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With capital-skill complementarity, the secular decline in the price of capital
equipment due to equipment-specific technological progress (ESTP) keeps push-
ing up the demand for skilled relative to unskilled labor and raising the skill pre-
mium. This paper quantitatively characterizes the dynamics of optimal taxation
in response. Two main results emerge, regardless of whether the Ramsey (1927) or
the Mirrlees (1971) approach is adopted. First, a tax on capital equipment corrects
the “pecuniary externalities” caused by ESTP. The correction prescribes a down-
ward or an upward adjustment of tax rates over time, depending on whether ESTP
takes place at an accelerated or a decelerated pace. Second, both Ramsey and Mir-
rlees approaches prescribe an increasing marginal tax rate on labor income over
time. Interestingly, we find that the prescribed pattern of optimal taxation resem-
bles the empirical decline in capital taxes and the increase in labor taxes observed
in the United States. In particular, despite the significant rise in the skill premium,
the welfare gains of tax reform toward optimal Ramsey taxes are modest and small.
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1. INTRODUCTION

It is known that the skill premium (i.e., the mean of weekly wages for college gradu-
ates relative to high school graduates) in the U.S. labor market has soared dramatically
since the early 1980s.1 This phenomenon has aroused serious concerns because it gives
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rise to greater income inequality and increasing disparity of economic well-being be-
tween skilled and unskilled workers. In this paper, we address the following question:
how should taxation be set dynamically in response to the rising skill premium?

Let capital equipment be more substitutable for, or less complementary to, unskilled
than skilled labor in production. This circumstance is referred to in the literature as
“capital-skill complementarity.”2 A critical implication of capital-skill complementarity
is that a higher stock of capital equipment will raise the marginal product of skilled labor
relative to unskilled labor. The U.S. economy has witnessed a steady, dramatic decline
in the relative price of capital equipment because of “equipment-specific technological
progress” (ESTP).3 In an influential paper, Krusell et al. (2000) found that, with a plau-
sible difference in the elasticities of substitution between capital equipment and skilled
versus unskilled labor that supports capital-skill complementarity, the rising skill pre-
mium since the early 1980s can be explained well by the secular cheapening of capital
equipment associated with ESTP. Their finding holds even though there was a substan-
tial increase in the relative supply of college graduates during the sample period they
studied.

Despite the success of Krusell et al. (2000) in explaining the rising skill premium, no
one has looked at the policy consequences of the rise. Building on the work of Krusell
et al. (2000), this paper quantitatively characterizes the dynamics of optimal taxation in
response.

There is a large body of literature investigating how a government should set taxes on
capital versus labor.4 Of them, the contribution of Werning (2007) is most closely related
to our paper. Rather than use the representative-household framework that abstracts
from income inequality and is typical in the literature, he explicitly modeled distribu-
tional concerns by envisioning a heterogeneous-household economy. Werning (2007)
emphasized that the need for the imposition of distorting taxes naturally arises from the
trade-off between redistribution and efficiency in the heterogeneous-household frame-
work.

Households in our economy are either skilled or unskilled. As such, it might appear
that our model is just a special case of the one considered by Werning (2007). However,
there is a difference: while all types of labor are equally complementary to capital equip-
ment in the standard neoclassical production model in Werning (2007), skilled labor is
more complementary to capital equipment than unskilled labor in our setting. This dif-
ference is of critical importance in light of the Krusell et al. (2000) finding that capital-
skill complementarity plays a key role in explaining the rising skill premium. Indeed, our
policy prescriptions deviate significantly from those prescribed by Werning (2007).

Werning (2007) adopted both the Ramsey (1927) and the Mirrlees (1971) approach to
optimal taxation. When instantaneous household preferences are separable and isoelas-
tic, Werning (2007, Proposition 2 for Ramsey taxation and Proposition 6 for Mirrleesian
taxation) prescribed (i) a zero capital tax rate with no intertemporal distortion, except

2 The idea builds on the work of Griliches (1969), which suggests that capital and skill are intrinsically
complementary.

3 We will provide details on the time series of ESTP later.
4 See Ljungqvist and Sargent (2018, chapter 16) for a literature review.
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for the initial period; and (ii) perfect labor tax smoothing across time and states. These
policy prescriptions are aligned with the classical results that capital should go untaxed
(Chamley (1986); Judd (1985)) and that intratemporal distortions on labor should be
smoothed over time and states (Barro (1979); Lucas and Stokey (1983)).5

We adopt both the Ramsey and the Mirrlees approach as Werning (2007) did. Two
main results emerge, regardless of the Ramsey or the Mirrlees approach. First, a tax on
capital equipment corrects the “pecuniary externalities” caused by ESTP. The correction
prescribes a downward or an upward adjustment of tax rates, depending on whether
ESTP takes place at an accelerated or a decelerated pace over time. Second, both Ramsey
and Mirrlees approaches prescribe an increasing marginal tax rate on labor income over
time. Both results are in sharp contrast to those of Werning (2007).

The intuition for the dynamic pattern of optimal capital tax rates is as follows. As
the extent to which ESTP obsoletes the old capital equipment accelerates (decelerates),
the interest rate in competitive equilibrium will become higher (lower) to compensate
for the loss (reckon in the gain). To internalize a given level of the pecuniary external-
ities caused by ESTP, the imposed capital tax rate, which serves as an ad valorem tax
on the interest rate, should then be adjusted downward (upward) accordingly. As to the
dynamic pattern of optimal labor tax rates, the Ramsey solution is to remedy the wors-
ening distribution as a result of secular ESTP, while the Mirrlees solution is to meet or
relax the incentive compatibility constraints.

Interestingly, we find that the prescribed pattern of optimal taxation resembles the
empirical decline in capital taxes and the increase in labor taxes in U.S. taxes. In par-
ticular, despite the significant rise in the skill premium, the welfare gains of tax reform
toward optimal Ramsey taxes are modest and small.

Related work
Flug and Hercowitz (2000) provided evidence for capital-skill complementarity in

production for a large panel of countries and investigated its effects on the relative wage
and employment of skilled labor. Hornstein et al. (2005) and Quadrini and Ríos-Rull
(2015) reviewed the literature on the effects of technical change on labor market in-
equalities. In their reviews, the work of Krusell et al. (2000) features significantly. The
sample of Krusell et al. (2000) covers the 1963-1992 period. Maliar et al. (2020) extended
the sample period to 2017, finding that the capital-skill complementarity framework re-
mains remarkably successful in explaining the data. Costinot and Werning (2018) stud-
ied optimal technology regulation in a static environment. Among other things, they
asked the question of whether taxes imposed on the use of new technologies should be
raised or cut as the process of automation deepens and inequality increases. We relate
our findings to theirs in the paper.

Although there is a large body of literature on capital-skill complementarity, to our
knowledge, Jones et al. (1997), Slavík and Yazici (2014), and Angelopoulos et al. (2015) are
the only three papers addressing the normative issue of optimal taxation in the presence
of capital-skill complementarity.6

5 See also Zhu (1992) and Chari et al. (1994).
6He and Liu (2008) and Angelopoulos et al. (2014) addressed the quantitative effects of some hypothetical

tax-policy changes with capital-skill complementarity.
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Jones et al. (1997) used capital-skill complementarity as an example to highlight a
point: if two types of labor, skilled and unskilled, must be taxed at the same rate, the
startling finding by Chamley (1986) and Judd (1985) that capital should go untaxed in
the steady state may no longer hold when there is capital-skill complementarity. As-
suming that labor’s being skilled or unskilled is observable in a big family, Angelopoulos
et al. (2015) studied tax smoothing in a business cycle model with capital-skill comple-
mentarity and endogenous skill formation. Both Jones et al. (1997) and Angelopoulos
et al. (2015) studied their problems using the representative-household framework, and
thereby both abstract from the redistributive role of taxation. By contrast, our study is in
the context of rising wage inequality between skilled and unskilled workers.

Slavík and Yazici (2014) adopted the Mirrlees approach to taxation and basically
adopted the same capital-skill complementarity form of production as suggested by
Krusell et al. (2000). Their focus was on the differential taxation of capital income based
on capital type, finding that capital equipment should be taxed at a higher rate than cap-
ital structures. This result violates the prescription of the classical work of Diamond and
Mirrlees (1971) that tax systems should maintain production efficiency. We introduce
ESTP, which is absent in Slavík and Yazici (2014). Moreover, we consider the Ramsey as
well as the Mirrlees approach to optimal taxation.

The rest of the paper is organized as follows. Section 2 introduces the benchmark
model. Sections 3-4 address the Ramsey approach, while Sections 5-6 address the Mir-
rlees approach. Section 7 considers an extension of the benchmark model, and Section
8 concludes.

2. BENCHMARK MODEL

We consider a dynamic economy based on the work of Werning (2007). The main depar-
tures are (i) the production technology is not of the standard neoclassical type but takes
the form of empirically plausible capital-skill complementarity as suggested by Krusell
et al. (2000), and (ii) there are no stochastic aggregate shocks; instead, the economy faces
variation in the relative price of capital equipment because of ESTP. To simplify the ex-
position and to abstract from complication, it is assumed that people are endowed with
perfect foresight regarding ESTP.

We first consider the Ramsey approach to taxation in Section 3-4 and turn to the
Mirrlees approach in Sections 5-6.7 Time is discrete and the horizon is infinite, indexed
by t = 0,1,2, ... The economy consists of heterogeneous households, a representative
firm, and the government. We describe each of them in turn.

2.1 Households

Households are divided into two types: the skilled (s) and the unskilled (u). We assume
that types are permanently fixed and that both types have the size of unit measure. We
also assume that the labor productivity of the skilled and that of the unskilled are both

7 See Golosov et al. (2007) and Kocherlakota (2010, p.3) for discussions on the differences between the
Mirrlees and the Ramsey.
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equal to unity. Thus, the difference between the skilled and the unskilled in the bench-
mark model is driven solely by whether they are complementary to or substitutable for
capital equipment. We relax these assumptions in the extension.

All households share the same preferences and their lifetime utility equals

V (i) =
∞∑
t=0

βtU (cit,1− nit) , i ∈ {s,u}, (1)

where β ∈ (0,1) is the discount factor, cit consumption, and nit “raw” labor supply
(hours worked). The period utility function U(.) is weakly concave and continuously
twice differentiable with the properties of Uc ≥ 0, Ucc ≥ 0, Un ≤ 0, Unn ≤ 0, and Ucn = 0.

