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Abstract

We study the structure of optimal wedges and capital taxes in a Mirrlees economy with
endogenous skills. Human capital is a private state variable that drives the skill process of
each individual. Building on the findings of the labor literature, we assume that human capital
investment is a) risky, b) made early in the life-cycle, and c¢) hard to distinguish from con-
sumption. These assumptions lead to the optimality of a) a human capital premium, i.e., an
excess return on human capital relative to physical capital, b) a large intertemporal wedge early
in the life-cycle stemming from the lack of Rogerson’s [Econometrica, 1985] “inverse Euler”
characterization of the optimal consumption process, and ¢) an intra-temporal distortion of
the effort/consumption margin even at the top of the skill distribution at all dates except the
terminal date. The main implication for the structure of linear capital taxes is the necessity
of deferred taxation of physical capital. In particular, deferred taxation of capital prevents the
agents from making a joint deviation of under-investing in human capital ex ante and shirk-
ing from labor effort at some future date in the life-cycle, as the marginal deferred tax rate
on physical capital held early in the life-cycle is history-dependent. The average marginal tax
rate on physical capital held in every period is zero in present value. Thus, as in Kocherlakota
[Econometrica, 2005], the government revenue from capital taxation is zero. However, since
a portion of the capital tax must be deferred, expected capital tax payments cannot be zero
in every period. Necessarily, agents face negative expected capital tax payments due early in
the life-cycle and positive expected capital tax payments late in the life-cycle. Also, relative to

economies with exogenous skills, the optimal marginal wealth tax rate is more volatile.
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1 Introduction

Recent literature obtains important results characterizing optimal capital and labor income taxes in
dynamic Mirrlees economies.! In a Mirrlees economy, agents are affected by idiosyncractic, privately
observable shocks to the productivity of their labor effort. In the Mirrlees approach to optimal
taxation, the role of the tax system is to fund government purchases and insure the productivity risk.
The optimal taxation problem is to characterize a tax system that fulfills this dual role efficiently,
given the informational constraints imposed by the lack of public observability of the idiosyncractic
productivity shocks.

In a ground-breaking paper, Mirrlees (1971) solves the optimal taxation problem in a static
setting. Taking all but the labor effort decisions as given, he characterizes optimal labor income
taxes. The main limitation of the static approach is that it ignores the effect that taxes have on
agents’ investment decisions. The contribution of the recent literature is in the characterization of
optimal tax systems in dynamic settings in which agents’ physical capital investment decisions (i.e.,
savings) are endogenous.

Physical capital investment, however, is not the only important category of investment decision
problems that agents face over the life-cycle. There is ample evidence suggesting that human capital
investment decisions are at the very least equally important.? By investing in their human capital,
people affect profoundly their future skills, and, consequently, their wages, earnings, and welfare.
The existing literature on optimal taxation with endogenous savings, however, takes the evolution
of agents’ skills as exogenous and thus ignores the effect that taxes have on agents’ human capital
investment decisions. In this paper, we solve the optimal taxation problem in a dynamic setting in
which both the physical capital and human capital investment decisions are endogenous.

Given that effort is not observable, human capital, defined as an individual-specific state variable
that determines the productivity labor effort, is not directly observed in the data. There is, however,
a large empirical literature on human capital, which identifies a host of important properties of the
process of human capital formation and evolution over the life-cycle. From the vantage point of the
Mirrlees model, three of these properties come to the forefront of importance.

First, recent studies summarized in Carnerio and Heckman (2003) document that most of human
capital investment is done early in the life-cycle. We incorporate this fact in our model by assuming
that human capital investment is undertaken only at the first date in the agent’s life-cycle.

Second, it has been well documented in empirical studies that the returns on human capital

investments are risky.> We capture this fact in our model by assuming that initial human capital

1See Kocherlakota (2006) for a review.

2Some estimates put the value of human capital at 93% of all wealth in the US. See Palacios-Huerta (2003a) and
references therein.

3See Palacios-Huerta (2003) who documents that the variation in the stochastic properties of different human



investment is subject to a stochastic productivity shock, and the level of accumulated human capital
is subject to stochastic depreciation shocks throughout the agent’s life-cycle.
Third, the economics literature has long recognized the difficulty in distinguishing human capital

4 It has also been recognized as a problem

investment from ordinary consumption expenditure.
in the ongoing policy debate on how to design the tax system in order to foster human capital
accumulation.” At the core of this measurement problem lies the fact that, in reality, there is a human
capital investment component in ordinary consumption and a significant amount of consumption
value in human capital investment activities such as education and training. Agents use a large
variety of goods, services, and nonmarket activities as vehicles for their human capital investment
and consumption. It is difficult to measure the relative “loadings” of human capital investment and
pure consumption embedded in a particular good or service. In order to capture this measurement
problem in a model with a single consumption good, we assume that consumption and human capital
investment are indistinguishable to an outside observer.

In this paper, we introduce endogenous human capital into a life-cycle Mirrlees economy, taking
into account all three of the aforementioned properties of the human capital accumulation process.5
We characterize the optimal allocation of labor, consumption, physical and human capital invest-
ment, and construct a tax system that implements this allocation in equilibrium. We derive two
kinds of results. First, we obtain a set of results about the structure of optimal wedges in our
environment.” Then, we derive our main results concerning the structure of optimal capital taxes.

We characterize three types of wedges: the intra- and inter-temporal wedges, which have their
counterparts in the existing literature on dynamic Mirrlees economies, plus an additional wedge that

has not been identified before, which represents the optimality of a human capital premium.

In the existing literature, the optimality of the intertemporal wedge, i.e., the inequality between

capital returns is substantial, especially when comparing human capital and liquid assets. This fact is also supported
by the empirical studies showing that much of the variation in individual or household earnings in US panel data is
not explained by individual variables such as age, sex, education, or by aggregate variables (See, e.g., Meghir and
Pistaferri (2004), and Storesletten et al (2004)).

4 As early as in 1961, Theodore Schultz in his Presidential Address to the AEA raises this question by saying “How
can we estimate the magnitude of human capital investment? [...] Most relevant activities clearly are [...] partly
consumption and partly investment, which is why the task of identifying each component is so formidable.” See
Schultz, (1961, 1961a) and Shaffer (1961) for an extensive discussion. Also, see Heckman (1976), Heckman (1999),
Davies, Zeng and Zhang (2000), Carneiro and Heckman (2003).

5A 2005 memorandum to the President’s Advisory Panel on Federal Tax Reform on tax treatment of investment
in human capital prepared by the Treasury Department’s Office of Tax Analysis says, “In practice, it can be very
difficult to distinguish between human capital investment and education consumption.” See the reference United
States Department of Treasury, Office of Tax Analysis (2005) for a full discussion.

6Many microeconomic studies also include effort as an input in the technology of human capital production. We
do not include this input in our production function for clarity of exposition. Our results do not depend on this
abstraction.

"In the public finance literature, the difference between a marginal rate of substitution and a corresponding marginal
technical rate of transformation is known as a wedge. The importance of wedges associated with a given allocation
comes from the difficulty that they present for equilibrium implementation. If agents’ access to the available technology
is unrestricted, i.e., undistorted by taxes, no allocation with non-zero wedges can be implemented in equilibrium. Thus,
wedges determine taxes; see Kocherlakota (2004).



agents’ shadow interest rates and the marginal rate of transformation of consumption across time,
follows from the martingale property of the discounted inverse marginal utility of consumption.
This property of the optimal allocation, which is often referred to as the inverse Euler equation
or the Rogerson condition [see Rogerson (1985), and Kocherlakota, Golosov and Tsyvinski (2003)],
implies that agents are savings-constrained at the optimum, i.e., individual shadow interest rates are
strictly greater than the rate of return on savings. Similarly, in our economy with endogenous human
capital, agents are savings-constrained at the optimum. The martingale property, however, does not
hold in every period. In particular, early in the life-cycle when private human capital investment is
made, the discounted inverse marginal utility of consumption is a strict supermartingale. This effect
reinforces the intertemporal wedge in our environment relative to the environments in which skills
are exogenous.

The discrepancies between agents’ willingness to substitute leisure for consumption and the
marginal rate of transformation (the wage rate) are known as intratemporal wedges. The structure
of optimal intratemporal wedges obtained in our environment is different from those obtained in
most Mirrlees economies. The usual no-distortion-at-the-top property does not hold at the optimal
allocation of our economy. In particular, we find that, at all non-terminal dates in the life-cycle and
for all agents at the top of the cross-sectional distribution of individual productivity, the marginal
utility of an additional unit of consumption is strictly lower than the marginal disutility of effort
necessary to produce this unit.

Given a fixed pattern of labor effort, each additional unit of human capital investment generates
a gain in the expected future output. This gain provides a measure of return on human capital
investment that is directly comparable with the rate of return on physical capital investment. We
find that, at the optimum, the return on human capital investment exceeds the return on physical
capital investment, which demonstrates the optimality of a human capital premium. This difference
between the rates of return on the two types of capital constitutes an additional wedge, which needs
to be accounted for in a market implementation. This wedge, which we term asset return wedge, is
new to the literature on Mirrlees-type economies.

The main results of the paper provide a characterization of a tax system that implements the
optimum. We study a standard market equilibrium model in which agents freely trade capital and
labor subject to taxes. We follow Kocherlakota (2005) in our focus on tax systems that are fully
history-dependent, nonlinear in labor income, and linear in capital. Our main result is the necessity
of deferred taxation of capital. We demonstrate that if capital can only be taxed contemporaneously,
then implementation of the optimal allocation in a market equilibrium is impossible. Then, we show
that there exists an optimal tax system in which taxes on capital held early in the life cycle are

deferred until later in the life-cycle, when all individual uncertainty has been resolved. The amount



of deferred tax obligation is linear in capital saved during the initial period, when human capital
investment is made. The key finding is that the marginal tax rate that determines the deferred
capital tax obligation has to be history-dependent. In particular, high deferred taxes are levied on
agents with low labor income profiles, and those with high labor income profiles pay low deferred
capital taxes.

Intuition about these results comes from the incentive problem that determines the optimal allo-
cation and, consequently, shapes optimal tax structures in our environment. In Mirrlees economies
with exogenous skills [Kocherlakota (2005), Albanesi and Sleet (2006)], taxes, in addition to raising
revenue, must provide incentives to prevent high-skilled agents from pretending to be low-skilled,
i.e., from shirking. Savings and shirking are complementary: increasing one’s savings makes shirking
more attractive. Capital taxes, thus, are high for agents whose labor income is low, as low labor
income is consistent with shirking. In our model, agents can end up highly productive ex post only
if they make sufficient human capital investment ex ante. Taxes, therefore, must provide enough
incentives not only to discourage shirking throughout the life-cycle, but also to encourage sufficient
investment in human capital at the beginning of the life-cycle. Agents’ human capital investment
and labor effort choices are private and complementary: if an agent plans to shirk, underinvesting in
human capital increases the value of shirking. This value is further increased by over-saving. Similar
to the exogenous skill case, high capital taxes on agents with low labor income (suspected shirkers)
eliminate this complementarity. However, due to the dynamic nature of agents’ deviation strategies
(in which agents under-invest in human capital and over-save early, and shirk later in the life-cycle),
partial labor income histories in general do not carry all the information needed for the tax system
to efficiently deter these joint deviations.

As an example, consider a deviation plan that does not call for shirking until, say, age 40. Agents
who follow this deviation plan work hard in their 20s and 30s producing labor income profiles that
are identical to those produced by agents who do not plan to shirk at all. During this period, thus,
observed labor income profiles contain no indication of deviation from the optimal behavior. Those
who plan to shirk at age 40, however, want to under-invest in human capital and over-save early
on, say, already at age 25. Low labor income at 40 is the first indication of their deviation, and this
information has to be used to deter early over-saving. This is achieved by applying a high marginal
tax rate at 40 to savings held at 25. In contrast, those with high labor income at 40 pay low deferred
capital taxes on their savings held at age 25, as there is still no reason to suspect that these agents
are shirking. If labor income turns out to be low later on, say at 50, a high deferred capital tax
must be applied then in order to deter the strategy of shirking at 50. However, the deferred tax hit
is not as big as it is for those who produce low labor incomes at 40 because shirking at 50 is not, in

a sense, as socially damaging as shirking already at the age of 40.



