gγ . Rearranging, we get

0 <

(
AαEκi

(
k

E

)αK
− gγEγ−1

)∣∣∣∣∣
T b

(C.8)
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The RHS of equation (C.8) is nothing else than the term in the square bracket

of equation (C.4) implying dUi

dT < 0 on the interval (T̂ i,∞). Hence U i (t, T ) is

a concave function with a unique maximum at T̂ i > 0. Consider ∂êi

∂κi
to see that

the federal taxes can be ranked such that T̂n < ... < T̂ 1. �

Appendix D. Proof of Proposition 7

All else equal as in Appendix C except for the assumption that each state

government takes into account how its policy influences the federal policy
(
∂Πi
∂τi
6= 0
)

and γ = 1. We get

ti (T ) = gγEγ−1 − κiT , (D.1)

Ei (t, T ) =

(
AαEki

αK

gγEγ−1 + (1− κi)T

) 1
αK

,

E (t, T ) =
∑
i

(
AαEki

αK

gγEγ−1 + (1− κi)T

) 1
αK

, (D.2)

and

U i (t, T ) =
g − κiT + αKT

αE
Ei + (κiT − gi)E. (D.3)

The derivative of U i with regard to T is

dU i

dT
=

αK − κi
αE

Ei −
g + (αK − κi)T

αEαK

(
1

gi + (1− κi)T

) 1+αK
αK

(AαEk
αK
i )

1
αK(D.4)

+κiE + κiT
∂E

∂T
− ∂ (gEγ)

∂T

Evaluate dUi

dT at T = 0 to get

dU i

dT

∣∣∣∣
T=0

=

(
αK − κi −

1

αK

)
1

αE

(
AαEk

αK
i

g

) 1
αK

+

(
1

αK
+ κi

)(
AαEk

αK

g

) 1
αK

.

(D.5)

Rearranging and substituting ẽi =
(
AαEk

αK
i

g

) 1
αK

and ẽ =
(
AαEk

αK

g

) 1
αK into

equation (D.5) we obtain

0 <

(
αK − κi −

1

αK

)
κi + αE

(
1

αK
+ κi

)
. (D.6)
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The restriction κi <
αKκi+αE
αKκi+1 ensures that (D.6) holds and hence U i > Ũ i.

�
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