Households own capital and rent it to the representative firm for its use. Capital struc-
tures and capital equipment owned by type i households are kist and kiet, and their laws
of motion are governed by

kist+1 = (1− δs)kist + Iist, given kis0 (2)

kiet+1 = (1− δe)kiet + qtIiet, given kie0, (3)

where δs and δe are the depreciation rates for structures and equipment; Iist and Iiet
are the structures investment and equipment investment at time t. The key difference
between capital structures and capital equipment lies in the presence of the variable
qt in the law of motion of capital equipment. Following the literature, we interpret the
variable qt in (3) as ESTP that enhances the productivity of newlyformed capital equip-
ment relative to prior vintages of capital equipment. Its inverse, 1/qt, then represents
the relative price of capital equipment; see Hornstein et al. (2005).

Households have the following flow budget constraint ∀t:

cit + Iist + Iiet + bit+1 =witnit + rstkist + retkiet + (1 + rbt) bit −=t(.), i ∈ {s,u}, (4)

where bit is the risk-free, one-period noncontingent government bonds held by type i
households and rbt is their rate of return (bi0 is given); rst and ret denote the pre-tax
rental rates of capital structures and equipment, wit the pre-tax wage rate received by
type i households, and =t(.) is the tax function imposed by the government.

In line with the Ramsey approach and following Werning (2007), we specify =t(.) a
priori with

=t(.) = τKst (rst − δs)kist + τKet

(
ret −

δe
qt

)
kiet + τLtwitnit − Tt,

where τKst and τKet are the (effective) flat tax rates imposed on structures and equip-
ment capital income at time t, and (τLt, Tt) is the linear tax schedule imposed on labor
income at time t.8 Following Slavík and Yazici (2014), we allow for the possibility that

8The price of capital equipment goes down over time, so we implicitly assume that there is no tax deduc-
tion for negative capital gains.
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τKst 6= τKet. As documented by Gravelle (2011), Slavík and Yazici (2014), and CBO (2014),
the effective marginal tax rates on returns to capital assets in the U.S. tax code vary
considerably depending on the capital type. These tax differentials are created mainly
through tax depreciation allowances that differ from true economic depreciation.

Using (2)-(3) and the specification of =t(.) above, one can rewrite (4) as

cit + kist+1 +
kiet+1

qt
+ bit+1 = (1− τLt)witnit + [1 + (1− τKst) (rst − δs)]kist (5)

+

[
1

qt
+ (1− τKet)

(
ret −

δe
qt

)]
kiet + (1 + rbt) bit + Tt,

which would reduce to the familiar household flow budget constraint if qt ≡ 1; namely,
if ESTP were absent.

Given bi0, kis0, and kie0, the household problem is to choose {cit, nit, kist+1, kiet+1,

bit+1} to maximize the lifetime utility (1), subject to the laws of motion (2)-(3) and a
sequence of budget constraints (5). The resulting FOCs (first-order conditions) are given
by

−Un,t(i) = Uc,t(i)(1− τLt)wit, (6a)

Uc,t(i) = βUc,t+1(i) [1 + (1− τKst+1) (rst+1 − δs)] , (6b)

Uc,t(i) = βUc,t+1(i)

[
qt
qt+1

+ qt (1− τKet+1)

(
ret+1 −

δe
qt+1

)]
, (6c)

Uc,t(i) = βUc,t+1(i)[1 + rbt+1], (6d)

where Uc,t(i)≡ ∂U(cit,1− nit)/∂cit, and Un,t(i)≡ ∂U(cit,1− nit)/∂nit. These FOCs de-
scribe the type i household’s optimal behavior in the face of factor prices {rbt, rst, ret,
wst,wut} and tax policy {τLt, τKst, τKet, Tt} . From the perspective of households, capi-
tal and government bonds are perfect substitutes. Thus, the no-arbitrage condition im-
plies that the post-tax returns of capital given in (6b)-(6c) and the return on government
bonds given in (6d) must be equal to each other in equilibrium. That is,

1 + (1− τKst+1) (rst+1 − δs) =
qt
qt+1

+ qt (1− τKet+1)

(
ret+1 −

δe
qt+1

)
= 1 + rbt+1.

Let us define the period 0 price of consumption at time t as:

pt =

t∏
s=1

1

(1 + rbs)
.

We normalize p0 = 1. Imposing the no-Ponzi scheme, we can solve the flow budget con-
straint forward and obtain a household’s lifetime budget constraint:

∞∑
t=0

pt [cit − (1− τLt)witnit] =Ai0 + T, (7)
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where Ai0 = [1 + (1− τKs0) (rst− δs)]kis0 +
[

1
q0

+ (1− τKe0) (r0 − δe
q0

)
]
kie0 + bi0 denotes

the initial wealth held by the type i household at time 0, and T =
∑∞
t=0 ptTt is the present

value of the lump-sum transfers {Tt} as defined in Werning (2007).

2.2 Firms

There is a representative firm producing the final good with a production function taking
the following form at time t:

Yt = F (Kst, Ket, Nst, Nut) =Kα
st

[
µNσ

ut + (1− µ)
[
λKρ

et + (1− λ)Nρ
st

]σ
ρ

] 1−α
σ
, (8)

where Yt denotes output, Kst capital structures, Ket capital equipment, Nst the skilled
labor input, and Nut the unskilled labor input, with σ,ρ < 1. All of these terms are aggre-
gate variables, with Nst = nst, Nut = nut, Kst =

∑
i∈{s,u} kist, and Ket =

∑
i∈{s,u} kiet

in the benchmark model. This four-factor production function is the same as that in
Krusell et al. (2000). A key feature of this production function is that it allows for differ-
ent elasticities of substitution between capital equipment and the two types of labor.
In particular, the elasticity of substitution between capital equipment and unskilled la-
bor equals 1/(1− σ), while the elasticity of substitution between capital equipment and
skilled labor equals 1/(1− ρ). The so-called capital-skill complementarity arises if σ > ρ.

All markets are competitive, and we let the final good be the numéraire. Subject to
the production technology (8), the representative firm maximizes its profit

Πt = Yt −wstNst −wutNut − rstKst − retKet, (9)

where wst, wut, rst, and ret are the factor prices for Nst, Nut, Kst, and Ket, respectively.
The FOCs for the representative firm are given by ∂Y

∂Ks
= rs, ∂Y

∂Ke
= re, ∂Y

∂Ns
=ws, and

∂Y
∂Nu

=wu. The skill premium in the benchmark model is defined as

ξ ≡ ws
wu

=
(1− µ)(1− λ)

µ

[
λ

(
Ke
Ns

)ρ
+ (1− λ)

]σ−ρ
ρ
(
Nu
Ns

)1−σ
. (10)

Using ln(1 + y)≈ y, one can express the skill premium defined in (10) as

ln ξ ≈ λ
(
σ− ρ
ρ

)(
Ke
Ns

)ρ
+ (1− σ) ln

(
Nu
Ns

)
+ constant. (11)

Note that ∂ξ
∂Ks

= 0 since the skill premium as defined in (10) does not depend on capital

structures directly. Note also that ∂ξ
∂Ke

> 0 because of the feature of capital-skill com-

plementarity with σ > ρ ( ∂ξ
∂Ke

= 0 would hold if σ = ρ). Krusell et al. (2000) called the
first component of (11) the “capital-skill complementarity effect” and the second com-
ponent the “relative quantity effect.” The first effect indicates that, given σ > ρ, faster
growth in capital equipment relative to skilled labor input will raise the skill premium,
as it increases the relative demand for skilled labor. The second effect indicates that,

http://qeconomics.org
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given σ < 1, faster growth in skilled relative to unskilled labor input will reduce the skill
premium as it increases the relative supply of skilled labor.

2.3 Government

The government is required to finance an exogenous stream of government expendi-
tures {Gt}, obey its budget constraints, and fully commit to its fiscal policy (taxes im-
posed and debts issued), given the initial government bond B0 = bs0 + bu0.

The government flow budget constraint is given by

Gt + 2Tt + (1 + rbt)Bt =

[
τLt(wstNst +wutNut) +Bt+1

τKst(rst − δs)Kst + τKet

(
ret − δe

qt

)
Ket

]
,∀t, (12)

where Bt+1 is the amount of risk-free one-period noncontingent government bonds is-
sued at time t. Note that we have 2Tt rather than Tt in (12). This is because both types of
households have the size of unit measure in our setup. We impose the no-Ponzi scheme
on the government so that government debt must be fully repaid by future primal sur-
pluses (taxes collected net of government expenditures).

We can sum the budget constraints of both types of households and the government
to obtain the aggregate resource constraint at time t for the economy:

Yt =Ct + Ist + Iet +Gt, (13)

where Ct =
∑
i∈{s,u} cit, Ist =

∑
i∈{s,u} Iist, and Iet =

∑
i∈{s,u} Iiet.

The definition of a competitive equilibrium for our model is standard. This com-
pletes the description of the benchmark model.

3. RAMSEY PROBLEM

We formulate the Ramsey problem in this section.
Different government policies result in different competitive equilibria. Given B0

with {bi0}i∈{s,u} and (Ks0,Ke0) with {kis0, kie0}i∈{s,u}, the Ramsey problem is to
choose a competitive equilibrium to maximize the following social welfare function:

SWF =
∑

i∈{s,u}
ψiV (i), (14)

where V (i) is given by (1), and ψi ≥ 0 with i ∈ {s,u} are the Pareto weights. Note that
ψs = ψu if the planner obeys the utilitarian criterion.

We adopt the primal approach to the Ramsey problem. In particular, we follow Wern-
ing (2007), who extended the primal approach of Lucas and Stokey (1983) from the
representative-agent to the heterogeneous-agent framework.

Werning (2007) observed that inefficiencies in consumption and labor supply due
to distorting linear taxation are all confined to the determination of their aggregates,
which are represented by {Ct, nst, nut} with nst =Nst and nut =Nut in our benchmark

http://qeconomics.org
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model. Following Werning (2007), consider a fictitious representative agent with utility
Uf (Ct, nst, nut;ϕ) which solves the static subproblem:

Uf (Ct, nst, nut;ϕ) = max
cst,cut

∑
i∈{s,u}

ϕiU(cit,1− nit), subject to
∑

i∈{s,u}
cit =Ct,

where ϕ=
{
ϕi
}
i={s,u} with

∑
i∈{s,u}ϕ

i = 1 are “market” weights. Let the solution of this

static subproblem be

c∗it = cit (Ct,ϕ) , i= {s,u},

where household consumption is expressed as a function of aggregate consumption Ct
and market weights ϕ. Note that c∗it is independent of (nst, nut) because Ucn = 0 by as-
sumption.