Our result regarding the efficiency of deferred capital taxation is similar to the point about estate
taxation made recently in Kopczuk (2003). This paper points out that when annuity markets are
imperfect, there is an efficiency advantage of estate taxation over income taxation stemming from
the insurance against the longevity risk that estate taxation provides by deferring taxes until all
uncertainty about the length of the lifespan has been resolved. Those who live long, run down their
assets and end up paying low estate taxes. Those who die early, leave a lot of assets to their estates,
which results in high estate tax obligations. The efficiency of the estate tax, viewed as a deferred
income tax, comes from the fact that it makes use of more information than (contemporaneous)
income taxes do, as the realized length of the lifespan is not known at the time when income is
earned. Similarly, in our model, deferring capital taxes is efficient because with more observations of
agents’ labor incomes becoming available, more information is revealed about agents’ private human
capital investments. This additional information is used to efficiently provide incentives for agents
to invest in human capital and exert labor effort.

The proof of our implementation result is constructive, so we can provide a full characterization of
an optimal tax system. In particular, we show that, similar to Kocherlakota (2005), it is optimal for
the government revenue from taxation of capital to be zero. In our environment, this does not imply,
however, that expected capital taxes are zero in every period. Since deferred taxes are necessary in
our model, agents face negative expected capital taxes early in the life-cycle and positive expected
capital taxes later in the life-cycle. The ex ante expected present value of lifetime capital taxes
paid by every agent is zero, which implies that the present value of the government revenue from
taxation of capital is zero. This result is intuitive. There is no reason for the government to raise
revenue via distortionary capital taxation when lump-sum and nondistortionary (fully nonlinear)
labor income taxes are available. Under the optimal system, capital taxes are used purely to provide
correct incentives to the agents. All redistribution and social insurance transfers are implemented
via nondistortionary lump-sum and labor income taxes.

The last result we present concerns the larger volatility of marginal tax rates needed for the
implementation of a given optimal allocation in our endogenous-skill environment relative to a
similar environment in which skills are exogenous. This result follows from comparing the structures
of the incentive problems in the exogenous- and endogenous-skill models. Allowing for endogenous
human capital accumulation through unobservable investment adds in our environment an extra
dimension to the space of strategies that agents can use to deviate from the socially optimal pattern
of behavior. With such an enhanced set of deviation opportunities, the incentive problem of our
environment is more severe, relative to environments in which skills are exogenous. This translates,
at the optimum, into a larger intertemporal wedge between the shadow interest rate of consumption

and the rate of return on physical capital investment early in the life-cycle when human capital



investment is made. In order to support this wedge in equilibrium, capital taxes have to introduce
more risk into the return on physical capital investment, which means that the present value of ex
post marginal capital tax rates has to be more volatile when skills are endogenous.

The question of optimal taxation in a model with human capital accumulation has been addressed
in many papers in the context of the so-called Ramsey approach to optimal taxation [see for example
Jones, Manuelli and Rossi (1997)], in which the government is restricted to use proportional taxes.
Our paper is different, as we use the Mirrlees approach.

Our paper is closely related to Kocherlakota (2005). This paper characterizes an optimal system
of linear capital taxes in a very rich economic environment with exogenous skills. Deferred taxes are
unnecessary in that environment. Our paper shows that deferred capital taxes become necessary
when skill formation is introduced into the Mirrlees model under assumptions consistent with three
basic empirical facts about the skill formation process. As Kocherlakota (2005) points out, his
analysis can be extended, without affecting his results, to an endogenous skills economy in which
human capital investment is separable from consumption. However, this extension would not capture
the important fact of nonseparability between human capital investment and consumption, which
we capture in our model.

Kapicka (2006) studies optimal taxation in a Mirrlees environment with human capital. There
are several important features of that model that differentiate it from our paper, which include the
following. Human capital investment is assumed to be riskless and separable from consumption.
There is no physical capital and all intertemporal trade is shut down: neither the agents nor the
government have access to markets for claims to future consumption. Also, the government cannot
keep record of agents’ past income, and so labor income taxes are restricted to depend on current
income only.

Farhi and Werning (2006) study optimal estate taxation in a dynamic Mirrlees environment
with exogenous skills, where the effective social discount rate is lower than the private one. In
their environment, the optimal allocation does not satisfy the Rogerson condition and the average
optimal linear capital (i.e., estate) tax rate is not zero. Albanesi (2006) shows that, in a model with
entrepreneurial capital and moral hazard where the optimal allocation does satisfy the Rogerson
condition, the average optimal marginal tax rates on all assets are zero. The results of Farhi and
Werning (2006) and Albanesi (2006), together with the original result of Kocherlakota (2005), suggest
that, in a class of tax systems that are linear in capital, the zero average capital tax result holds if
and only if the Rogerson condition is satisfied at the optimum. Our results contradict this intuition.
In the environment we study, the optimal allocation does not satisfy the Rogerson condition but
the present value of expected marginal capital tax rate is zero. Albanesi and Sleet (2006) show

that capital taxes may be nonzero even in environments in which the Rogerson condition holds at



the optimum. Their tax system, however, is generally nonlinear in wealth and, thus, their results
concern a different decentralization.

The rest of this paper is organized as follows. Section 2 defines the environment. In section 3,
we provide a characterization of the optimal allocation. In section 4, we show the existence of a tax
system implementing the optimum. There, also, we provide our mail characterization results of an

optimal tax system. Section 5 provides a numerical example. Section 6 concludes.

2 Environment

Consider a T-period (t = 0,1, ...,T) economy populated by a continuum of ex ante identical agents.
The size of the population is normalized to unity. There is a single consumption good, a single
physical capital good, and labor input measured in effective units. The initial endowment of resources
consists of Ky > 0 units of physical capital.

Preferences: Agents’ preferences over stochastic streams of consumption ¢ = (cg, 1, ..., ) and

labor effort I = (I4, ..., Ir) are represented by expected utility function

T
uo(co) + B 8" {uler) +v(le)}, (1)
t=1
where ug : Ry — R and u : R, — R are strictly increasing, strictly concave C? functions, u exhibits
non-increasing absolute risk aversion (NIARA), and v : Ry — R is a strictly decreasing, strictly
concave C? function such that v(0) = 0.

Technology: At the initial date ¢ = 0, physical capital Ky can be consumed, invested in to-
morrow’s physical capital, Ki, or turned into human capital investment, . The human capital
production technology is stochastic. A date-zero human capital investment of size ¢ > 0 produces
the amount h; > 0 of date-one human capital according to the following human capital production

function

hy = 0i, (2)

where 0 € © = {0, 1} is a shock to human capital investment productivity. The probability of the
realization 6 of the human capital investment shock is denoted by mo(6), with 0 < m(f) < 1 for
both 6 € ©. The realizations of 6 are drawn from the distribution 7y independently for each agent.
Throughout, we assume that the exact Law of Large Numbers applies, so mo(6) also represents the
fraction of agents whose shock realization is 6.

At dates t = 1,...,T, physical capital K; and aggregate effective labor Y; are used to produce
output

F(Ky,Yy) = Z(Ky, Yy) + (1 = 6) Ky,



which can be consumed or invested in next period’s physical capital, K;11. We adopt the standard
assumptions about the aggregate production function Z and the depreciation rate §.%

There are no human capital investment opportunities at dates ¢ = 1,...,T. However, the ini-
tial individual human capital hy persists, subject to stochastic depreciation shocks. In particular,

individual human capital h; at dates t = 2,...,T is given by
he = ot—1hi—1, (3)

where o; € © for t = 1,...,T — 1 is an individual-specific human capital depreciation shock. After
any partial history of individual shocks nt = (6,01, ...,0,_1) € ©F, the conditional probability distri-
bution of o} is denoted by 7Tt(0't|77t). We assume that the realizations of o; are drawn independently
for each agent in the population. Let 7' : ©' — [0, 1] denote the probability of history 7' constructed
from the probability distribution 7y and the conditional probability distributions .

Human capital determines agents’ productivity. At each datet =1,...,7T, an agent whose human

capital is h; and whose labor effort is [; provides y; units of effective labor given by

yr = ¥y (he)ly,

where ¢, : Ry — Ryy for each ¢t = 1,...,T is a strictly increasing, strictly concave, differen-
tiable human capital productivity function satisfying the Inada conditions: limyj, .o} (h) = +oo,
limy, o0 3 (h) = 0.° The human capital productivity functions {wt}tT:1 map human capital to skill.
The value v, (h;) represents the skill level of an agent whose human capital in period ¢ is hy. Skill
relates labor effort to effective labor units: one unit of effort I; of an agent with human capital h;
produces v, (h;) units of effective labor at date ¢. Note that, since ¢,(0) > 0 for all t = 1,..., T,
the agents with the low human capital level h; = 0 are not unable to work. Also, note that, for all
=1,...,T, the skill level at ¢ is increasing in the initial human capital investment 3.

There are two important implications of our assumptions for the evolution of the human capital
process in the model. First, the low human capital state is absorbing: (3) implies that if h;—1 = 0,
then h; = 0;.10 = 0 independently of the realization of o;_1 € ©. Thus, it is without loss of
generality to assume that the conditional probability m:(1|n") is zero for all t-element partial histories

of individual shocks 7t different from the history 1* = (1,1,...,1). Under this assumption, in order

81In particular, we assume that Z : Ry x R; — Ry is strictly increasing, strictly concave, constant returns to scale,
and C2. Also, we assume that § € [0,1], and that Z satisfies the following Inada conditions:

lim Z1(K,Y) =00, lim Z3(K,Y) = oo,
K—0 Y—0
Z(K,0) = Z(0,Y) =0,

where Z; denotes the first partial derivative of Z with respect to the i-th argument.
9Tf 10, (0) = 0 for some ¢, all of our results go through with minor changes.



to simplify notation, we will write 7;(0;) as a shorthand for m;(o¢|1%). Although our results do not
essentially depend on this, we will assume that 7;(0) > 0 for all ¢ = 1,...,T — 1, i.e., the agents
whose current human capital h; is strictly positive face the risk of human capital depreciation in
every period.

The second implication of the multiplicative specification (3) is that a low realization of either
the human capital investment shock or any of the depreciation shocks erases all effects of the initial
human capital investment level. Indeed, noting that h; = ifo;...0:_1, we have that if any of the
shocks 6, o, for s <t — 1 is realized at zero, then h; = 0 for all values of i.

These two properties of the human capital process significantly simplify the analysis of our model.
However, given the flexibility provided by the human capital productivity functions {wt}z;l and the
conditional probability distributions {ﬂ't}tT:l, the model remains general enough to admit a large
class of skill processes {1/1t(ht)}tT:1. In particular, despite our assumption that human capital can
only decrease after the initial investment period, the life-cycle sample paths of the skill process can
be increasing because ¢, # v, for t # s. This flexible specification of the human capital productivity
functions {wt}thl makes the model consistent with a large variety of life-cycle skill profiles.

The following two definitions formally state what in this economy constitutes, respectively, an

allocation, and a resource feasible allocation.

Definition 1 A (type-identical) allocation is a collection A = (i, h,c,l,y, K,Y) where

1 € Ry denotes the human capital investment level;

h = (h1,...,hr) denotes the human capital process with hy : Ry x Ot — {0,i} fort =1,...T;

¢ = (co,c1,...,cr) denotes the consumption process with cg € Ry and ¢y : ©F - Ry fort=1,..T;

I =(l,...,lr) denotes the labor effort process with l; : © — Ry fort=1,..T;

y= (y1,...,yr) denotes the effective labor input process with y; : O — Ry fort=1,..T;

K = (Ko, Ky,...,Kr) € R?‘l denotes the aggregate physical capital sequence, with the initial capital
Ky > 0 exogenously given;

Y=(WY,..,Yr) € ]Ri denotes the aggregate effective labor input sequence.

Definition 2 Given the initial physical capital endowment Ky and an exogenous sequence of gov-

ernment revenue {Gt}z;o, an allocation A is resource feasible (RF) if

co+i+ Ky < Ky — Go,

> wtm ) + Ky < F(K, Vi) — Gy, t=1,..T,
ntcot

ye (') = Y (he(Nle(n'), n' €O t=1,..T,
i= Y 0@, t=1,.T

nteot

10



Information: In this environment, publicly observable are the aggregate physical capital { K t}tT:ov
and each agent’s individual effective labor input {yt};‘lo. The individual human capital investment
i, stock of human capital {ht}z;l, labor effort {lt}tT:l, and all individual shocks 6, {at}z:ll are
private information of each agent.

Individual consumption {Ct}tT:O is not publicly observable. However, since savings (physical
capital accumulation) are publicly observable, the actual consumption must be equal to the allocated
consumption ¢; at dates t = 1,...,7. At these dates, any attempt by an agent to alter the assigned
consumption profile (i.e., to save or borrow) would be observable. Hence, at dates t = 1,...,T
consumption is effectively observable.

A key feature of our model is that the same is not true about consumption at ¢t = 0. At this date,
agents consume and make their human capital investment, both of which are not publicly observable.
Under an allocation A, each agent receives ¢ units of physical resources with the recommendation
to invest, and ¢y units with the recommendation to consume. Agents can, however, deviate from
the recommendation ¢y without being detected. They can, for example, consume more than cg
and invest less than ¢ without being detected, as long as the total of their actual consumption and
investment adds up to ¢y +¢. Thus, the actual consumption at t = 0 and human capital investment
remain private information of each agent.

Due to the presence of private information, we confine attention to allocations that are incentive
compatible. By the Revelation Principle, restricting attention to IC allocations is without loss of

generality.'?

Definition 3 An allocation A is incentive compatible (IC) if

T
uo(co) + B B {uler) +v(lr)}

t=1

> +i— )+ 0 ,0,0)% 4
> max_uoleo+i—J) ﬂegamugleag{wlu )} (4)

where

wl(j,ﬂ,é) = u(cl(é))+v<

¥1(59)
+5 UIZEG m1(01]0) &félzaf(é) {wg(j7 (0,01), (6, &1))} 7

10Formally, an incentive compatible allocation is an outcome of an incentive compatible direct revelation mechanism.
In contrast, fiscal mechanisms, which we introduce in section 4, are indirect.

11



and fort=2,...,T

o . L L)) (i)
we(j,n', 7' = u(Ct(Ut))JFU(W)
+6 a;@ Wt(UtWt) &teglffl((;]t) {wt+1(ja (ﬁt, Ut)a (ﬁta &t)>} )
with
wry1 =0,
where 1(n') = 0oy...0¢_1, and
0,1} i 1(»") =1,
ety = { 101 ¥ 16
oF i 1Gh =0,

In the above definition, wy(j,nt, f}t) represents the date-t continuation value of an agent whose
initial human capital investment level was j and whose true and announced history of shocks up to
t are, respectively, n and 7. The set ¥;,1(7") describes the feasible reports of the shock oy, given
the announced history 7’ (since the low state is absorbing, once the low realization of a shock to the
human capital has been reported, the high realization cannot be declared).

Allocation A satisfies the IC constraint (4) if it is individually optimal for the agents to follow
the recommendation on human capital investment ¢ at ¢ = 0, and then truthfully report their
individual realizations of the human capital shocks throughout the life-cycle. The left-hand side of
(4) represents the value that this strategy (to be called the truthful strategy) delivers to the agents
under allocation A. The right-hand side of (4) represents the maximal value that an agent can attain
under A with any state-contingent, individually feasible strategy for human capital investment and
shock announcement. The individually feasible strategies comprise all deviations from the truthful
strategy that are, at every stage in the life-cycle, measurable with respect to the agent’s information,

and undetectable (i.e., impossible to distinguish from the truthful strategy) with public information.

Definition 4 An allocation A is constrained optimal if it is incentive compatible and resource fea-
sible and if it mazximizes, in the class of all IC and RF allocations, the ex ante expected utility of the

representative agent.

By the above definition, an optimal allocation is a solution to the following social planning

problem:

T

max uo(co) + EZﬁt {uler) +v(ly)}, (P1)

subject to (RF), (IC).
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3 Characterization of the optimal allocation

In this section, we provide a characterization of the set of optimal allocations. In the first subsection,
we define a relaxed social planning problem and show that, in a generic class of economies, it is a
concave maximization problem whose unique solution is feasible in the (unrelaxed) social planning
problem, which implies the existence of a unique optimal allocation. In the second subsection, we
turn to the properties of the optimum. We provide results about intratemporal, intertemporal, and

asset return wedges.

3.1 Simplifying the social planning problem

The IC constraint (4) involves on- and off-equilibrium continuation value functions {w},_,, which
are complicated history-dependent objects whose properties are unknown. The following lemma
simplifies this complicated IC condition by expressing it, in an equivalent form, as 27" inequality and
1 equality conditions. The set of off-equilibrium objects involved in this expression is reduced to
T numbers { jt}z;l, which represent off-equilibrium human capital investment levels, and are much

easier to characterize than the continuation value functions {w;}, ;.

Lemma 1 An allocation A is incentive compatible if and only if the following three sets of conditions

hold:

1. conditions (ICy4) fort=1,..,T:

T
w (e (1750)) +o (L1 0) + Y 8% {u (es(171,0,0°7%)) + v (1,(1°71,0,0°71)) }
s=t+1

. — T
LAULICE) 1’1)) + > B {u (e 1,0070) + o (L,(171,1,070) }

e
t s=t+1

where 0 = (0, ...,0) € © and 1* = (1,...,1) € O fort = 1,...,T denote the constant partial

histories of shocks to human capital, and where 0° and 1° both denote the empty history;
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2. conditions (IC14) fort=1,..,T:

woleo) + 3 B (19)0(1,(1°))
s=1
61 {u ((19) +v((9)}
T
£35S w1 ) fules (1 1) + 00, (1 1))

s=t+1 ns—t

> wuo(co+1i—je) + éﬁsws(ls)v (%)
et oo ()

T
S s t . s—t ule t—1 s—t v ’lps(o)ls(ltilv()vOSit)
ﬂgfg;@”){M1”””+< bo )}

where j; solves

t—1 . s T t—1 s—t+1
%Pwﬁip+Zﬁﬂm%%%§5+Zfﬂm%%@%wfwﬂ‘
s=1 s s=t s
(6)

3. and the single condition (IC;): i solves the following equation

d ue (et i — a ot (1) P (01 (1Y) _
dj[o(w ])—f—;ﬁ (1% (7%(]‘) )] 0. (7)

Proof In Appendix. m

By definition, an allocation is incentive compatible in our environment if investing the recom-
mended amount and truth-telling throughout does not provide less utility to an individual agent
than any available plan of deviation from the truthful strategy. In our environment, the set of devi-
ation plans that cannot be publicly detected is quite large, as agents can privately choose a human
capital investment level j, which is a continuous choice variable, and a measurable shock reporting
strategy 717 : ©F — ©OT. The large number of available deviation strategies makes checking for
incentive compatibility of an allocation a complicated task.

The content of Lemma 1 is that when we check for incentive compatibility of an allocation, we can
ignore all but 27"+ 1 of these deviation strategies. The constraint ICy; for ¢t =1,...,T corresponds
to the deviation strategy of a one-period overstatement of the skill level at date ¢t. The constraint
I1C 4 fort =1,...,T corresponds to the deviation strategy of shirking from date ¢ on, combined with
a deviation in the human capital investment level at ¢ = 0. At this deviation, the human capital

investment level, denoted by j;, is the amount of human capital investment that maximizes the
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agent’s private value of shirking at ¢. Finally, the constraint IC; prevents a deviation in the human
capital investment under truth-telling.

By Lemma 1, the social planning problem (P1) can be equivalently expressed as

T
max uo(co) + EZ B {u(cr) +v(ly)}, (P2)

t=1

subject to (RF), {(ICo.), (IC1 )}, (ICy).

We now define a relaxed social planning problem (P3):

T
max uo(co) + EZﬁt {uler) +v(ly)}, (P3)

t=1

subject to (RF), {(IC1.)},—, -

This problem is identical to the social planning problem (P2), except for the fact that the IC
constraints {(IC’O,t)}Z;l and (IC;) are disregarded. Thus, (P3) is a relaxed version of (P2).

The relaxed planning problem (P3) is a finite-dimensional maximization problem in which the
objective function is continuous and the constraint set is closed and bounded. Thus, a solution to
(P3) exists. Let A* = (i*,c¢*, h*,I*,y*, K*,Y™*) be a solution to the relaxed planning problem (P3),

and let { jf};f:l be the associated off-equilibrium human capital investment values defined in (6).

Lemma 2 In a generic subset of economies, there exists a unique solution to the relaxed planning
problem (P3).}' At the solution, all constraints {IC’l,t};‘ll bind, and the off-equilibrium values
{jt*}z;l satisfy j5 < j35 < ... < j5 < i*. Moreover, the solution to (P8) is feasible in the social

planning problem (P2).

Proof In Appendix. m

The above lemma implies that, generically, there exists a unique optimal allocation in our model,
and the optimum can be found as the solution to the relaxed planning problem (P3). At the
optimum, the only deviation strategies that bind are the T strategies consisting of the joint action of
shirking at ¢ and under-investing in human capital at date 0. Note that these are dynamic deviation
strategies: if an agent plans at date 0 to shirk at date ¢ > 0, he deviates —already at t = 0— from the

recommended human capital investment ¢* and invests j; < ¢*. Despite the fact that the deviation

HThe generic set of economies, which we precisely define in Appendix, consists of all economies in which the values
¥,(0) for t = 1,..., T are not too large. Essentially, this restriction is made to ensure that over-stating the level of one’s
human capital is not a binding strategy at any optimum or in any equilibrium implementing the optimum. Having
solved many examples numerically, we have yet to find an economy that violates this condition, i.e., does not belong
to our generic set. Thus, it is perfectly possible that this assumption is totally innocuous, i.e., that all economies
defined in Section 2 satisfy it. Still, we formally restrict the focus to this set of economies because the proofs we
present for our analytical results requite it.
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plan calls for shirking only at date ¢, due to this under-investment, along the history 1?, the agent
deviates from the recommended labor effort level I%(1%) = y*(1%)/1,(i*) at all dates s < t. In fact,

at dates s < t the agent overworks because he provides effective labor supply y*(1%) while his skill

level is ¥, (j7) < 1, (i%).

3.2 Properties of the optimum

This subsection provides a characterization of the optimum in terms of intratemporal, intertemporal,

and asset return wedges.
Proposition 1 (Intratemporal Wedges) At the optimal allocation A* we have

1. a positive intratemporal wedge at all dates for all low-skilled agents, i.e., for all t = 1,...,T

and all n* such that hy(n') = 0 we have
=" (ly (")) < w'(c} (")) (0) Fo (K7, YY), (8)

2. a negative intratemporal wedge at all non-terminal dates for the high-skilled agents, i.e., for

alt=1,...T —1 and all n® such that hy(n') = i* we have
=o' (17 (1)) > o/ (c; (1)v, (") Fa (K7, YY), (9)
3. mo intratemporal wedge for the high-skilled at the terminal date
=0’ (1p(17)) = W/ (¢p (17)) oy (i*) Fa (K7, V7). (10)

Proof In Appendix. m

The positive intratemporal wedge at the bottom of the skill distribution is a standard result in
the literature on Mirrlees economies. This wedge is consistent with a positive marginal tax on labor
income of the low-skilled. The intuition for the optimality of this wedge is as follows. The binding
deviation strategies involve shirking, i.e., the (potential) deviators are over-skilled relative to the
truth-tellers who provide the same (low) effective labor supply. Thus, the intratemporal trade-offs
between consumption and leisure are different for the deviators and the truth-tellers: the deviators,
who over-consume leisure, have a stronger preference for consumption. A positive marginal tax on
labor income, therefore, hurts the deviators more than it hurts the truth-tellers, and, thus, relaxes
the overall incentive constraint, which makes this intratemporal wedge efficient.