The envelope condition for the above static subproblem gives

UfCt = ϕiUc,t(i), U
f
n,t(i) =−ϕiUn,t(i), i= {s,u}, (15)

where UfCt ≡ ∂U
f/∂Ct, and Ufn,t(i)≡ ∂Uf/∂nit. Using (15) and (6a)-(6c), we then have

−Ufn,t(i)

UfCt

= (1− τLt)wit, i= {s,u}, (16)

UfCt

βUfCt+1

= [1 + (1− τKst+1) (rst+1 − δs)]

=

[
qt
qt+1

+ qt (1− τKet+1)

(
ret+1 −

δe
qt+1

)]
. (17)

Utilizing the results from the fictitious representative-agent problem, we derive the
implementability conditions from the household’s lifetime budget constraint (7):

∞∑
t=0

βt
[
UfCtc

∗
it +Ufn,t(i)n

∗
it

]
= UfC0

(Ai0 + T ) , i ∈ {s,u}. (18)

Given Uf = Uf (Ct, nst, nut;ϕ) and c∗it = cit (Ct,ϕ), we have expressed the imple-
mentability conditions in terms of aggregate allocation {Ct, nst, nut} and market weights
ϕ, similar to those in Werning (2007).

Becausewst =wut need not hold in our model, we also need to impose the following
restriction in the formulation of the Ramsey problem:

Un,t(s)

Uc,t(s)wst
=

Un,t(u)

Uc,t(u)wut
,∀t, (19)

which guarantees that both the skilled and unskilled households face the same labor
marginal tax rate at any point in time according to (6a). Using (15), the restriction (19)
can be expressed as

Ufn,t(s)

UfCtwst
=
Ufn,t(u)

UfCtwut
,∀t,

http://qeconomics.org
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which leads to

log
Ufn,t(s)

Ufn,t(u)
− log ξt = 0,∀t, (20)

where ξ =ws/wu is the skill premium as given by (10).
Let Ψ = {Ψs,Ψu} , {βtΓt}, and {βtΥt} denote, respectively, the Lagrange multipliers

on the implementability conditions (18), the resource constraints (13), and the restric-
tion (20). Given initial capital structures Ks0 and capital equipment Ke0, initial bond
B0, the distributions of their holdings between the skilled and the unskilled, and initial
capital tax rates τKs0 and τKe0,9 forming the Lagrangian for the Ramsey problem gives

L= max
{Ct,ϕ,nst,nut,Kst+1,Ket+1,T}

∞∑
t=0

βtW (Ct, nst, nut,ϕ)

+

∞∑
t=0

βtΓt

[
F (Kst,Ket,Nst,Nut) + (1−δe)

qt
Ket − Ket+1

qt

+ (1− δs)Kst −Kst+1 −Ct −Gt

]

+

∞∑
t=0

βtΥt

[
log

Ufn,t(s)

Ufn,t(u)
− log ξt

]

−UfC0

∑
i∈{s,u}

Ψi (Ai0 + T ) ,

where the pseudo-utility function W (.) is defined by

W (Ct, nst, nut,ϕ) =
∑

i∈{s,u}

{
ψiU(c∗it,1− n∗it) + Ψi

[
UfCtc

∗
it +Ufn,t(i)n

∗
it

]}
.

Let WCt ≡ ∂W/∂Ct and Wn,t(i) ≡ ∂W/∂nit with i = {s,u}. The resulting FOCs of the
Ramsey problem for t≥ 1 are10

WCt = Γt, (21)

−Wn,t(s) = Γtwst +
Υt
nst

(
(∂Ufn,t(s)/∂nst)nst

Ufn,t(s)
− nst

ξt

∂ξt
∂nst

)
, (22)

−Wn,t(u) = Γtwut −
Υt
nut

(
(∂Ufn,t(u)/∂nut)nut

Ufn,t(u)
+
nut
ξt

∂ξt
∂nut

)
, (23)

9 The initial capital tax rates, τKs0 and τKe0, should be a choice variable for the Ramsey planner. Wern-
ing (2007) allowed for unrestricted wealth taxation, showing that, at the optimum, the planner will im-
plement a confiscatory rate for both τKs0 and τKe0 to confiscate all capital of households (and will also
confiscate all bond holdings of households). This outcome seems extreme and unrealistic in the real world.
We follow the standard practice in the literature to restrict the planner’s ability to choose initial capital tax
rates in the Ramsey problem. Specifically, we let both τKs0 and τKe0 correspond to the U.S. capital tax rate
in the initial steady state in our quantitative study.

10 It is known that the FOCs for t = 0 differ from those for t ≥ 1 in the Ramsey problem. The FOC with
respect to ϕ is not reported here but is used in our numerical analysis.
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Γt
qt

= β

[
Γt+1

(
ret+1 +

1− δe
qt+1

)
−Υt+1

(
1

ξt+1

∂ξt+1

∂Ket+1

)]
, (24)

Γt = βΓt+1 (rst+1 + 1− δs) , (25)∑
i∈{s,u}

Ψi = 0, (26)

where the form of the last FOC with respect to T is qualitatively the same as equation
(17) derived by Werning (2007). Together with the implementability conditions (18), the
resource constraints (13) and the restriction (20), the FOCs of the Ramsey problem char-
acterize the optimal allocation of the competitive equilibrium under the optimal fiscal
policy {τLt, τKst+1, τKet+1, T,Bt}. Note that the planner chooses T =

∑∞
t=0 ptTt rather

than the sequence {Tt} in the Ramsey problem. As pointed out by Werning (2007), this
makes the mix between {Tt} and {Bt} to smooth taxation become indeterminate at the
optimum. In view of this indetermination, we shall focus on the characterization of op-
timal tax rates {τLt, τKst+1, τKet+1}.

The optimal intertemporal condition for capital structures (25) is standard and iden-
tical to that in the laissez faire competitive equilibrium. This immediately implies that
saving decisions on capital structures should not be distorted. The nature of capital
structures in our model is not different from that of capital in Werning (2007); in par-
ticular, there is no capital-skill complementarity. Werning (2007) prescribed that capital
should go untaxed in his setting. It thus comes as no surprise that capital structures
should go untaxed in our setting. Given the secular ESTP and capital-skill complemen-
tarity between capital equipment and skilled labor, we confine our analysis to the taxa-
tion of income from capital equipment and labor.

In the next section, we first quantitatively characterize the dynamics of Ramsey tax-
ation resulting from the optimal allocation and then consider a simplified model to ex-
plain the mechanism underlying the quantitative results.

4. DYNAMICS OF RAMSEY TAXATION

This section quantitatively characterizes the dynamics of Ramsey taxation in the face of
ESTP {qt}. The optimal solution we obtain maximizes social welfare along the transition
between the initial steady state and an endogenously determined final steady state. Note
that a balanced growth path does not exist with the production function suggested by
Krusell et al. (2000) if ESTP {qt} exhibits a trend; see He and Liu (2008). Therefore, the
typical solution methods that involve log-linearizing around a balanced growth path are
not applicable to our model. We instead compute the transitional dynamics from the
initial steady state to the new steady state by adopting a nonlinear solution method.

It is important to recognize that the quantitative results of the benchmark model
are not for the purpose of matching with the data, but for the purpose of illustrating
the underlying mechanism of our model. As for the matching with the data, only the
quantitative results of the extended model should be taken seriously.
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Figure 1.: Price of capital equipment relative to consumption, 1963-2016

Note: index 2009=1, seasonally adjusted, quarterly data.
Source: Federal Reserve Bank Economic Data (FRED), series PERIC, 1963-2016.

4.1 Calibration

First, we briefly describe the time-series data: ESTP {qt}. Gordon (1990) is the seminal
work on measuring ESTP. DiCecio (2009) constructed the relative price of capital equip-
ment by chainweighting the deflator for equipment and software from NIPA. DiCecio’s
(2009) data sequence is updated in the Federal Reserve Economic Data (FRED) and is
shown in Figure 1. The time series on ESTP {qt} are simply the reciprocal of the time
series in the figure. It is seen that 1/qt has been falling and hence qt has been increasing
constantly since the 1960s.

To obtain qt beyond the data shown in Figure 1, we first compute the average growth
rate of qt from 2010 to 2016 and let it serve as the growth rate of qt from 2016 to 2017.
We then follow He and Liu’s (2008) method by assuming that the growth rates of {qt}
after 2016 slow down linearly to zero from 2017 to 2047, reaching a steady state at 2047,
and then remain constant from 2047 to 2142. In this way, we construct a time series
sequence of {qt} for a length of 180 years consisting of 54 years of data (1963-2016) from
FRED and 126 years of artificial data (2017-2142) with 2047 to 2142 being the new steady
state. Given the availability of relevant data and the fact that the qt series are relatively
stationary before 1963, we choose the year 1963 as our initial steady state so as to line
up with the skill premium data shown later. We normalize qt=1963 ≡ q0 = 1.

To compute the transition dynamics in response to ESTP {qt}, we calibrate the
model parameters to match some key features of the U.S. economy. We take one period
in the model to be one calendar year in the data. The details are as follows.

Most parameter values of production are taken directly from Krusell et al. (2000).
Therefore, we set α = 0.117, σ = 0.401, and ρ=−0.495, so that the elasticity of substitu-
tion between capital and skilled labor is about 1

1−ρ ≈ 0.67, while that between capital
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and unskilled labor is about 1
1−σ ≈ 1.67. The depreciation rates of structures and equip-

ment are set as δs = 0.05 and δe = 0.125.
For the preferences on the household side, we specify the period utility function U(.)

in (1) to be

U (c,1− n) = u(c) + v(1− n) =
c1−γc

1− γc
+ χ

(1− n)1−γn

1− γn
. (27)

This form of separable isoelastic preferences is common in the literature, and it also
facilitates direct comparison with the results in Werning (2007). We set γc and γn to be
1.5 and 3, respectively, and the discount factor β to be 0.98. These are standard in the
literature.