The negative intratemporal wedge at the top of the skill distribution at non-terminal dates is a

result that is non-standard. This wedge is consistent with a marginal subsidy to the labor income
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of the high-skilled. The intuition for the optimality of this wedge is analogous to the previous case.
The deviation strategy of shirking at ¢ is optimally combined with an under-investment in human
capital at date 0. Along the path 1¢, the (potential) deviators provide high effective labor supply
yi(1°) for s = 1,...,t — 1 but are under-skilled relative to the agents who follow the equilibrium
behavior and provide the same amount of effective labor (because j;i < i*). Thus, the deviators
have a stronger preference for leisure than the truth-tellers. A marginal subsidy to consumption,
thus, helps the deviators less than it helps the truth-tellers, which encourages truth-telling (relaxes
the IC constraint) and makes this intratemporal wedge efficient.

Note that all of the binding deviation strategies call for shirking in the last period. Therefore,
the observation of yr = y4(17) unambiguously signals a truth-teller (who also has been lucky to
receive the high sequence of shocks 17). Thus, there is no need for an intratemporal wedge at the

top of the skill distribution at ¢t = T

Proposition 2 (Intertemporal Optimality Conditions) At the optimal allocation A*

L - E {;} , (11)

uh(cg) + Seey au [uh(cy) — uh(cy +i* — j7)] rifu’(er)

where oy > 0 is the Lagrange multiplier associated with the constraint I1C} 4, and

=B || (12)

u'(cf) TZ‘+15W(02‘+1)

fort =1,...,T =1, where rj, ; = F1(K} ,Y ).

Proof In Appendix. m
The intertemporal optimality condition (12), which characterizes the optimum at dates ¢ =
, ..., T is standard in dynamic Mirrlees economies (see Golosov, Kocherlakota, and Tsyvinski 2003).
This condition, usually referred to as the Rogerson condition, states that the discounted inverse of
the marginal utility of consumption is a martingale at the optimum. Our optimality condition (11),
however, is nonstandard. Since, by Lemma 2, a; [ug(cg) — up(ch +i* —jf)] >0 forall t =1,...,T,
the intertemporal optimality condition (11) implies the Rogerson condition does not hold at the
optimum of our model at date 0. In fact, at date 0, the discounted inverse of the marginal utility of

consumption must be a strict supermartingale at the optimum of our model.

Corollary 1 (Intertemporal Wedges) At the optimal allocation A*

ug(cy) < riBE [u ¢ [ug(cp) —up(ey +i° — 311, (13)

HMH
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where o > 0 is the Lagrange multiplier associated with the constraint ICy ¢, and, fort =1,...,T —1,
W (er(1Y) < i BB [/ () 1] (14)

Proof Follows from the conditions of Proposition 2 by applying the Jensen inequality and using
the fact that, for all t = 1,..., T, ¢;(1*=1,0) < ¢;(1*71,1) (this fact follows from the fact that all IC
constraints {ICLt}tT:l bind, see proof of Lemma 2). m

The efficiency of the intertemporal wedge (14), which characterizes the optimal allocation in our
model at dates t = 1,...,T—1, follows from the complementarity between shirking tomorrow and sav-
ing today. The deviation plans associated with the binding IC constraints call for over-consumption
of leisure (shirking), and under-consumption of the consumption good [since ¢} (1*,0) < ¢f (1%, 1)].
Agents who plan to shirk at ¢ 4+ 1 would like to save at ¢ more than what the truth-tellers would
like to save at t, as the shirkers’ marginal utility of consumption at ¢t 4+ 1 exceeds the truth-tellers’
marginal utility at ¢t + 1 state-by-state. By suppressing savings (accumulation of physical capital),
the intertemporal wedge, thus, hurts the shirkers more than it hurts the truth-tellers. Suppressed
savings, therefore, relax the incentive constraints, which makes the positive intertemporal wedge
efficient.

The efficiency of the intertemporal wedge is reinforced at ¢ = 0 by the fact that, in addition to
over-saving, under-investing in human capital is complementary with shirking. Under any of the
T binding deviation strategies, which involve shirking at a future date ¢t = 1,..,T in the life-cycle,
agents under-invest in human capital and over-consume already in period zero (as ¢ +i* — j; > ¢).
Thus, those who plan to shirk have a lower marginal utility of consumption at ¢ = 0 than those
who plan to follow the truthful strategy throughout the life-cycle. Suppressing savings at t = 0
increases ¢, which benefits the truth-tellers more than it benefits the (potential) shirkers (of all
T types). This effect of suppressed savings on current consumption (in addition to the effect of
suppressed savings on future consumption) relaxes the incentive compatibility constraints ICy ; for
all t = 1,...,T, which reinforces the optimality of the positive intratemporal wedge at period 0.

This additional effect is quantified on the right hand side of (13) by the expression

T
> afug(cy) — uplcy +i* — ;)] >0,
t=1
where ug(ch) — up(ch +i* — jf) > 0 represents the magnitude of slack in the IC constraint ICy

caused by a marginal increase in ¢y, and the Lagrange multiplier a; > 0 represents the welfare value

of relaxing the constraint /C; ; by one unit.
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Define the intertemporal wedge process w; : ©' — R as the missing “implicit tax” in the con-
sumption Euler equation. That is, given an allocation of consumption ¢ and an interest rate sequence

r, for each history n € ©%, t =0,1,...T — 1, let w;(n*) be defined as the number w that solves

B’ (ce+1)

F
(e

(1 — w)rt+1

nf} =1 (15)

The Rogerson property (12) of the optimal allocation ¢* at dates t = 1,...,7 — 1 implies that the op-
timal intertemporal wedge w} is nonnegative at all dates t = 1,...,7—1 and states n‘. The inequality
(14) implies that E[wy] > 0 for allt = 1,...,T—1. The modified Rogerson property (11) at ¢ = 0 and
the inequality (13) provide a tighter lower bound on the optimal intratemporal wedge w(. Not only is
w§ strictly greater than zero, but it is strictly greater than Zthl ay [1—ug(el + i — 35)/up(cd)] > 0.

In addition to the intra- and inter-temporal wedges, the optimal allocation is characterized by a
wedge in the returns on the two types of assets present in our environment. Define time-¢ return on
human capital investment as

Ry = ' (1) Fa(Ky, Yol (1) 94 (4).

This return measures the additional output obtained at date ¢ due to a marginal increase in human
capital investment ¢ at date 0, with all other variables held constant. By R; we denote R; evaluated

at the optimum.

Proposition 3 (Asset return wedge) At the optimum

T t 1
3 (n _*) R > 1.
=1 \s=17s

Proof In Appendix. m

The optimality of a human capital premium follows from the difference between the social in-
centive costs of human and physical capital investment. As mentioned before, both physical and
human capital accumulation are complementary with shirking. An increase in either physical or
human capital investment tightens the IC constraints, which has a negative effect on welfare (hence
the social incentive cost of investment). However, a given hike in human capital investment tightens
the incentive constraints by more than does the same increase in physical capital investment.

Why? The reason is that physical capital investment is observable, while human capital invest-
ment is not. Fix an allocation and suppose that $1 is exogenously added to the economy at date
0 with a recommendation to invest it in physical capital. The only effect on the IC constraints is
the standard ex post wealth effect: with more wealth in the future, shirking will be more attractive.

There is no effect on incentives in period 0 because physical capital investment is perfectly observ-
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able. Now suppose that the extra $1 comes with a recommendation to invest it in human capital. If
the rates of return on physical and human capital investment are equal, the ex post wealth effect on
incentives is the same for human as it was for physical capital investment because the extra wealth
generated is the same in either case. However, human capital investment is unobservable, i.e., agents
can privately divert the recommended human capital investment to consumption at date 0. This
additional deviation possibility, which was not available to the agents in the case of physical capital
investment, puts an additional strain on the incentive constraints, and thus creates an additional
social incentive cost of human capital investment. At the optimum, in order to offset this additional
cost, the return on human capital has to exceed the return on physical capital investment, and hence,

human capital premium is optimal.

4 Implementation in equilibrium with deferred capital taxes

Human capital is an endogenous, private, and stochastic state variable over the life-cycle of an
agent. In section 3, we derived the implications that the presence of this state variable has on the
structure of the optimal allocation of capital, labor, and consumption. In this section, we derive the
implications of human capital for the structure of optimal capital taxes. Our main finding is the
necessity of deferred taxation of capital income in tax systems with linear capital taxes.

In the first subsection below, we formally define competitive equilibrium with taxes and a class
of tax systems with linear capital taxes, which we focus our attention on. In the second subsection,
we demonstrate that implementation of the optimum is impossible with linear capital taxes if capital
can only be taxed contemporaneously, i.e., if all taxes on capital held in period ¢ are due in period ¢.
We then explain how this implementation can be achieved when deferred taxation of capital income
is introduced. Finally, in the third subsection, we formally prove our implementation existence result

and provide a characterization of an optimal tax system.

4.1 Equilibrium with taxes

In contrast to the direct revelation mechanism used in Section 2 to define and characterize the
optimal allocation, we consider here a standard competitive market mechanism in which agents
freely trade effective labor, capital, and consumption, subject to taxes. We will call this mechanism

a market/tax mechanism.

Agent’s problem All agents are ex ante identical with the initial endowment of capital kg =
Ko — Ty, where 7 is an initial lump-sum tax on each agent. They choose their human capital

investment ¢, initial consumption cg, savings k; — kg, and state-contingent sequences of consumption,
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effective labor, and capital, {c;, yt, kt+1}tT:1, $0 as to maximize lifetime utility

uo(co) + Eiﬁt {u(ct) v (%Zglt)) }

subject to the following set of budget constraints:

cot+i+kr < ko,

ct+ ki1 < owiys ik — &t(yt) - j;(yt7 kt)

fort =1,...,T, where kr11 =0, {ht}thl is the individual human capital process defined in (2)—(3),
{’ZN}, &t}thl are the sequences of, respectively, capital and labor income taxes due at time ¢, and

{ry, w;}L_ | are the sequences of market gross interest rates and wages.

A class of tax systems Following Kocherlakota (2005), we allow for nonlinear taxation of labor
income but restrict attention to taxes linear in capital. Labor income taxes and marginal capital
tax rates are allowed to depend on the whole history of labor income. We depart from Kocherlakota
(2005), however, by allowing deferred taxation of capital income. This means that the function

Ti(yt, k') takes the following form
} t
ﬂ(zﬁ kt) = Z 7~-s,1‘/(:l/t)7dsk/’su
s=1

where 7, .(y") is the marginal tax rate at ¢ on capital that an agent with effective labor history y*
held at s < ¢t. The tax system used in Kocherlakota (2005) imposes the restriction 7,5, = 0 for all
s <t.

Competitive equilibrium defined Given a tax system 7y, {73, &, }7_,, the notion of competitive
equilibrium is standard.

Definition 5 Given a taz system Ty, {T;, ¢,}7_, and a sequence of government revenue {Gt}z;o,
competitive equilibrium is an allocation A® = (c§, i, {c§, k¢, ys, K¢, YEYE ), and prices {r¢, w;} 1, such

that:
1. given tazes {T;, ¢, } 1y and prices {ry,wi VI, (5, i€, {c5, k§,y$ I, solves the agent’s problem;

2. prices {ry,w:} are given by

Fl (Kfayrte)

Tt

F2 (Kfayrte)

g
I
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atallt=1,...,T;

3. consumption, capital, and effective labor markets clear:

c8+ie+k§+Go:K0,

teﬂ_zﬂ ki (n'), t=0,..T—1,
Yo=Y M yi(n'), t=1,..T.
nt

A tax system 7o, {7}, (Ebt}thl is optimal if it implements the optimal allocation A* as an equilib-

rium.'> We will denote an optimal tax system by 75", {7.*, (bt M.

Expressing taxes in a reduced form Due to the nonlinearity of labor income taxes &St in y¢, the
tax system {’j;, g}bt}z;l can introduce an arbitrarily severe punishment on agents whose effective labor
supply strategies are such that, for some t = 1,...,T, y* ¢ {y** (")}, co:, where y** = (y7, ..., y;).
Assuming each of these detectable deviations is punished severely enough to deter agents from
using them, we only need to specify taxes for observed labor income histories 3¢ such that, for all

t=1,..,T, yt = y**(n) for some n* € O!. For these histories, we introduce the following notation:

7o) = 7o (y* (")),
o, (n") = &, (¥ ("))

It is therefore sufficient to find reduced-form taxes ¢,(n') and

t
= Z Ts,t (n )rsks
s=1

for t =1,...,T in order to obtain a characterization of an optimal tax system.

4.2 The necessity of deferred taxation

Before we proceed with our main results in the next subsection, we provide an explanation of why

our tax system necessarily needs to use deferred taxes on capital income.

12The variables I and h are not formally included as part of A¢. The equilibrium values of these variables are
implied by i€ and y°.
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Suppose that capital taxes are restricted to be contemporaneous: current capital income can be
taxed today but not in the future. In particular, capital income obtained in period 1, r1k1, can only
be taxed in period 1. For the implementation of the optimal allocation in a market equilibrium with
taxes to exist, it is necessary that agents do not want to use the markets to trade away from the

optimum. In particular, it must be true that the first period Euler equation,

ug(cg) = rBE[(1 = m)u'(c])], (16)

is satisfied. Otherwise, agents could improve over the optimum by simply adjusting their savings. At
the same time, however, for an implementation with contemporaneous taxes to exist, the following

T — 2 Euler equations (which are associated with shirking)

up(cp 1" = ji) = mBE[(1 — m1)u/ (c])] (17)

must hold for ¢t = 2,3, ..., T. This, however, is impossible as the right-hand sides of (16) and (17) are
identical while the left-hand sides differ since, by Lemma 2, j; < ji < ... < ¢*. Thus, the optimal
allocation cannot be implemented with contemporaneous taxes.

Why are conditions (17) necessary for implementation? Suppose that the optimum is imple-
mented in a market/tax mechanism. The equilibrium strategy is to make the initial human capital
investment ¢ = i*, follow the equilibrium capital accumulation plan k¢, and never shirk. The con-
sumption allocation delivered by this strategy is ¢*. If (17) does not hold for some t = 2,..., T,
however, this strategy is not individually optimal, and thus it cannot be an equilibrium strategy,
and the optimal allocation is not implemented. To see this, consider the private deviation strategy
dev,; consisting of shirking in period ¢, investing in human capital the amount j; < i*, and following
the equilibrium physical capital accumulation plan k°. What value does this strategy deliver in the
market /tax mechanism? Under both the optimal direct revelation mechanism and the proposed
market /tax mechanism, strategy dev; yields the same level of expected utility simply because under
both mechanisms it generates the same consumption and labor effort plans at all dates and states.
In the direct revelation mechanism, dev; is the strategy that supports the binding IC constraint
1C +. Thus, the utility level delivered by dev; is equal to that delivered by the optimum. In the pro-
posed implementation mechanism, therefore, agents are indifferent between following the equilibrium
strategy and deviating to strategy dev;. However, dev; does not exploit the additional dimension
of deviation that is, relative to the direct revelation mechanism, available to agents in the market
mechanism: deviations of capital holdings k from the proposed equilibrium plan k€. In particular,
if the FEuler equation (17) does not hold for ¢, combining the strategy dev; with a deviation from

k1 = k increases the value of dev; in the proposed market/tax mechanism. Thus, augmenting deuv;
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with a deviation along the capital accumulation dimension produces a strategy that yields strictly
more utility than the equilibrium strategy does, which contradicts the existence of implementation.
Thus, conditions (17) are necessary for implementation.

How does deferred taxation of capital income make implementation of the optimum possible?
Suppose that, in addition to being subject to taxes at ¢ = 1, capital income 71k is also taxed in
period T. At date T, all human capital risk is resolved and all (indirect) reports about individual
realizations of this risk are on record. The marginal tax rate 71 1 applied at date T' to first-date
capital income 71k, can use this information, i.e., it can depend on the whole history of reports 1.
The Euler equations associated with truth-telling and shirking in periods 2,...,T are now given by,

respectively,

ug(cy) = rBE[(1—712)v(¢})] — BT E [r1 v/ (c7)]

and

up(ey +i* = ji) = rBE[(L — mi,)rd ()] — mB B [ryru/ (7)) | &)

for t = 2,...,T, where E[ |5:] denotes expectation conditional on shirking strategy t. Deferred
tax rates 71 7 are additional free parameters that may be chosen so as to satisfy all of the T' — 1
Euler equations above. As none of these Euler equations are colinear, for this to be possible, the
terms associated with deferred taxes must be non-colinear. Indeed, they are because under different
deviation strategies 6; agents arrive at terminal histories 7 with different ex ante probabilities (i.e.,
E[ |6 #E[|6s] for t # s).

Taking as an example the case of T = 2, under contemporaneous capital income taxes, the Euler

equations for truth-telling and shirking in period 2 are given by, respectively,

up(cy) = rBE[(1 —71)u'(c])],

and

up(ch +i" = j3) = rBE[(1 — Ti)u’(c])] .-

These conditions, which we have shown above to be necessary for implementation, cannot be jointly
satisfied because j35 < i*.

With deferred capital taxes, these Euler equations are given by, respectively,

up(cy) = mBE[(1—711)uw/(e])]
—r1 8% [11(0)71,2(0,0)2(c5(0,0))]
=716 [11(1)m2(0)71,2(1, 0)2 (€3(1,0))]

—r16° [m (Dma(1)71,2(1, D' (e3(1,1))]
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and

rBE (L= 711)u'(c])]
—r10% [11(0)71,2(0, 0)u’ (¢5(0,0))]

—r13% [r1(1)71,2(1, 004/ (c3(1,0))] -

ug(cy + 1" — j3)

Both of these conditions can now be supported with an appropriate choice of deferred taxes 71 2.
The deferred tax 71.2(0,0) enters both Euler equations with the same coefficient, so making this
tax non-zero does not help support these conditions. However, the deferred taxes 712(1,0) and
T1,2(1,1) enter the two equations with different coefficients. Setting 71,2(1,0) > 71,2(1,1) will
help bring the two conditions closer together. In particular, both Euler equations are supported if

71,2(0,0) = 712(1,1) = 0 and

up(ch) = up(cp + i — j3)

T1,2(1,0) = B2y (1) (D)a (¢5(1,0))

> 0.

Note that the deferred tax 71 2(0, 0) does not help implementation because the observation of the
(indirectly reported) path (0,0) does not carry any information about whether an agent who reports
(0,0) follows the deviation strategy devs or tells the truth, as under devs agent lies only in history
(1,1). However, an agent who follows strategy devs reports the history (1,0) with probability 71 (1),
which is more than the true probability 71 (1)m2(0). Similar to the standard moral hazard model,
this high-likelihood-ratio event is penalized with a high marginal tax rate 71 ,2(1,0) > 71 2(1,1) = 0.
As we have demonstrated, the marginal tax rate 712 on income r;k; must depend on information

that becomes available only in the second period of the life-cycle. Thus, deferred taxes are necessary.

4.3 General implementation

In this subsection, we present the main results of our paper, which concern the existence of an

implementation and the properties of optimal capital taxes.

Theorem 1 In a generic class of economies, there exists an optimal tax system 15, {T,*, ¢},

such that, the contemporaneous capital tazes satisfy

(1) < 0 for1<t<T, (18)
T:,t(ltiao) > 0 fOT 1 S t S T, (19)
T, (1750°) = 0 forl<s<t<T,
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and the deferred capital taxes satisfy

(17000 > 0 for1<t<T, (20)
TT,t(Ut) = 0 forl<t<Talln'#(1710), (21)
m) = 0 forl<s<t<Talln'

Proof Constructive. We provide explicit formulas for candidate optimal taxes 7, {T,*, ¢} }1_,
and confirm that the optimal allocation is an equilibrium allocation under these taxes. The generic
class of economies is, as before, those economies in which ,(0) for ¢t = 1,...,T" are small enough for
lying upward to be strictly suboptimal at the optimum. Details in Appendix. m

A key feature of the optimal tax system 7¢, {7;*, ¢} }7_, is that the after-tax rate of return on
savings is a random variable positively correlated with labor income; despite the fact that savings
themselves are riskless. The positive correlation between the return on saving and labor income
results from the fact that the marginal tax rate on capital is low for agents with high labor income and
high for agents with low labor income. The role for this correlation, as pointed out in Kocherlakota
(2005) and Albanesi and Sleet (2006), is to discourage savings just enough to implement the optimal
intertemporal wedge. The unique feature of our tax system is that the uncertainty about the marginal
capital tax rate is not fully resolved at the time when capital income is realized. In particular, the
marginal tax rate on first-period capital income r1k; depends, along some histories, on labor income
earned in all periods, including the final date T, as TT,T(lT’l, 0)>0= TiT(].T).

In the environment studied in Albanesi and Sleet (2006), deviations that ultimately shape the
structure of optimal capital taxes are static (one-period deviations). Future labor income w5yt s,
s > 1, does not carry in this environment any information about agents’ current marginal rate of
substitution Su’(¢;)/u'(c;—1) (which is a critical piece of information needed to determine if the
intertemporal wedge is satisfied). That the same is true in the environment studied in Kocherlakota
(2005) follows directly from Assumption 1 of that paper. In the implementations obtained in Albanesi
and Sleet (2006) and Kocherlakota (2005), therefore, taxes on capital income in period ¢ can be
contemporaneous, i.e., do not need to be conditioned on labor income from periods t + 1,¢ + 2, ....

In our environment, deviations that bind at the optimum are dynamic: shirking in period ¢
is augmented with under-investment in human capital and over-consumption at date 0. Labor
income realized in periods 2,3, ..., T does carry information about the marginal rate of substitution
Bu'(c1)/u'(co). For example, conditional on the observed labor income wryr = wrys(11), the
agent’s marginal rate of substitution Su’(c1)/u'(co) equals fu’(c}) /v’ (cf) with probability 1, as only
under the truthful strategy agents supply at T effective labor yr = yi(17). Conditional on the

observation wryr = wrys(1771,0), however, the marginal rate of substitution Su’(c1)/u’(co) equals
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B’ (c}) /v (cfy) with probability 77 (0)/(1+71(0)) and Bu’(c}) /v (c§+i* — ji) with probability 1/(1+
77(0)), as the observation of effective labor supply yr = yi(1771,0) is consistent with both the
equilibrium strategy and the strategy devs, under which agents shirk in the last period.'® An efficient
tax system does not disregard this information. The role for deferred capital taxes, therefore, is to
make use of this information and implement the intertemporal wedge efficiently.

Note also that, since the low human capital state h; = 0 is absorbing in our environment, no new
information about the agent is released by observations of labor income w5yt s = Wi sY7 4 (1t_1, 0,0%)
for s > 1, i.e., in all periods subsequent to the agent’s first (indirect) report of the low human capital
level hy = 0. In the optimal tax system of our Theorem 1, capital taxes are zero in all such histories.
This feature of the optimal tax system is not necessary, however. There exist other implementa-
tions in which capital taxes paid in those histories are non-zero. Intuitively, with history-dependent
deferred capital taxation, postponing tax collection can always be done without loss of efficiency,
as no information is lost by waiting. In particular, as can be seen in our discussion in the previous
sub-section, there exits in our environment an optimal tax system in which all capital taxes are
postponed until the terminal date 7.1

The next proposition provides a further characterization of optimal capital income taxes.

Proposition 4 At the optimal tax system T3, {T,*, ¢},

T o/t
E 7'171 + (H2 7‘_*> Tl,t] = 0, (22)
t=2 \$T2 s
Elri,n'™"] = 0, for1<t<s, alln® " (23)

Proof In Appendix. m

This proposition shows that the present value of expected capital tax payments due from each
agent in this economy is zero, i.e., the amount of government capital income tax revenue is zero.
This result is not specific to the implementation 7;", {7;*, ¢; }L_,. As we mentioned before, there are
other linear capital tax implementations in our environment, which postpone tax collections even
more than our implementation jf)*, {T*, ¢ }E . In all these implementations, government revenue
will be zero. This can be seen from the fact that our proof of this proposition follows from the on-

and off-equilibrium Euler equations and the (modified) Rogerson conditions which characterize the

I31n this example, the distributions over the possible values of the marginal rate of substitution Bu’(c1)/u’(co)
conditional on the two observations of period-T" labor income levels represent posterior beliefs about Bu’(c1)/u’(co)
under the prior distributed uniformly over the truthful strategy and the T' deviation strategies, dev; for t = 1,...,T.
The fact that these posteriors do not coincide means that future labor income does carry information about the
marginal rate of substitution Bu'(c1)/u'(co). Along the equilibrium path, of course, all agents follow the truthful
strategy. Yet, still, the off-equilibrium beliefs determine the equilibrium outcome.