Using national account statistics as a primary source, McDaniel (2007) calculated
series of average tax rates on labor income and capital income for 15 OECD countries
for the period 1950-2003.11 Since the year 1963 serves as our initial steady state, we sim-
ply let McDaniel’s (2007) calculated tax rates in 1963 be the initial U.S. tax rates. As to
the ratio of government expenditures to GDP, we set it to 17.5%, which is the average
between 1963 and 2017 from the Bureau of Economic Analysis’s National Income and
Product Accounts (NIPA) tables. We stick to this ratio throughout the period we study.

There are three parameters that remain to be calibrated, which are µ, λ, and χ. Pa-
rameters µ and λ are related to the production function (8), and χ is the relative weight
between consumption and leisure in the utility function (27). We calibrate the values of
these parameters to match the following three moment conditions of the U.S. economy
in 1963 (the initial steady state):

1. The skill premium ξ, when defined as the average annual wage of college graduates
relative to that of high-school graduates, equals 1.474 (Autor, 2014).

2. The average income share of capital, which includes both capital structures and
capital equipment, i.e., rKY , is around 0.3 in 1963 (OECD.Stat).

3. The ratio of consumption to GDP in 1963 is equal to 0.6 (NIPA).

We also consider the other moment conditions of the U.S. economy in 1963:

1. The capital-output ratio, KY , is about 2.69 (NIPA).

2. The ratio of gross domestic investment to GDP in 1963 is equal to 0.162 (NIPA).

3. The ratio of structure investment to equipment investment in 1963 is equal to 0.486

(NIPA).

As can be seen from Table 1, the above match does fairly well on these three addi-
tional moment conditions.

Finally, we need to specify the distribution of capital between skilled and unskilled
workers in the initial steady state. We match it to the fraction of the unskilled’s wealth in
the total wealth. Since the data on this ratio are available only from 1989 on, we simply

11 The tax series have been updated to 2013 by McDaniel.
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use the 1989 datum, which is equal to 0.57.12 Although admittedly unsatisfactory, it is
the earliest datum we can find with regard to this ratio.

Table 2 summarizes all of our parameter values. The resulting steady-state capital
structures and capital equipment in competitive equilibrium will serve as the initial one
for our dynamic economy.

Table 1.: Initial moment conditions

Target Model Data

Skill premium 1.474 1.474
Capital income share 0.3 0.3
Consumption-output ratio 0.6 0.6
Capital-output ratio 2.64 2.69
Gross investment-output ratio 0.221 0.162
Ratio of investment structure to equipment 0.485 0.486

Table 2.: Parameter values

Parameters Symbol Value

Parameter values set
Discount factor β 0.98

Elasticity of intertemporal substitution 1/γc 0.67

Elasticity of leisure 1/γn 0.33

Elasticity of substitution, Nu and Ke 1/(1−σ) 1.67

Elasticity of substitution, Ns and Ke 1/(1−ρ) 0.67

Depreciation rate of Ks δs 0.05

Depreciation rate of Ke δe 0.125

Capital tax rate τK0 0.341
Labor tax rate τL0 0.142
Income share of Ks α 0.117

Government expenditure to GDP ratio G/Y 0.175

Parameter values calibrated
Income share of Nu µ 0.333

Income share of Ke λ 0.348

Utility weight of leisure χ 2.53

On the basis of the calibrated parameters and the time-series data of ESTP {qt},
we compute the transitional dynamics of optimal taxation using a nonlinear solution

12 The data are from the U.S. Census Bureau, Asset ownership of households.
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method in the spirit of Conesa and Krueger (1999) and He and Liu (2008). The details of
the method are relegated to Online Appendix A.

4.2 Quantitative results

Given qt at a point in time, we obtain τKet+1 > 0 and τLt > 0 at the optimum; see Figure
2. Our central question is this: how will this optimal tax structure at a point in time vary
over time in response to increasing qt?

Figure 2 reports the dynamics of the optimal tax rate on equipment capital income,
τKet+1, and that of the optimal marginal tax rate on labor income, τLt, for ψu/ψs = 1,2

and 5.13 Two features stand out. First, optimal {τKet+1} basically displays a declining
trend over time before 1999; however, this declining trend is reversed and turns into an
increasing trend over time after 1999.14 Second, optimal {τLt} displays an increasing
trend over time all the way.

Let ∆qt+1 = qt+1 − qt. The left panel of Figure 3 plots the trajectories of {∆qt+1
qt
}

and optimal {τKet+1} as ψu/ψs = 1. The right panel of Figure 3 shows the smoothed-
curve representation of the trajectories after applying the Hodrick-Prescott filter. Taken
together, the figure shows that, after the oil crisis of 1973-74,15 while optimal {τKet+1}
are adjusted downward as ESTP takes place at an accelerated pace (i.e., ∆qt+1

qt
is increas-

ing over time before 1999), they are adjusted upward as ESTP takes place at a decelerated
pace (i.e., ∆qt+1

qt
is decreasing over time after 1999). This salient characteristic of optimal

{τKet+1} remains robust with variation in Pareto weights ψu/ψs ≥ 1.
When qt is fixed, there is no ESTP. The problem facing the planner is simply with re-

gard to how to divide a fixed “pie” (associated with a fixed qt) between the skilled and
the unskilled. However, as qt is increasing over time, ESTP takes place constantly. Then,
the problem facing the planner is not only about how to divide a fixed “pie” but also
about how to exploit the improved technology to make the “pie” bigger. The planner can
choose either to lean against ESTP by raising τKet+1 or to lean toward ESTP by lowering
τKet+1. Our quantitative finding is that technology wins out and the planner adopts the
leaning-toward policy if ESTP takes place at an accelerated pace, while technology loses
out and the planner adopts the leaning-against policy if ESTP takes place at a deceler-
ated pace.

In a recent paper, Costinot and Werning (2018) studied optimal technology regula-
tion. Among other things, they conducted a comparative statics in a simple economy

13 Figure 2 shows that, given qt at a point in time, both τKet+1 and τLt become higher in general as
ψu/ψs increases. This outcome is intuitive. As the Pareto weight of the unskilled gets larger relative to that
of the skilled, Ramsey taxation prescribes both a higher τKet+1 to have a lower skill premium and a higher
τLt to achieve a larger redistribution.

14 The huge spike of τKet+1 shown in Figure 2 is due to a dramatic change in qt during the oil crisis of
1973-74; see Figure 1.

15The dramatic change in qt during the oil crisis of 1973-74 causes the filtered {qt} in Figure 3 to decline
rather than rise before the oil crisis. This in turn causes the filtered {τKet+1} in Figure 3 to rise rather than
decline before the oil crisis. However, the opposite pattern will arise before the oil crisis once we use the
filtered {qt} instead of the actual {qt}. As such, our illustration of Figure 3 focuses on the period after the
oil crisis.
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Figure 2.: Ramsey taxation
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Figure 3.: Capital tax rates on equipment and pace of ESTP

to address the following question: if improvements in new technologies make the econ-
omy’s inequality worse, should taxes imposed on the use of these improved technologies
be raised or cut? They showed that while distributional concerns create a rationale for
positive taxes on new technologies, the magnitude of these taxes may decrease rather
than increase as the process of automation deepens and inequality increases. Our find-
ing is consistent with their result, in that the planner may lower τKet+1 to lean toward
ESTP.

In the setting where the relative wages between different households are fixed and
unchanged over time, Werning (2007) explained his finding of perfect labor tax smooth-
ing as follows (p. 927): “With heterogeneous workers and a lump-sum tax, it is distri-
butional concerns that determine the optimal tax rate. Since the desired level of redis-
tribution is pinned down by the constant distribution of relative skills across workers,
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a constant tax rate is optimal.” On the basis of this explanation, one would expect the
emergence of perfect labor tax smoothing in our setting as well. This is logical because,
like that in Werning (2007), the distribution of relative skill across workers is perma-
nently fixed and so remains constant over time in our setting. However, contrary to the
expectation, we find that optimal τLt is increasing over time. Why?

Because of capital-skill complementarity, the relative wage between the skilled and
the unskilled (i.e., the skill premium) is increasing over time as a result of ESTP in our set-
ting. Put differently, in terms of relative wages, the distribution between different house-
holds remains the same over time in the setting of Werning (2007), whereas the distri-
bution between the skilled and the unskilled is worsening over time in our setting. This
very difference explains why optimal τLt remains constant over time in Werning (2007),
whereas optimal τLt is increasing over time in our setting: the planner implements an
increasing marginal tax rate τLt over time to remedy the worsening distribution as a re-
sult of secular ESTP, and this increasing τLt arises despite the distribution of relative skill
across workers, as in Werning (2007), being permanently fixed in our setting.

4.3 What if there is a different σ?

How robust are the results shown in Figure 2? The production technology given by (8)
features capital-skill complementarity if σ > ρ. The difference between σ and ρ is the key
driver of our quantitative analysis. It is intuitive that the higher is the value of σ above ρ,
the higher will be the degree of capital-skill complementarity in production.

Here we fix ρ=−0.495 as in our calibration but vary σ between σ = ρ and σ = 1 (re-
call σ = 0.401 in our calibration). According to (11), the “capital-skill complementarity
effect” (the first component of ln ξ) will vanish if σ = ρ, whereas the “relative quantity ef-
fect” (the second component of ln ξ) will vanish if σ = 1. We vary the value of σ between
the two extremes, σ = ρ and σ = 1, with the objective of checking the robustness of the
pattern of Ramsey taxation in the face of ESTP as shown in Figure 4.

Figure 4 reports our finding with ψu/ψs = 1. It is seen that, except for the extreme
case where σ = ρ=−0.495 so that capital-skill complementarity vanishes, the pattern of
Ramsey taxation shown in Figure 4 basically remains the same as that shown in Figure
2.

4.4 A simplified model

This subsection analytically considers a simplified model as a complement to our quan-
titative study. We seek to explain the mechanism underlying the quantitative results.

Let α= 0, σ = 1 and ρ= 0 so that the production function (8) reduces to

Yt = µNut + (1− µ)Kλ
etN

1−λ
st .

The elasticity of substitution between capital equipment and unskilled labor equals
1/(1− σ) =∞ as σ = 1. We have

wut = µ, (28)
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Figure 4.: Ramsey taxation under different σ

wst = (1− µ)(1− λ)

(
Ket
Nst

)λ
= µξt, (29)

ξt =
wst
wut

=
(1− µ)(1− λ)

µ

(
Ket
Nst

)λ
, (30)

where the second equality of wst has invoked (30). Equation (30) shows that variation
in ξt is completely determined by variation in Ket

Nst
and there is no “relative quantity ef-

fect.”16 We also let δe = 0.
Let the period utility function take the quasilinear form: U(c,n) = c − χn

2

2 . The
household FOC (6a) gives

1− τLt = χ
Nst
wst

= χ
Nut
wut
⇒Nst =Nutξt, (31)

while the household FOC (6c) gives

1

qt
= β

[
1

qt+1
+ (1− τKet+1) ret+1

]
. (32)

Note that the household’s Euler equation (32) would reduce to the standard one (under
the quasilinear utility) if qt = qt+1 = 1; namely, if ESTP were absent.

We formulate the Ramsey problem and derive the resulting FOCs in Online Appendix
B. Given that the period utility function takes the quasilinear form, we let ψs < ψu to
create a motive for the planner’s redistribution toward the unskilled.

16 Given that the skill premium ξt is increasing over time even though Nut
Nst

is decreasing (see Figure C.1
in Online Appendix C), it is clear that the “capital-skill complementarity effect” dominates the behavior of
ξt.
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We obtain

1− τLt =
(ψs +ψu)(1 +

ξ2
t

1 + λ
)

2(ψs +
ξ2
t

1 + λ
ψu)

, (33)

which implies

∂ (1− τLt)
∂ξt

=
ξt

1 + λ

(ψs +ψu)(ψs −ψu)[
ψs +

ξ2
t

1 + λ
ψu
]2 < 0,

since ψs < ψu. This analytical result is consistent with our quantitative finding, indicat-
ing that as ξt is increasing over time as a result of secular ESTP, the planner implements
an increasing marginal tax rate τLt over time to remedy the worsening distribution be-
tween the skilled and the unskilled. Note that we would have a constant τL over time at
the optimum as in Werning (2007) if there were no capital-skill complementarity. This
would-be result arises because the skill premium ξt in (33) would remain unchanged
over time. Note also that if ψs = ψu were to hold (i.e., there were no motive for the plan-
ner’s redistribution toward the unskilled), we would have ∂(1−τLt)

∂ξt
= 0 at the optimum.

We also obtain17

1− τKet+1 =
1

1 +
xt+1

1

βqt
− 1

qt+1

, (34)

where

xt+1 =
2

ψs +ψu
Υt+1Nut+1

∂ξt+1

∂Ket+1
(35)

= (
(1− µ)(1− λ)

µ
)
1
λ
λµ

1 + λ

ψu −ψs

ξ
−1+ 1

λ
t+1 ψs +

1

1 + λ
ξ
1+ 1

λ
t+1 ψu

.

The planner’s Euler equation is given by18

1

qt
= β

[
1

qt+1
+ ret+1 − xt+1

]
. (36)

The optimal tax formula (34) is derived from the alignment of the household’s Euler
equation (32) with the planner’s.

The presence of the term xt+1 > 0 in (34) involves a feature analogous to the so-
called pecuniary externalities: there exists a positive effect of ESTP on the skill premium

17 According to (34) and (35), τKet+1 > 0 at the optimum requires both Υt+1 > 0 (the skilled and the

unskilled face the same marginal labor tax rate τLt) and ∂ξt+1

∂Ket+1
> 0 (capital-skill complementarity). This

corresponds to the result shown numerically by Jones et al. (1997).
18 It is derived from (24) under the simplified model.
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due to capital-skill complementarity (see (35)), but the households fail to internalize
this effect in their decision on the accumulation of capital equipment. This failure to
internalize results in overaccumulation of capital equipment in the laissez faire equilib-
rium.19 To correct the overaccumulation, the planner imposes τKet+1 > 0 to enforce
ret+1 > ( 1

βqt
− 1

qt+1
) in (32) and induce a higher ret+1 than the laissez faire equilib-

rium. Note that we would have τKet+1 = 0 at the optimum as in Werning (2007) if there
were no capital-skill complementarity. No capital-skill complementarity would imply
∂ξt+1
∂Ket+1

= 0, which would in turn imply the absence of “pecuniary externalities” with
xt+1 = 0 according to (35).

Given that the price for a unit of capital equipment is equal to 1
qt

at time t, the term
1
βqt
− 1
qt+1

in (34) represents the extent to which ESTP obsoletes the old capital equip-
ment. We have from (34):

τKet+1 ≈
xt+1

1

βqt
− 1

qt+1

. (37)

The alignment of the household’s Euler equation (32) with the planner’s (36) also gives

τKet+1 =
xt+1

ret+1
. (38)

The price mechanism does not fully work in the presence of externalities. To correct the
price mechanism, equation (38) shows that the planner imposes an ad valorem tax (with
tax rate τKet+1) on the price ret+1 to internalize the “pecuniary externalities” xt+1. Con-
trasting (38) with (37) reveals that the price ret+1 in our setting is basically determined
by the term 1

βqt
− 1
qt+1

, i.e., the extent to which ESTP obsoletes the old capital equipment.

In fact, in the laissez faire equilibrium with τKet+1 = 0, the equality ret+1 = 1
βqt
− 1
qt+1

holds exactly; see (32). To summarize, we have the result: as the extent to which ESTP ob-
soletes the old capital equipment increases (decreases) so as to make the price ret+1 be-
come higher (lower), the imposed ad valorem tax rate τKet+1 should be adjusted lower
(higher) in order to internalize a given level of the “pecuniary externalities” xt+1.

Note that qt+1 = qt(1+
∆qt+1
qt

) and, hence, d(
∆qt+1
qt

)/dt > 0 implies d( 1
βqt
− 1
qt+1

)/dt >

0. Thus, given xt+1, (37) prescribes that d(τKet+1)/dt < 0 if d(
∆qt+1
qt

)/dt > 0, but

d(τKet+1)/dt > 0 if d(
∆qt+1
qt

)/dt < 0. This explains our quantitative finding that τKet+1

should be adjusted downward or upward according to whether ESTP takes place at an
accelerated pace (i.e., ∆qt+1

qt
is increasing over time) or at a decelerated pace (i.e., ∆qt+1

qt
is decreasing over time).

Figure 3 shows that while increasing {∆qt+1
qt
} is associated with a significant down-

ward adjustment of optimal τKet+1, decreasing {∆qt+1
qt
} is associated with only a mod-

est upward adjustment of optimal τKet+1. The result of ∂τKet+1
∂ξt+1

< 0 at the optimum

19 See Dávila et al. (2012) for more on pecuniary externalities. Changes in the amount of aggregate sav-
ings influence the return to capital and the wage and, hence, may help or hurt the low-wealth poor in
incomplete-market economies. The paper finds that, depending on the factor composition of the income
of the low-wealth poor, over- or underaccumulation of capital can arise by the utilitarian criterion.
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(through ∂τKet+1
∂xt+1

> 0 and ∂xt+1
∂ξt+1

< 0 according to (34)-(35)) explains why this asymmetry

arises.20 As ξt is increasing over time as a result of secular ESTP, this result reinforces the
increasing {∆qt+1

qt
} on the downward adjustment of optimal τKet+1, but it offsets the de-

creasing {∆qt+1
qt
} on the upward adjustment of optimal τKet+1. Our quantitative result

shows that the direct effect of ESTP on τKet+1 via variation in 1
βqt
− 1
qt+1

dominates its
induced effect on τKet+1 via variation in xt+1.

We find that the planner employs {τKet+1} to internalize the “pecuniary external-
ities” caused by ESTP and {τLt} to remedy the worsening distribution resulting from
ESTP. However, it should be noted that the only reason there is a need to correct the
pecuniary externalities is because the planner wants to redistribute. Indeed, it is clear
from (35) that if ψu = ψs were to hold, there would be no motive for the planner’s re-
distribution toward the unskilled and we would have xt+1 = 0 and thereby τKet+1 = 0

according to (34). Note also that τKet+1 functions as an ad valorem tax is important. If
τKet+1 somehow were to function as a unit tax and be independent of changes in the
price ret+1, it is clear that optimal τKet+1 would not display the feature we have just
described.

5. MIRRLEES PROBLEM

We turn to the Mirrlees approach and formulate the Mirrlees problem in this section.
Unlike the Ramsey approach, there are no a priori restrictions placed on the tax scheme
except that taxes imposed cannot be conditioned directly on household types. As noted
by Werning (2007) and Kocherlakota (2010, p.3), this restriction ends up implying that
the planner must de facto treat households as being privately informed about their own
skills even if this may not be true. Following Mirrlees (1971) and most of the subsequent
literature, individual labor income earned, wtnt, and consumption, ct, (and so saving)
are assumed to be observable by the planner. Since household types are either skilled or
unskilled, our model is basically a dynamic extension of Stiglitz (1982) with the inclusion
of capital-skill complementarity and ESTP.21

5.1 Incentive compatibility constraints

Following the Mirrlees approach, we consider a social planner (a benevolent govern-
ment) who offers each household a contract with commitment.22 As is standard, house-
holds are assumed to have no outside opportunities available in the face of taxation.

20 It can be shown that ∂xt+1

∂ξt+1
has the same sign as ∂2ξt+1

∂K2
et+1

. Since ∂2ξt+1

∂K2
et+1

< 0 so that the law of dimin-

ishing returns applies, we have ∂xt+1

∂ξt+1
< 0.

21 In Stiglitz (1982, equation (16a)), the skill premium ξ depends on Nu
Ns

and the substitutability between

Nu andNs. Here ξ also depends on Ke
Ns

and the substitutability betweenKe andNs relative to that between
Ke and Nu (captured by ρ relative to σ); see (11).