14 This non-uniqueness is similar to the indeterminacy of government debt path pointed out in Bassetto and Kocher-
lakota (2004).
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optimum. As we have shown before, any linear implementation must obey the on- and off-equilibrium
Euler equations, and, of course, must satisfy the Rogerson conditions, which are not specific to the
implementation but rather to the allocation implemented. Therefore, any linear implementation will
feature zero expected capital taxes in present value.

This result is intuitive when we take into account that lump-sum taxes are available to the
government. In our implementation of the optimum, capital taxes are linear in capital, hence,
they are distortionary. With non-distortionary lump-sum taxes available, there is no need to use
distortionary capital taxes to raise revenue. The role for capital taxation, in our as well as in other
dynamic Mirrlees models, is to provide incentives to the agents, rather than to raise revenue.

Expected capital taxes due from an agent are not zero in every period. In our implementation,
agents face an expected subsidy on capital income in period 1, and expected positive capital tax
payments due in periods 2, ...,T. More precisely, the expected capital tax payment due in period 1
is given by

E [T?ﬁ“llﬁ] =F [TT’J 7‘1/{31 < 0,
where the strict inequality follows from (22) and (20). The expected capital tax payment due in
period ¢t = 2,..,T is given by

E [TT7tr1k1 + T;trtkt] = F [7’{ t} riki + FE [T;t] reky

)

= E[Tft}’l‘lk‘1>0,

)

where the second equality follows from (23) and the strict inequality follows from (20).

4.4 Marginal tax rate volatility

In this subsection, we demonstrate how the large intertemporal wedge that characterizes the optimal
allocation in our economy early in the life cycle (i.e., at date 0) translates into large volatility
of marginal capital tax rates in the implementation. As our benchmark, we take an exogenous-
skill version of our environment. We show that, relative to the exogenous-skill environment, the
intertemporal wedge in our environment is large. Then, we show how this translates into larger
volatility of marginal tax rates needed to implement the optimum in our endogenous-skill model,
relative to the volatility needed for implementation in the benchmark exogenous-skill model.
Suppose that the skill process ¢, is exogenously fixed and there is no human capital investment
in the initial period of the life-cycle. This environment is a special case of the environment studied

in Golosov, Kocherlakota, Tsyvinski (2003) and Kocherlakota (2005). Our incentive compatibility

28



constrains IC1 4, given in (5), reduce in this case to

w (e(19) +v(l (1Y) = u (e (171,0)) + v (Wlt L0 (11 ’0)>

P, (1)

for t = 1,..,T. The optimal allocation of consumption, denoted ¢, satisfies the standard Rogerson

L _p [;} (24)

u'(¢) rip18u (Cry1)

condition

at all dates, including ¢ = 0.
In contrast to the endogenous-skill environment in which we have T'+ 1 Euler equations at ¢t = 1,
the exogenous-skill model has only two Euler conditions at ¢ = 1that need to be satisfied in an

implementation with linear capital taxes: the on-equilibrium Euler condition
up(éo) =1 BE[(1—71)u'(e1)],
and the off-equilibrium condition
ug(Co) = r1B(1 — 11(0))u’ (¢1(0)).

Solving the off-equilibrium Euler equation for 71(0) and the on-equilibrium equation for 71(1), we

obtain optimal marginal capital tax rates, denoted 71, given by
/o
F(0) =1 - —ll) _ (25)

for 6 € ©, where 71 denotes the optimal gross interest rate in the economy with exogenous skills.
For the purpose of the comparison with the exogenous-skill model, define the total marginal

capital tax rate at £ = 1 in the endogenous-skill model to be the present value of contemporaneous

and deferred marginal tax rates on capital income r1k;. The intertemporal wedge w is defined in

(15) .

Proposition 5 Consider an endogenous-skill economy and an exogenous-skill Mirrlees economy
with the same preferences over consumption. Suppose that the same consumption allocation is opti-
mal in both economies, i.e., ¢ = c*. Then, the intratemporal wedge at t = 0 and the volatility of the

marginal capital tax rate at t = 1 are strictly larger in the economy with endogenous skills.

Proof In Appendix. m
This proposition tell us that, keeping the volatility of the consumption process constant, the

volatility of the marginal tax rate depends on the underlying friction. In the proof, we show that

29



the shadow interest rate at ¢ = 1 is larger in the endogenous-skill economy, i.e., 7§ > 71. Given that
the consumption allocations are the same in the two compared economies, this immediately implies
that w] > @;. This larger wedge translates into larger volatility of total marginal tax rate on first
period capital income needed to implement the same consumption allocation ¢* = ¢ under the more

severe friction of the endogenous skill economy.

5 A numerical example

In this section, we use a parameterized example to explore numerically aspects of the optimal
allocation and the tax system studied in pervious sections. We take a model period of 10 years.
Agents begin life at age 15, and work from the age of 25 until 65. The period between the ages of 15
and 25 is when agents have the human capital investment opportunity but do not work. We assume
that the distribution of agents’ human capital investment shock is given by 7o(1) = m¢(0) = .5 and
the conditional distributions of human capital depreciation shocks o; are m4(1) = 7 (0) = .5 for all

t > 1. The skill function ¢, is given by

Uy(he) = ar +be/he

for t =1,...,5 with constants

(a1,...,a5) = (0.2,0.35,04, 0.3, 0.25),
(b1,...,b5) = (1,1.5,23,2,1.5).
The utility functions are taken to be ug = u = log, and v(l) = —I%. We set a discount factor 3 to

0.8, which implies an annual discount factor of 0.98. The aggregate production function is given by
F(K:,Y:) = rK; + wY;, Ko =1, where we set r =1/, and w = 1.

Figure 1 presents the low skill profile (at h; = 0) and the high skill profile at the optimal human
capital investment (i.e., at hy = i*). Figure 2 displays the optimal intratemporal wedges across the
realized histories n*. We observe that the intratemporal wedge at the top of the skill distribution is
negative and the absolute size of this wedge decreases with the age of the high-skilled agent. Figure
3 displays the intertemporal wedge at the initial period and in periods ¢ = 2,...,5 conditional on
undepreciated human capital in period ¢ — 1, i.e., along the history 7% = 1° (for all the other realized
types, this wedge is equal to zero). As we observe, in this example, the intertemporal wedge declines
with the agent’s age. Intuitively, the incentive problem is most severe early in the life-cycle when the
private human capital investment is made, which translates into a large intertemporal wedge in this

period. Finally, Figure 4 shows the optimal contemporaneous capital taxes for the high skilled as
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well as the optimal contemporaneous and deferred capital taxes for the agents whose human capital
just depreciated. As we observe, the optimal marginal deferred tax rate decreases with the duration

of human capital.

6 Conclusion

Deferred taxes are a common feature of capital income tax systems currently used in many countries.
Our paper provides a theoretical rationale for the use of such solutions. Our results show that it is
necessary to use deferred taxes in settings in which information relevant for the assessment of tax is
revealed gradually over time.

We show that when human capital accumulation is taken into account in a way consistent with
three main empirical facts about the life-cycle properties of individual-specific human capital, the
problem of optimal taxation of individual income constitutes an important example of a setting in
which deferred taxes must be used. In a Mirrlees economy in which human capital investment is
private, risky, and non-separable from consumption, a three-way complementarity between shirking,
under-investing in human capital, and over-saving requires that a portion of tax on capital income
obtained by agents early in the life-cycle be deferred until late in the life-cycle, when more information
about agents’ private human capital decisions is available through the observation of longer labor
income histories. Long histories of high labor income are consistent with high effort and high human
capital investment. The deferred tax assessed on agents with such observed histories is low. Histories
of low labor income, in contrast, are consistent with over-consumption and under-investment in
human capital early in the life-cycle and shirking at later dates in the life cycle. Therefore, the
deferred tax assessed on agents with such observed histories is high.

Our results do not depend on several assumptions that we make for the ease of exposition. First,
we assume that all agents are ex ante identical in our model. Our results go through with minor
changes when ex ante agent heterogeneity is incorporated into the model, as long as these differences
in individual characteristics are publicly observable. Second, the model can be easily modified to
replace the period-by-period resource constraint with the present value resource constraint. Third, in
the market implementation we consider, capital is the only asset that agents trade. If bond markets
with observable trades are introduced into the model, our results go through without change, with

all wealth (physical capital and financial claims) receiving the same tax treatment.
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Appendix

Before we proceed with the proof of Lemma 1, we prove an auxiliary lemma. Consider the agent’s
choice of investment and reporting strategy given in the IC constraint of Definition 3. Lemma A1l
below shows that if in this maximization problem a one-period overstating of the level of human
capital is not a profitable deviation from truth-telling at any ¢, then no lying strategy that consists

of multiple-period overstatements of human capital can be profitable.
Lemma Al For each t =1,...,T, conditions {10075}3:15 imply
wy (i, (1771,0), (1F71,0)) > we (i, (11771,0), (1171, 1)).

Proof of Lemma A1l Directly from the definition of wr (given in Definition 3), ICy 1 is the same

condition as

wr (i, (1771,0), 1771 0)) > wr(i, AT71,0), AT, 1)). (26)

Thus, we have our conclusion for ¢t = T.

At T — 1 we have

U/Tfl(iv (1T?27 O)a (]-T72a 0)) = u (CT71(1T727 0)) +v (lel(]-TiQa 0)) (27)

+8{u (cr(1772,0%) + v (Ir(1772,0%) },

and

wT—l(Z'a (1T72’ 0), (1T72, 1)) = u (CT_1(1T72, 1)) + o <'¢T—1(Z')ZT—1(1TQ7 1)) (28)

Yp_1(0)
+ﬁ max {wT(ia (1T_27 02)7 (1T_27 1, &Tfl))} :
orT—1
Note now that
wT(iﬂ (1T_27 02)7 (1T_27 1, &Tfl)) = wT(i= (1T_17 0)7 <1T_17 &T*I)) (29)

as both sides of this equation are equal to

w(er(171 67 1)) + v (@bT(i&Tl))lT(lT_la&Tl)) .

¢r(0)
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Now, (29) and (26) imply that

max {wr (i, (1772,0%), (1772, 1,60-1))} = wr(i,(1772,0%),(1772,1,0))

or-1

= u(cr(1"71,0)) + v (Ip(1771,0)).

We can thus rewrite (28) as

. T-2
wT—l(Z'a (1T72’ 0), (1T72, 1)) = u (CT_1(1T72, 1)) +o <wT—l(2l;T—11<(01) 5 1))

+Bu(er(1771,0)) + v (Ir(1771,0)),
Substituting this equality and (27) to the desired inequality
UWLJ(L(lT_230%(1T_2aO» Z’wTLJ(L(lT_2a0%(1T_2a1»7

we obtain /Cy r_1, which yields our conclusion for ¢t =T — 1.
Replicating the same argument for t =T — 2,7 — 3, ..., 2,1, we get the desired conclusion for all

t=1,...T. O

Proof of Lemma 1

Necessity If allocation A is IC, then the condition ICj; must hold for all t =1,...,T. Suppose it
does not for some t. Consider the following investment-announcement strategy for the agent: invest
in human capital the recommended amount %, truthfully announce all shocks to human capital up to
time ¢ — 1 and then, if hy_; =4 and 04—1 = 0 (i.e., if hy = 0 for the first time), declare 6;—1 = 1 and,
in the following period, 6; = 0. This strategy of one-period over-statement of skill would yield more
utility to the agent than the truthful investment-revelation strategy, which violates the assumed
incentive compatibility of the allocation A.