22 As time passes, information about household types (skilled or unskilled) may be revealed. The social
planner is assumed to commit to the contract without exploiting information revelation as time passes. It is
known that the society is better off with such a commitment than without it; see, for example, Laffont and
Tirole (1988).
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Since whether households are skilled or unskilled is the private information of house-
holds, the revelation principle allows us to restrict attention to contracts with a direct
mechanism that relies on truthful reports of the households’ types. Thus, each house-
hold reports its skill type and receives an allocation {cit, nit} as a function of this re-
port such that the allocation is required to satisfy the incentive-compatibility (IC) con-
straints:

V (s)≥ V u(s), (39)

V (u)≥ V s(u), (40)

with

V u(s) =

∞∑
t=0

βtU(cut,1−
nut
ξt

),

V s(u) =

∞∑
t=0

βtU(cst,1− ξtnst),

where V j(i) with i 6= j denotes the type i household’s level of utility derived from decep-
tively mimicking the type j household. The social planner by assumption can observe
a household’s earnings but cannot tell whether the household in question is skilled or
unskilled. As a result, the minimal labor input that must be expended for the skilled (the
unskilled) to mimic the other type is equal to wutnut

wst
= nut

ξt
(resp. wstnstwut

= ξtnst), which
appears in V u(s) (resp. V s(u)).

The IC constraints characterized by (39)-(40) are key elements of the Mirrlees ap-
proach. The inequality V (s) ≥ V u(s) of (39) dictates that the skilled weakly prefer
the allocation designated for them to that for the unskilled. Likewise, the inequality
V (u)≥ V s(u) of (40) dictates that the unskilled weakly prefer the allocation designated
for them to that for the skilled. We focus on the normal case where V (s) = V u(s) and
V (u)> V s(u); namely, the skilled mimic the unskilled rather than the other way around.
We confirm numerically that the normal case holds in our study.

5.2 Constrained efficient allocation

Our numerical solutions focus on solving for constrained efficient allocations and their
implied optimal marginal tax rates. The so-called “constrained” is attributed to the pres-
ence of the IC constraints (39)-(40) relative to their absence.

Given {Ke0,Ks0}, the Mirrlees problem is to choose the allocation {cit, nit,Kst+1,Ket+1}
with i ∈ {s,u} so as to maximize an SWF defined in (14), subject to the resource con-
straints (13) and the IC constraint (39) with equality. Kocherlakota (2010, section 3.2)
showed that the set of allocations {cit, nit,Kst+1,Ket+1} that are achievable by the so-
ciety under the Mirrlees approach is exactly the one that satisfies the IC constraints and
the resource constraints.
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Let U (c,1− n) = u(c) + v(1 − n), and let Λ and {βtΓt} be the multipliers on the IC
constraint (39) and resource constraints (13), respectively. Then the FOCs for the planner
problem are given by

cit : u′(cst) =
Γt

ψs + Λ
, u′(cut) =

Γt
ψu −Λ

, (41)

nut : ψuv′ (1− nut) = Γtwut + Λv′(1− nut
ξt

)

[
1

ξt
− nut

ξ2
t

∂ξt
∂nut

]
, (42)

nst : [ψs + Λ]v′ (1− nst) = Γtwst −
[
Λv′

(
1− nut

ξt

)
nut

ξ2
t

]
∂ξt
∂nst

, (43)

Kst+1 : Γt = βΓt+1 [FKst+1 + (1− δs)] , (44)

Ket+1 :
Γt
qt

= β

{
Γt+1

[
ret+1 +

(1− δe)
qt+1

]
−∆t+1

}
, (45)

where ∆t+1 =

[
Λv′

(
1− nut+1

ξt+1

)
nut+1

ξ2t+1

]
∂ξt+1
∂Ket+1

. Note that ∆t+1 > 0 because ∂ξt+1
∂Ket+1

> 0.

The role of ∂ξt+1
∂Ket+1

> 0 in the FOC (45) of Mirrleesian taxation is in essence the same as

the role of ∂ξt+1
∂Ket+1

> 0 in the FOC (24) of Ramsey taxation. They both stem from ESTP
with capital-skill complementarity. However, Υt+1 > 0 in (24) (the skilled and the un-
skilled face the same marginal labor tax rate) has been replaced by Λ > 0 in (45) (the
binding of the IC constraint). This replacement is natural in light of the observation that
IC constraints are crucial in Mirrleesian taxation and that the IC constraints (39)-(40)
directly depend on ξt.

We denote the constrained efficient allocation resulting from (41)-(45) plus the re-
source constraints (13) and the equality of (39) by {c∗i , n∗i ,K∗s ,K∗e } with i ∈ {s,u}. Fol-
lowing the idea of Slavík and Yazici (2014), one can implement the constrained efficient
allocation {c∗i , n∗i ,K∗s ,K∗e } as part of a competitive equilibrium via a time-varying flat tax
rate on capital structures income τKs(t+ 1), a time-varying flat tax rate on equipment
capital income τKe(t+ 1), and a time-varying nonlinear tax schedule on labor income,
in which τs(t) and τu(t) are, respectively, the implicit marginal tax rates on the labor
incomes of the skilled and the unskilled.23

The optimal intertemporal condition for capital structures (44) is standard and iden-
tical to that in the laissez-faire competitive equilibrium or to the one without the impo-
sition of IC constraints. This immediately implies that saving decisions on capital struc-
tures are not distorted at the optimum and hence we have the tax rate τKs(t + 1) = 0

all the time. As such, like Ramsey taxation, we confine our analysis to the taxation of
equipment capital income and labor income.

23 A tax system is said to implement the constrained efficient allocation if the constrained efficient allo-
cation arises as part of a competitive equilibrium under the tax system.
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Figure 5.: Mirrleesian taxation

In the next section, we first quantitatively characterize the dynamics of Mirrleesian
taxation resulting from the constrained efficient allocation and then consider a simpli-
fied model to explain the mechanism underlying the quantitative results.

6. DYNAMICS OF MIRRLEESIAN TAXATION

This section reports the dynamics of Mirrleesian taxation in the face of ESTP {qt}.

6.1 Quantitative results

To facilitate comparison, we use the same functions and calibrations as in Ramsey taxa-
tion.

Given qt at a point in time, we find that τKe(t+ 1)> 0, τs(t)< 0, and τu(t)> 0 at the
optimum; see Figure 5.24 Like the Ramsey problem, our central question for the Mirrlees
problem is: how will this optimal tax structure at a point in time vary over time in the face
of an increasing qt?

Figure 5 reports the dynamics of the optimal tax rate on equipment capital income,
τKe(t+ 1), and that of the optimal marginal tax rates on skilled and unskilled labor, τs(t)
and τu(t), for ψu/ψs = 1,2 and 5.25 Two features stand out. First, {τKe(t+ 1)} basically

24 The regressive labor taxation at the margin (i.e., τs(t)< 0 and τu(t)> 0) at the optimum is consistent
with the finding in Stiglitz (1982). Note also that τKs(t+ 1) = 0 and τKe(t+ 1) > 0 is consistent with the
finding in Slavík and Yazici (2014) that capital equipment should be taxed at a higher rate than capital
structures.

25 Figure 5 shows that, given qt at a point in time, both τKe(t+1)> 0 and τu(t)> 0 become higher while
τs(t) < 0 becomes lower at the optimum as ψu/ψs increases. This result is intuitive. As ψu/ψs increases,
the planner assigns a higher allocation of consumption and leisure to the unskilled household relative to
the skilled. This assignment induces a stronger incentive for the skilled to mimic the unskilled. To meet
the IC constraint, V (s) ≥ V u(s), the planner needs to further depress the skill premium at the given qt.
This explains why both τKe(t+ 1)> 0 and τu(t)> 0 become higher while τs(t)< 0 becomes lower at the
optimum, since these tax adjustments will all depress the skill premium.
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Figure 6.: Capital tax rates on equipment and pace of ESTP

displays a declining trend over time before 1999; however, this declining trend is re-
versed and turns into an increasing trend over time after 1999 (although this increasing
feature of the trend is mild). Second, both {τs(t)} and {τu(t)} display an increasing trend
over time.

The left panel of Figure 6 plots the trajectories of {∆qt+1
qt
} and optimal {τKe(t+1)} as

ψu/ψs = 1. The right panel of Figure 6 shows the smoothed-curve representation of the
trajectories after applying the Hodrick-Prescott filter. Taken together, the figure shows
that, after the oil crisis of 1973-74,26 while optimal {τKe(t+ 1)} are adjusted downward
as ESTP takes place at an accelerated pace (i.e., ∆qt+1

qt
is increasing over time before

1999), they are adjusted upward as ESTP takes place at a decelerated pace (i.e., ∆qt+1
qt

is decreasing over time after 1999). This salient characteristic of optimal {τKe(t + 1)}
remains robust with variation in Pareto weights ψu/ψs ≥ 1. Thus, like Ramsey taxation,
Mirrleesian taxation prescribes that tax rates on capital equipment should be adjusted
downward or upward according to whether ESTP takes place at an accelerated or a de-
celerated pace.

Werning (2007, pp. 927-928) prescribed the following Mirrleesian labor taxation:
“workers should face different marginal tax rates but that these should remain per-
fectly constant over time and unresponsive to shocks.” We find that the skilled and the
unskilled should face different marginal tax rates as in Werning (2007) but that these
marginal tax rates should be adjusted upward over time rather than permanently re-
main constant. We explain this result later.

6.2 What if there is a different σ?

How robust are the results shown in Figure 5? To answer the question, we vary the value
of σ between the two extremes, σ = ρ and σ = 1, with the objective of checking the ro-
bustness of the pattern of Mirrleesian taxation in the face of ESTP as shown in Figure 5.

26 Footnote 15 equally applies here.
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Figure 7.: Mirrleesian taxation under different σ

Figure 7 reports the results. Except for the extreme case where σ = ρ = −0.495, the pat-
tern of Mirrleesian taxation shown in Figure 7 basically remains the same as that shown
in Figure 5.

6.3 A simplified model

This subsection analytically considers a simplified model as a complement to our quan-
titative study. The setting is identical to that in Ramsey taxation. We seek to explain the
mechanism underlying the quantitative results.

With Mirrleesian taxation, the household FOC (31) is replaced with

1− τs(t) = χ
Nst
wst

; 1− τu(t) = χ
Nut
wut

, (46)

while the household FOC (32) remains the same, except for the notation replacement
of τKet+1 with τKe(t + 1). We formulate the Mirrlees problem and derive the resulting
FOCs in Online Appendix B.