If allocation A is IC, then the condition IC;; must hold for all ¢ = 1,...,7. Suppose it does
not for some t. Consider the following investment-announcement strategy for the agent: invest in
human capital the amount j; given in (6), consume the difference i — j; > 0 at ¢ = 0, truthfully
announce all shocks to human capital up to time ¢ — 1 and then, if h; = j; (i.e., if human capital
remains non-zero in period ¢, although lower than the on-equilibrium amount ¢), declare 6;_1 = 0.
This strategy of under-investing in human capital and over-consuming in period zero, followed by
a false report of zero human capital in period ¢ yields more utility to the agent than the truthful

investment-revelation strategy, which violates the assumed incentive compatibility of the allocation

A.
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If allocation A is IC, then the condition IC; must hold. Suppose it does not. Consider the
following investment-announcement strategy for the agent: invest in human capital the amount
7 # i which does solve IC;, adjust consumption at ¢ = 0 by ¢ — j , and truthfully announce all
shocks to human capital at all periods ¢ = 1,...,T. This strategy of mis-investing in human capital
period zero, with no false reporting of human capital shocks, yields more utility to the agent than
the truthful investment-revelation strategy, which violates the assumed incentive compatibility of

the allocation A.

Sufficiency We show that if allocation A is not IC, then at least one of the conditions ICj,
1Cy4 or IC; for some ¢t = 1,...,T must be violated at A. Let (j,f]T) be an investment-reporting
strategy which, under the allocation A, delivers more utility to the agent than the strategy (i,77) of
investing the recommended amount and reporting the shocks truthfully. Call any such strategy an
upsetting strategy. Allocation A is not IC if an upsetting strategy exists. We show that if there exists
an upsetting strategy, then at least one of the conditions IC;, ICy+ or IC; ; for some t = 1,...,T
must be violated at A.

Fix an upsetting strategy (7, f]T). First, suppose that 7”7 =77, i.e., suppose that (J, ﬁT) involves
only mis-investment and no lying about the realized history of shocks. With no lying, the upset-
ting strategy and the equilibrium strategy (i,n7) imply the same effective labor and consumption
assignments at all histories n* and all dates t = 1, ..., T. The difference in utility value of these two
strategies comes from a) the over-consumption at date 0 by the amount ¢ — j, and b) a disutility of
labor difference along the path 17, at which the amount actually invested in human capital matters.
)

Thus, since (j,n') is upsetting, we have

T . ‘ T
wleo +i3) + 30 (e (P42 > o) + >0 (10 (1(19).

Denote the left-hand side of the above inequality by V(j), which represents the value of private
human capital investment j under truth-telling. The above inequality says that the recommended
investment level ¢ does not maximize V. Note also that, as u,v,1, are all strictly concave, V is a
strictly concave function of j. The condition IC; is a first-order (FO) condition V'(j) = 0 evaluated
at i. Since, ¢ does not maximize V, this FO condition must be violated.

Suppose then that 77 # 5T, i.e., that there is an upsetting strategy (j,7") that involves lying
about the realized history of shocks. Let t be the time when the state gets misreported for the first
time under (7,77 ). Thus, #" "' = =1, Also, it must be the case that n'~! = 1*=1, If pt=1 £ 111,
then 1(7™1) = 1(n*~1) = 0 and, thus, the set of reports available at ¢ is (7" ') = {0}, which
makes lying for the first time in period ¢ impossible. Thus, there are two possible histories of

length ¢ for which the first lie can occur: (1'=1,1) and (1*~%,0), each associated with one possible

34



misrepresentation: (171,0) and (171, 1), respectively.

Consider first the case of reporting #* = (1*~1,0) when n* = (1*~',1) and 7" = (1*~!,0) when
nt = (171,0), i.e., the case in which the agent “lies down” by under-reporting the realized shock if
o¢_1 = 1 but tells the truth if o;_1 = 0. The report 6;_1 = 0 determines all subsequent reports as
s = 0 for s > t. Thus, the complete reporting strategy associated with this misrepresentation is to
tell the truth in periods s = 1,...t — 1, and in period ¢ announce 641 = 0 for both 0,1 € O, given
that 3;(n*~!) = {0,1}. The inequality IC requires that the equilibrium strategy yields at least
as much utility as this reporting strategy does under the initial investment level that maximizes the
value of this reporting strategy, i.e., j;. Thus, IC;; must be violated because this reporting strategy,
together with some level of human capital investment 7, is upsetting.

Consider now the case of the first lie at ¢ after history n = (1=1,0) with no lying after history
(1t=1,1). There are T — t complete reporting strategies associated with this misrepresentation.
Since we assumed no lying before ¢ or after history (1=, 1), and state o;_; = 0 is absorbing, human
capital of an agent whose o;_1 = 0 is zero at all remaining dates ¢t + 1, + 2,...,T. However, given
the lie 6;_1 = 1, there are T — ¢ remaining dates in the life-cycle at each of which the agent can
either keep up the lie by continuing to report high shock realizations or reveal the low shock (i.e., low
human capital). The T — t complete reporting strategies that feature the first lie at n* = (1'=1,0)

I = 1! and o4+_; = 0, then report

and no lying at or after (171,1) are then as follows: if '~
the high shock for s periods, and admit the low skill after s consecutive skill overstatements, where
s =1,2,...,T —t; otherwise report truthfully. We now show that if any of these reporting plans,
combined with some initial level of human capital investment j, constitutes an upsetting strategy,
then at least one of the inequalities IC; s for s = ¢,...,T or IC; must be violated. There are two
possibilities: either wy (7, (1171,0), (1771, 1)) > w (4, (1*=1,0), (1*=%,0)) or not. If not, then replacing
the sequence of lies after the history (1! 0) with truthtelling results in an investment-reporting

plan that also is upsetting. But this plan involves truthtelling throughout, so IC; must be violated,

as shown above. Consider then the case in which
wt(.ja (1t717 0)7 (1t71a 1)) > wt(.jv (1t71a 0)7 (1t71a O)) (30)

The shock 41 = 0 erases all human capital investment, so the continuation value wy(j, (1*=1,0), (171, 6,_1))

does not depend on j. Thus (30) implies
th(i, (1t71, 0)7 (ltila 1)) > th(i, (11‘/71, 0)7 (ltila 0))

By Lemma Al, this strict inequality implies that one of the inequalities IC s for s = ¢, ..., T must

be violated.
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The last set of strategies that we need to consider consists of those that involve both reporting
f* = (1*71,0) when ot = (1*=1,1) and /" = (1*~1,1) when n* = (1*~1,0) with some lying horizon
s < T —t. If a strategy of this form is upsetting, then either the strategy of lying only in history
(1:=1,1) or in history (1*=%,0) must be upsetting, too. We have shown already that both cases lead
to a violation of the IC conditions.

Thus, we have that if there exists (among all possible investment-reporting strategies) an upset-
ting strategy, then at least one of the IC conditions IC; or ICy + for some z € ©, t = 1,...,T must
be violated. Thus, these conditions are sufficient for overall incentive compatibility of an allocation

A O

Proof of Lemma 2

First, we show the following lemma.
Lemma A2 At any solution A* = (i*,c*, h*,1*,y*, K*,Y™*) to problem P3
(M, = c1(171,0,0°7) (31)
forallt=1,...T and all s >t and n*~t € @3,
Proof of Lemma A2 Suppose to the contrary that
cs(1f "™t < ;110,057 (32)

a some t < § and 77§7IE € ©%~t. Consider the allocation A = (i*,¢, h*, 1", y*, K*,Y™*), where ¢ = c¢*

for n* ¢ {(1,n°"),(1*-1,0,7° ")}, and where

(L") = Ly +e (33)
7T§(1£7 ﬁg_t)

Cs 1571,0,0575 = c 1571,0,0575 N
i ) = el )~ oo

€ (34)
for a small € > 0. Clearly, A is resource feasible. Also, by the Envelope Theorem, the sequence of off-
equilibrium investment levels { jt}z;l associated with A coincides with the values { jt}?zl associated
with A*. Let I} denote the slack in the IC constraint /C ; at allocation A* and I, denote the slack
in the IC constraint IC; ; at the allocation A. By feasibility of A* in P3, I} > 0 for all . We now
show that I; > I} (> 0) for all ¢, which means that A is feasible in P3.

Because of the way consumption levels ¢z (17, ff*f) and ¢5(171,0,0%%) enter the IC constraints,

we consider two cases.
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Case 1: § = t. The ad absurdum assumption (32) reduces to

and (33) and (34) reduce to

ci(1f) < ex(1t1,0)

65(15) = c;f(lf)—&-a

; ; (1
(17t 0) = c;(ltfl,o)—ﬁt( )e.

Since (1%) and (17~1,0) do not show up in the constraints ICy, for ¢ > £, we have that

Li=1Iy >0fort >t

For t = £, since Eg(lf) enters the IC constraint IC) ; on the left-hand side (LHS) and 65(1’?*1, 0)

enters on the RHS, transferring a small amount to those who declare 1t clearly relaxes the IC

constraint /C' ;. More formally, we have

I

>

1+ 3 (1) { [u(@ (1) - u(e; 1)) = [u(e (1, 0) — u(e; 17, 0)|}

I + et (1h) { [u(cf

Ir.

*

(1) + ) — u(e; (1) - [u <c;:(1“,0)

where the strict inequality follows from the fact that v is increasing.

™

(1)
7;(0)

Iy + girt(1h) { [u(c;f(lf) te)— u(c;f(ﬁ))] + [u(c;(ﬁ-l, 0)) —u <c;f(1f—1, 0)

s) - u(c;f(lfl,()))} }
wo)))

775(1

For t < £, ¢;(1f) and ¢;(171,0) show up only on the LHS of the IC constraints IC} ;. Therefore

(using Taylor approximation),

I

1+ 8 {7 (1) [u(@ (1) = u(e; 1)) + 7717, 0) [u@(17,0) —u(e; (1, 0)] |

I+ g {wf(ﬁ) [u(ct

I + ﬁfwf(lf)s {u'(cA

Iy

*

*

t

(1) +2) = u(e;(1)| + 1171, 0) {u

I+ 6 {wf(lf) [/(c;(1F))e| = ' (171, 0) [u (c:17,0))

(1)~ ((1"7,0) }

where the strict inequality follows from (35). This strict inequality also implies that welfare attained

by A is strictly greater than that attained by A*, which contradicts the assumption that A* solves

P3.

Case 2: § > £. Note that cs(1f,7° ) and c;(1¢=1,0,0°~%) enter the IC constraints ICy, only
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£ ~5—1

for t < t. For any date t < ¢ and a history f]é_t € @5*5, consumption levels 05(15,77‘ ) and
c§(1£_1,0,0§_£) show up in the constraint I/C;; only once each, both with the same coeflicient,
5 Doy wg(lf,fyé_f), with c§(li,ﬁ§_£) entering on the LHS of ICy, and ¢5(111,0,0°~%) entering
on the RHS of IC' ;. Thus, transferring a small amount to those who declare (15, ﬁé_i) ambiguously
relaxes the IC constraint IC; ;. We, therefore, get I; > I; for all t. The argument showing that
welfare attained by A is strictly greater than that attained by A* is identical to the one presented
in case 1 above. Thus, we get the desired contradiction in Case 2, as well. [

Lemma A2 implies that it is without loss of generality to disregard allocations that violate the
weak spread condition (31). More precisely, any solution to P3 also solves a maximization problem
P3” which is constructed by imposing (31) as an additional constraint in P3.

We now restrict attention to a generic subset & of the set of all economies we have defined in
Section 2. We define & as the set of all economies in which the values 1, (0) are sufficiently close to

zero for t = 1,...,T so that it is true that at any solution to problem P3’
yr (1) >y (172,0°),

and y;(117%,0%) is close to zero for all t = 1,...,T and s < t.

We now show the following lemma.
Lemma A3 For all economies in &y, the constraint set of problem P3’ is convex.