We obtain

1− τu(t) =
(ψu +ψs)/2

ψu − ψu −ψs

2ξ2
t

, (47)

which implies τu(t)> 0 and ∂τu(t)
∂ξt

> 0. We obtain τs(t)< 0 with

1− τs(t) =
1

2

1 +

(
1 + 4

(ψu −ψs)λ(1− τu(t))2

(ψu +ψs)ξ4
t

) 1
2

 . (48)
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Using 1 − τu(t) from (47), we have ∂τs(t)
∂ξt

> 0. The analytical result that ∂τu(t)
∂ξt

> 0 and
∂τs(t)
∂ξt

> 0 is consistent with our quantitative finding that both τu(t) and τs(t) at the op-
timum are increasing over time. What is the underlying reason for the result?

First, regardless of (47) or (48), it is observed that the impact of ξt on τu(t) and that
on τs(t) both invoke the term associated with (ψu − ψs), which happens to be the mul-
tiplier of the IC constraint (see (B.13) in Online Appendix B). This suggests that the
underlying reason for the increasing τu(t) and τs(t) has to do with the IC constraint.
Note that if ψs = ψu were to hold, the IC constraint would not bind and we would have
τu(t) = τs(t) = 0 according to (47) and (48). This result is intuitive: in the absence of a
redistributive motive, it is optimal for the Mirrlees planner to simply impose uniform
lump-sum taxation rather than nonlinear taxation on labor income in our setting of the
quailinear utility. Second, the relative quantity effect is absent according to (30) in our
simplified model. It implies that we cannot appeal to the relative quantity effect to ex-
plain the result of ∂τu(t)

∂ξt
> 0. It also implies that we must rely on the capital-skill com-

plementarity effect to explain the result of ∂τs(t)∂ξt
> 0.

In the case of τu(t), loweringNut from the no-distortion level with τu(t)> 0 at the op-
timum is a well-known result; see Stiglitz (1982). Note that the skilled wage ratewst = µξt
(see (29)), while the unskilled wage ratewut = µ (see (28)). As ESTP causes an increase in
the skill premium ξt, wst increases in ξt but wut remains unchanged. This implies that
the indifference curve (in the (wN,c) plane) for the skilled becomes flatter, but that for
the unskilled remains the same; see Figure 8. As a result, to satisfy the IC constraints, it
is optimal to lower Nut further with ESTP. This explains why ∂τu(t)

∂ξt
> 0 at the optimum.

In the case of τs(t), subsidizing Nst with τs(t) < 0 at the optimum is also a well-
known result; see Stiglitz (1982). Over time, the planner could choose between lowering
and raising the subsidy. Suppose that the planner chooses a higher subsidy so that, all
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else equal, Nst becomes higher over time. This will induce a higher Ket over time, since
Nst and Ket are complementary inputs and a higher Nst enhances the marginal prod-
uct of Ket. The higher Ket results in a higher Ket/Nst because of capital-skill comple-
mentarity and, hence, a higher skill premium through the capital-skill complementarity
effect. In the end, it will tighten the IC constraint and lead to greater distortion of allo-
cations. By contrast, if the planner chooses a lower subsidy so that, all else equal, Nst
becomes lower over time, the opposite result occurs: the IC constraint will be relaxed
and allocations will be less distorted. This explains why ∂τs(t)

∂ξt
> 0 at the optimum.

We also obtain

1− τKe(t+ 1) =
1

1 +
yt+1

1

βqt
− 1

qt+1

, (49)

where

yt+1 =
ψu −ψs

ψu +ψs
χ
N2
ut+1

ξ3
t+1

∂ξt+1

∂Ket+1
(50)

=
µλ(ψu −ψs)

(ψu +ψs)
(
(1− λ)(1− µ)

µ
)
1
λ

(ψu +ψs)

ξ
1/λ
t+1[2ξ2

t+1ψ
u − (ψu −ψs)]

Nut+1

Nst+1
.

Except for replacing xt+1 with yt+1, there is no difference in essence between the for-
mula (49) for Mirrleesian capital taxation and the formula (34) for Ramsey capital tax-
ation. As in Ramsey taxation, if there were no capital-skill complementarity, we would
have yt+1 = 0 and hence τKe(t+ 1) = 0,∀t≥ 0 at the optimum according to (49)-(50).

7. EXTENSION

In the benchmark model we focus on how ESTP {qt} with capital-skill complementar-
ity shapes the dynamics of optimal taxation. For the sake of focus, we assume that the
skilled and the unskilled have the same size all the time and that the labor productivities
of the skilled and unskilled are both equal to unity. These assumptions are relaxed in the
extension.

The economy now consists of heterogeneous households identified by their innate
talent θ. Ales et al. (2015) considered a talent-to-task assignment model à la Teulings
(1995), Costinot and Vogel (2010), and Acemoglu and Autor (2011). Following the setting
in their quantitative study, we pose:

1. Talent θ is distributed uniformly over [0,1]. To facilitate our numerical analysis, we
use Θ = {θj}Mj=1 to approximate θ ∈ [0,1] and let π(θj) = 1/M denote the fraction of
talent θj households in the population.

2. The match of talent θ to task i ∈ {s,u} gives rise to labor productivity zi(θ) =

exp(ai + biθ). We normalize au = bu = 0 and let bs > 0 so that zs(θ′)/zs(θ) >
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zu(θ′)/zu(θ) for all θ′ > θ, that is, talent θ′ (a high type) relative to talent θ (a low
type) has a comparative advantage in performing task i= s.27

3. Each household chooses either i= s or i= u to work in.

Instead of i ∈ {s,u}, the model of Ales et al. (2015) features a continuum of tasks.
They mainly conducted the comparative-statics analysis of Mirrleesian taxation with
respect to technical change in {ai, bi} in the U.S. economy between the two periods –
the 1970s and 2000s. However, since they abstracted from modeling capital explicitly,
there is no ESTP with capital-skill complementarity in their analysis.

In the extended model, the FOCs for the representative firm are still given by ∂Y
∂Ks

=

rs, ∂Y
∂Ke

= re, ∂Y
∂Ns

= ws, and ∂Y
∂Nu

= wu. For each unit of “raw” labor supply, those θ who
choose i= s earn wage wszs(θ) while those θ who choose i= u earn wage wuzu(θ). It is
clear that the task i chosen by talent θ will be i = arg max{wizi(θ)}i∈{s,u}. Let θ̂ denote

the threshold such that those θ with θ < θ̂ choose i= u while those θ with θ ≥ θ̂ choose
i= s. Let Θi denote the subset of Θ with i ∈ {s,u}.28 The aggregate inputsKs,Ke,Ns and
Nu need to be redefined:

Ks =
∑
θj∈Θ

ks(θj)π(θj),Ke =
∑
θj∈Θ

ke(θj)π(θj),

Ns =
∑
θj∈Θs

zs(θj)ns(θj)π(θj),Nu =
∑
θj∈Θu

zu(θj)nu(θj)π(θj) =
∑
θj∈Θu

nu(θj)π(θj),

where ks(θj) and ke(θj) represent the capital structures and capital equipment supplies
by θj households, and zi(θj)π(θj)ni(θj), i ∈ {s,u}, represents the effective labor supply
in task i by θj households (note that zu(θj) = 1 for all θj since we normalize au = bu = 0).

The skill premium defined in (10) is modified to become

ξ ≡ ws
wu

z =
(1− µ)(1− λ)

µ

[
λ

(
Ke
Ns

)ρ
+ (1− λ)

]σ−ρ
ρ
(
Nu
Ns

)1−σ
z,

where

z =
zs
zu

with zs =
Ns∑

θj∈Θs

ns(θj)π(θj)
, zu =

Nu∑
θj∈Θu

nu(θj)π(θj)
= 1 .

27 Given that zi(θ) = exp(ai + biθ), i ∈ {s,u} and that au = bu = 0, zs(θ′)/zs(θ) > zu(θ′)/zu(θ) for all
θ′ > θ if and only if bs > 0.

28 Let Θ = {θ1, θ2} and

zs(θ2) = zu(θ1) = 1,

zs(θ1) = zu(θ2) = 0.

Talent θ2 will always choose task s, and talent θ1 will always choose task u; their labor productivities are
both equal to unity. We are back to the benchmark model.
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Figure 9.: Tax rates in the U.S. calculated by McDaniel (2007)

We then obtain

ln ξ ≈ λ
(
σ− ρ
ρ

)(
Ke
Ns

)ρ
+ (1− σ) ln


∑
θj∈Θu

nu(θj)π(θj)∑
θj∈Θs

ns(θj)π(θj)zs(θj)

+ σ lnz + constant,

(51)
where the term lnz is absent in the benchmark model; see equation (11). Krusell et al.
(2000) called the third component of (51) the “relative efficiency effect.” Given σ > 0 (the
elasticity of substitution between two types of labor is greater than one in our calibra-
tion), an increase in z will raise the skill premium.

In the extended model, besides ESTP {qt}, there are two sets of time-series data we
need to use in our quantitative study: the tax rates {τt} and the skill premium {ξt}. We
briefly describe them.

The tax rate series are obtained directly from McDaniel (2007). Her calculation fo-
cuses on taxes and ignores transfers. As such, the obtained average tax rates can be
viewed as the marginal tax rates of a linear income tax system; see McDaniel (2007) for
a formal argument. By adapting a figure in Heathcote et al. (2017), Bhandari et al. (2017)
showed that a linear tax schedule can approximate actual tax and transfer programs of
the U.S. economy pretty well. The tax series obtained by McDaniel (2007) will be viewed
as the data representation of the U.S. tax system; see Figure 9.29

Acemoglu and Autor (2011) used data sources including the March CPS to calcu-
late the college/high-school skill premium for full-time, full-year workers for the period
1963-2008. Their approach is sophisticated in that they managed to hold constant the

29 For the years after 2013, we let the tax rates remain the same as those in 2013 so that the economy can
converge to a new steady state. In computing the competitive equilibrium of the U.S. economy, these rates
are applied uniformly to both the skilled and the unskilled.
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Figure 10.: Model vs. data
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Figure 11.: Labor productivity logz (1963=1)

relative employment shares of the demographic group (including gender, education,
and potential experience) across all years of their sample. Autor (2014) extended the
data sequence to the year 2012, which is the data representation in Figure 10.30

All households (indexed by θj) in the extended model need to choose task i ∈ {s,u}
at the beginning of each time period. Let Πs(t) ≡

∑
θj∈Θs(t)

π(θj), namely, the frac-

tion of households who choose i = s at time t. From our setup above, we obtain θ̂t =
1
bst

(
log wutwst

− ast
)

. Thus, in the face of ESTP {qt}, as long as the relative wage rate

wut/wst and the technology parameters ast and bst vary over time, the threshold θ̂t and
hence the fraction Πs(t) will also vary over time. Given the “deep” parameters of house-
hold preferences and production technology as in the benchmark model, we compute
the transitional dynamics of the competitive equilibrium of the U.S. economy from the

30 The data are available from Autor’s website.

http://qeconomics.org


32 Submitted to Quantitative Economics

initial steady state to a new steady state in the extended model. We calibrate the series of
the technology parameters, {ast, bst}, in the extended model to match the series of the
skill premium and the fraction of the skilled, {ξt,Πs(t)}, in the data.31 Figure 10 reports
the match. Note that the match is rather good. Figure 11 reports the resulting {log zt}
from the match.

With {ast, bst} at hand, we study how ESTP {qt} with capital-skill complementar-
ity shapes the dynamics of optimal taxation in the extended model. The social welfare
function in the extended model becomes

SWF =
∑
θj∈Θ

ψ(θj)π(θj)

∞∑
t=0

βt[u(ct(θj)) + v(1− nt(θj))], (52)

where ψ(θj)≥ 0 with θj ∈Θ are the Pareto weights and the period utility function u(c) +

v(1− n) takes the form of (27). We focus on the case where ψ(θj) = 1 for all θj ∈ Θ, i.e.,
the utilitarian criterion.

7.1 Dynamics of optimal taxation

7.1.0.1 Ramsey problem There are two types of households in the benchmark model
and hence there are two corresponding implementability conditions in the Ramsey
problem. In the extended model, the idea of formulating the Ramsey problem is not
different from that in the benchmark model, except that all households (indexed by θj)
now need to choose task i ∈ {s,u} at the beginning of each time period and that there
are 40 instead of 2 implementability conditions given that we set Θ = {θj}40

j=1.

7.1.0.2 Mirrlees problem There are two types of households in the benchmark model
and hence there are two IC constraints as given by (39)-(40). Given that Θ = {θj}40

j=1

in the extended model, the corresponding IC constraints in the Mirrlees problem are
more complicated. However, the idea of formulating the Mirrlees problem is not differ-
ent from the benchmark model in essence. In particular, as in the benchmark model,
we first assume that only the local downward IC constraints bind and then verify the
validity of this assumption numerically. Of course, like Ramsey taxation, all households
(indexed by θj) need to choose task i ∈ {s,u} at the beginning of each time period in the
extended model.

7.1.0.3 Mirrleesian labor taxation and average marginal tax rate Figure 12 reports the
cross-section Mirrleesian labor marginal tax rates for the years 1964, 1988 and 2012
(other years yield similar results). All of the three cross sections display a hump-shaped
pattern, showing that middle types of households face higher labor marginal tax rates
than either low or high types of households.32 This hump-shaped pattern (in particular,
the labor marginal tax rates are positive for the lowest type of households, but they are
negative for the highest type of households) is similar to what Ales et al. (2015) found

31 We choose M = 40 in our match and verify numerically that bst > 0 for all t.
32 With our normalization that au = bu = 0, unskilled workers are in effect homogeneous. This explains

why we obtain the flat part of the Mirrleesian labor marginal tax rate in Figure 12.
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Figure 12.: Mirrleesian labor marginal tax rate

for their cross-section labor marginal tax rates; see their Table 2. The similarity is not
surprising, in that our extended model builds on the talent-to-task model of Ales et al.
(2015). Although we consider capital explicitly and address ESTP with capital-skill com-
plementarity, there is no difference in essence between the two models as far as the
intratemporal aspect is concerned. Figure 12 shows that all households face an increas-
ing labor marginal tax rate over time. This feature is consistent with what we find in the
benchmark model, where both the skilled and the unskilled face higher labor marginal
tax rates over time in the face of secular ESTP.

All households face a single labor marginal tax rate, τLt, at time t in Ramsey labor
taxation. However, different types of households earn different levels of labor income
and hence face different labor marginal tax rates at time t in Mirrleesian labor taxation.
To facilitate comparison with a single labor marginal tax rate in Ramsey labor taxation,
we summarize cross-section labor marginal tax rates faced by different households at
time t in Mirrleesian labor taxation by a single rate, the so-called average marginal tax
rate proposed by Barro and Sahasakul (1983). As they argued, this concept (the weighted
average of marginal tax rates, where weights are equal to shares of labor income) is more
relevant than the average tax rate in assessing the economic effects of taxation.

Figure 13 compares optimal taxes (including both Ramsey and Mirrlees) with U.S.
taxes.33 Over the period we study, optimal taxation prescribes a declining trend for cap-
ital tax rates and an increasing trend for labor marginal tax rates. It is interesting to ob-
serve that the pattern of the prescribed trends resembles the empirical decline in capital
taxes and the increase in labor taxes in U.S. taxes.

Figure 14 compares the evolution of the skill premium under optimal taxes with that
under U.S. taxes. The evolutions are close to each other for Ramsey and U.S. taxes. How-

33 The labor marginal tax rate is represented by the average marginal tax rate in the case of Mirrleesian
labor taxation. Given that both Ramsey and Mirrlees prescribe a zero tax on capital structures, we report
optimal capital tax rates only for capital equipment.
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Figure 13.: Optimal tax rates vs. U.S. tax rates
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ever, optimal Mirrlessian taxes demand a higher skill premium than U.S. taxes. This
latter result may not be surprising in view of the observation from Figure 13 that Mir-
rleesian taxation prescribes a lower level of tax rates than Ramsey taxation in general.
Although the fraction of skilled workers is increasing over time as shown in Figure 10,
the associated relative quantity effect on the skill premium (the second term of (51)) can
be offset by the strong but opposite relative efficiency effect (the third term of (51)) as
shown in Figure 11. Overall, Figure 14 reveals that the capital-skill complementarity ef-
fect embedded in the first term of (51) still dominates the evolution of the skill premium
as in the benchmark model.34

34 It should be emphasized that the results shown in Figures 13 and 14 critically hinge on the utilitarian
criterion withψ(θj) = 1 for all θj ∈Θ in the social welfare function (52). Different Pareto weights could lead
to the US tax system being closer to the Ramsey and/or Mirrlees solution.
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Table 3.: Welfare gains and decomposition

Ramsey Mirrlees

Total change (in percent) 0.39 4.22

Consumption 0.77 5.91
Level 0.50 3.23
Distribution 0.27 2.60

Leisure -0.38 -1.60
Level -0.42 -0.72
Distribution 0.04 -0.84

7.2 Welfare gains of tax reform

This subsection measures the welfare gains from tax reform in the context of the ex-
tended model. That is, we address the following question: given the social welfare func-
tion defined by (52), what are the welfare gains of switching from the U.S. tax system to
optimal taxation?

To answer the question, we follow Lucas (1987) by considering a measure known
as the consumption-equivalent variation (CEV ) in the literature. Let {c,n} denote the
consumption-labor allocation resulting from the U.S. tax system. TheCEV of switching
from {c,n} to the optimal allocation {c∗, n∗} is implicitly defined by

SWF (c(1 +CEV ), n) = SWF (c∗, n∗),

where SWF is given by (52) with ψ(θj) = 1 for all θj ∈Θ.
Following Conesa et al. (2009), we can decompose CEV into two parts: one stems

from the change in consumption from c to c∗ (denoted by CEVc), and the other stems
from the change in labor employment from n to n∗ (denoted byCEVn). It can be verified
that CEV ≈ CEVc + CEVn. Following Conesa et al. (2009), we can further decompose
CEVc and CEVn, respectively, into a level effect and a distribution effect. The level ef-
fect measures welfare gains or losses from the change in the aggregate allocation, while
the distribution effect measures welfare gains or losses from the redistribution of the
allocation across different types of households.

Table 3 reports what we find regarding CEV and its decomposition. In the Ramsey
case, CEV = 0.39%, of which CEVc = 0.77% and CEVn =−0.38%. Thus, (i) the replace-
ment of the U.S. tax system with optimal Ramsey taxes generates a modest welfare im-
provement, and (ii) the major part of the welfare gains in terms of CEV comes from
changes in consumption, not from changes in leisure; in fact, changes in leisure gener-
ate welfare loss. Given that the evolution of the skill premium under U.S. taxes closely
follows that under optimal Ramsey taxes as shown in Figure 14, it is not surprising to
find that there is only a modest improvement in welfare despite the significant rise in
the skill premium.

In the Mirrlees case, CEV = 4.22%, of which CEVc = 5.91% and CEVn = −1.60%.
Thus, Mirrleesian taxes generate a much more significant welfare improvement from tax
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reform than Ramsey taxes. Ramsey taxation imposes a linear labor tax schedule, while
Mirrleesian taxation imposes a nonlinear labor tax schedule. The flexibility of the labor
tax schedule of Mirrleesian taxation allows it to achieve a higher level of welfare than
Ramsey taxation.

8. CONCLUSION

In the simultaneous presence of capital-skill complementarity and the secular decline
in the price of capital equipment, how should taxation be set dynamically in response
to the rising skill premium? In this paper we attempt to answer the question. Two main
results emerge, no matter whether we adopt the Ramsey or the Mirrlees approach. First,
a tax on capital equipment corrects the “pecuniary externalities” caused by ESTP. The
correction prescribes a downward or an upward adjustment of tax rates over time, de-
pending on whether ESTP takes place at an accelerated or a decelerated pace. Second,
both Ramsey and Mirrlees approaches prescribe an increasing marginal tax rate on la-
bor income over time.

Should robots be taxed? This question has recently aroused the interest of economists;
see, for example, Guerreiro et al. (2017), Thuemmel (2018), and Acemoglu et al. (2020).
Our paper has not sought to answer this specific question. However, given that robots
are part of capital equipment, one may view our paper as belonging to this line of the
literature. As such, our derived results may be useful for the analysis of taxing robots
as well. In particular, it is plausible to argue that the technological progress of robots
would cause “pecuniary externalities” just like ESTP causes “pecuniary externalities” in
our paper. If so, what are these “pecuniary externalities”? How should taxes be employed
to correct them? How should taxes be adjusted over time in response to the technolog-
ical progress of robots? Answering these and related questions seems interesting and
important. We plan to pursue this research direction in the future.
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