Proof of Lemma A2 Let I denote the slack in the IC constraint IC}; at allocation A" =
(@™, ¢ Ry K, Y™ for no€ {1,2,a}, where A and A? are two allocations feasible in P3” and
A% is a linear combination of A! and A? with a € [0,1] being the weight on A!. Clearly, A% is
resource feasible. By the feasibility of A' and A2 in P3’, I? >0 forn=1,2allt=1,..,T. We need
to show that If* > 0 forallt=1,..,T.

In order to do so, we first derive a first-order Taylor approximation of I; at any allocation feasible

in P3’. Bringing all terms in the condition IC 4, given in (5), to the LHS, we get

— uolc —uplc Z‘* . = Sﬂ_s S v s —v 11[}5(2)[8(15)
L= foleo) —ofen i3] + 39 <1>[<zs<1>) (Ts(jt) )}

Y (0L, 0) )]

FO4 (1) [u (er(11) — u (ep(1771,0))] + Bt (1) |:U(lt(1t)) —v ( 0, Go)

T
+ 30w fules (15 1°7) — ul(e,(171,0,0°7))]

s=t+1 ns—t

T
S 71'8 t s—t v t s—t — v ws(o)l8(1t71’0’087t>
" 37 ot ot = (M)
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where { jt}z;l satisfy (6). Using effective labor supply y: = 9.l we can rewrite I; equivalently as

follows
I = [uo(co) —uo(co+1i—j)] + 26%5(18) [v (i%))) - (zi((l]t;)]
yi(1Y)

+ (1Y) [u (e (1Y) — u (cp(1171,0))] + Bt (1Y) [v < o ) <ytibl:(ji’)0) ﬂ

+ Z /BSZ 1t s— t)[ (Cs(lt,’l]57t))7U(CS(1t71,0,057t))]

s=t+l et

Regrouping terms, we get

S

Ii = [uo(co) —uo(co+1i—ji)] +

7 (1%)
+p'7 (1) [U (Zf?ff) - ytw:(_jlt’)mﬂ
#3 wrwee [o (LAY (L0

s=t+1

3T () o ()]

s=t+1 ns—t£1s—t

,Bt t( t) [ (Cf(lt)) —u (Ct(ltil,()))}
+ Z 68 Z 1t s— t) [ (Cs(lt,nsft)) o u(cs(1t7170’037t))} )

s=t+1 ns—t

e (089) (2100
(5
(i

Replacing the differences in square brackets with their Taylor approximations around the points in
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the second term of each bracket, we get

t—1

R S AR LD o (B -l
#0211 [ (L) - 0]+ 000 [ (22 (009 - i 0)
e ()

s=t+1

+Silﬁsﬁs(1s) [£SU (%) (a1 751)) ys(l“,o,ost))]
=0

d S s S— 9 ys(lt_170708_t)
L 2 ()
nTt#£L
£l s /1t st a ys(lt_lvoaos_t) t s—t t—1 s—1
£ S wtr ) | (B ) - o)
s=t+1 ps—tAls—t s s

+B (1) (e (171,0)) (er (1) — (1771, 0))

T
£33 8w (10,0 ) e (1) — ey (171,0,0°7)),

s=t+1  gps—t

Adding up the terms that involve i —j; and factoring i —j; out, we get that the expression multiplying

i — j is identical to the LHS of (6), thus equal zero. The terms that are left are

fo= 8t [ (M) () - a0

¥ (Je)
T
s _s(qs 9 ys(1'71,0,0°77) £ s—t\y t—1 s—t
3 300 | (S ) ) - 00,070

s=t+1

Y Y e [%;(—ys“t;’gv)os_t))

s=t+1 ns—t#ls—t

7:}
=0

T t—1 s—t
+ ; B 72 ) [ai” (yS(l %7(%—)0 )> (ys(1,m*7") —ys(l“,o,o”))]
s=t+1 ps—tA£1s—t

+B (1) (e (171,0)) (er (1) — (171, 0))

T
+ Z /BS Z Ws(lt,ns_t)u/(cs(lt_l,O,OS_t))(Cs(lt,ns_t) _ cs(lt_l,O,OS_t)).

s=t+1  gps—t

In the generic set of economies &, we have y;(1°71,0), ys(1771,0,057%), y,(1=1,0,0°~%) close to

zero, so, under some regularity conditions on the boundary behavior of derivatives v’(0) and /}(0),
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the above expression can be approximated by

I = B'r t(lt)[ "(0) g (11)]
+ Z Bs s s ( )ys(lt,nsft)]

s=t+1

+ >80 ) Ly (0)d]

s=t+1 ns—t#ls—t

T
£ A [V )yt )]

s=t+1 n57t¢157t

+6' (1) (ee(1°71,0)) (ce (1) — e (1771, 0))
T
+ Z 55 Z Ws(lt,ns_t>ul(cs(1t_l,O,OS_t))(CS(lt,ns_t) _ Cs(lt—l’o’os—t)>'

s=t+1 ns—t
Given that the terms in the first four lines are linear, in order to show that I;* > 0 when I}* > 0 for

n = 1,2, it is sufficient to show that

u (e (171,0,0579) (g (15, n°") — 2 (1°71,0,0°71))
> o (c2(1771,0,0°7%) + (1 — a)u’ (¢2(1*71,0,0571))] (<2 (1%, p* ") — (1771, 0,0°7))(36)

forallt=1,..,7T and all s >t and n°~% € @~
By Lemma A2, c¢?(1%,n*~%) — c?(1t71,0,057%) > 0 for n = 1,2, all t = 1,...,T all s > ¢t and
n*~t € ©%~t. Thus,
(1t 5t — 2(1171,0,0°1) > 0

forallt =1,...,Tall s > tand n*~t € ©°~*. Thus, dividing through by c?(1t, n*~*)—c?(1¢=1,0,05~%),
we get that (36) holds iff

u (c2(171,0,0°7%) > [au (ci(1°71,0,0°71) + (1 — a)u’ (2(171,0,0°71))] ,

e., iff v’ is concave, which is true by the NIARA of u. O
By Lemma A3, the constraint set in P3’ is convex. Thus, P3’ is a strictly concave maximization
problem, i.e., it has a unique maximum, which satisfies the first-order conditions (FOC) of P3’. By
Lemma, 2, this maximum also is the maximum in problem P3.'

We now proceed to proving the conclusions of Lemma 2.

151f at any solution to P37, y7 (nt) is weakly monotone in the number of ones in n?, then an analog of Lemma A3 can
be shown to hold true also for economies outside £ under the additional assumption of concavity of v/, i.e., v"”/ < 0.
Restricting attention to the generic set £y makes the proofs less tedious. Numerically, we have not found an example
of an economy for which any of the conclusions we draw in the generic case would not hold.
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We first show that the values {j;}/_, satisfy ji < j§ < ... < j.
From definition (6), given that, generically, y; (1Y) > 0 and y;(1275,0%) ~ 0 for all t = 1,...,T

and s <t, j; is the unique maximizer of the function f; : R — R defined as

t—1
, o o 6 s/1s *(1F
) = woley + 7 =)+ 3 o1 (L) (37)
p ¥(4)
for t = 1,...,7. (The uniqueness of j; follows from the fact that f; is strictly concave.) Given
that uj > 0, v’ < 0, and ¢, > 0 for s = 1,..., T, it is immediate from (37) that j; < j;, for all
t=1,..,T.
Note also that, since f; > fi41 for t =1,...,7T — 1, we have that

Je(G5) > fira (i) (38)

fort=1,....,T — 1.

We now show that at the solution to the relaxed planning problem P3, all IC constraints
{ICy 4}/, bind.

Suppose that IC; 1 is slack at the solution A* = (i*,c¢*, h*,1*,y*, K*,Y™*). The Lagrange mul-
tiplier associated with this constraint, ar, equals zero. The first-order (FO) necessary conditions

with respect to ¢;(1%) and ¢;(1°~1,0) are given, respectively, by

1+ i aS] =\ (39)

and

ﬁtU/(Ct<1t_l 0

1+Zas— —L - (1);] =\ (40)

for t = 1,...,T, where Z denotes the empty sum. These FO conditions for ¢ = T, imply that
(1) = ¢ (1T 10) wheln ar = 0. Also, given that 1,(0) is close to zero, generically, we have
5(1T) > 1%(1771,0) ~ 0. Consider now the investment-reporting strategy of investing i* and
reporting the truth except in history 17, in which (17-1,0) is reported (shirking in period T).
Given that

u(ep(17)) +u(lp(17)) < u(ep(1771,0) + 0 (7 (1771,0)),

this strategy upsets the truthful investment-revelation strategy. Thus, the strategy of investing j7.
and shirking in period T" upsets the truthful strategy even more, as j}. is the level of ¢ that maximizes
the value of this reporting strategy under the allocation A*. But this means that the constraint

I1C 1 is violated, which contradicts the supposition that it is slack. Thus, /C 7 binds.
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Note also that, in the generic case, the binding IC condition IC 7 can be written out as

o(cp) + Zﬁ 1)) + 677" (17) {u (¢ (07)) +0((17)) }

- u()(c;;ﬂ'*—ﬁ)+265w8<13>v(%)+ﬁ T(17) {u (17, 0)) + 0}

or, equivalently, as

0(cg) +Zﬁs S (2(1%) + AT7T(AT) {u (¢ (17)) + v(l5:(17)) — u (1771, 0))}

T_1 sk \J*k (1S
= )+ 3w (SEE)
= fT(]”jI:)v (41)

where the last equality uses definition (37).

Suppose now that ICq r_1 is slack, with ap_1 = 0. The FO conditions (39) and (40) for ¢t = T—1

imply that ¢ (1771) = ¢4 _,(1772,0). The slack condition IC; 7—1 can then be written as

o(cd) +Zﬁs Wo(3(1%) + A7 T AT fu (e (1T) 4 01 (1)}

+87 7T AT wr(or) {u(r (17 o) +0(l3(17 7 01)) } >

T—2 ]
o e (B
— 1 T (it )
ug(co + 4 — jp_q) + ; CCO ( ¥ (i7-1)
+AT TN AT {u (o (1772,0)) + ol (1772,0))

+8T 771" Zﬂ'T or) {u(cr(1771,0)) +v(l5(1771,0)) )

Given that ¢, (1771) = ¢%_,(1772,0) under our supposition and using the fact that, in the generic

case, the terms after the history (17~1,0) cancel out, we can rewrite this inequality as

ocd) +Zﬁ (1) + B " T el (1)

+8T " ( 1T ) {u(ey(1T)) +0(15(7)) — w1771, 0))}
T—2 e
> (s +iT — )+ > B (1) (Ls@ )13 (1>>

= fraGio). i (12)
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Using (41), the above strict inequality implies that fr_1(j5_,) < fr(j5) which contradicts (38).
Thus ICy -1 binds.

Repeating the same argument for t = T — 2,...,1, we get that at the solution to the relaxed
planner problem all the IC constraints {I C’LT};‘F:l bind.

We now proceed to showing that the solution to (P3) is feasible in (P2).

That {I C’O,t}lﬁT:1 are satisfied at the solution to (P3) obvious in the generic class of economies
in which ¢,(0) is close to zero for ¢t = 1,...,T (as the left-hand sides of ICy, involve the term
y7(171,1)/4,(0), which is very large when 1/,(0) is small).

In order to show that the solution to (P3) satisfies IC; we use the FO conditions of the relaxed
planning problem (P3), which characterize the solution. In particular, the first order (FO) conditions

with respect to g, i, and l;(1?) for t = 1,..., T are as follows:

T

up(co) + Y e (up(co) — uf(co +i — ji)) = Ao (43)
t=1

T 1 ' ,
- e U,/ C, 7 — o 5 S s U/ ’[[}s(z)ls(ls) wé(l)ls(ls)
Z tug(co + Jt) Z t [Z (1%) ( . Go) > 00 ]

t=1 s=1 s

+Xo — Zx\tw (1) Fy (K4, Yy) (44)

(1)

T .
B 5t oyt (Le@DLADY 1
”Z“S] # 3 e () 5
= (1t )Fg(Kt,Yt), (45)

where, as before, o > 0 is the Lagrangian multiplier of IC; ; and A; > 0 is the multiplier associated
with the time-t resource constraint. In the second term of (45) for ¢t = T', as well as elsewhere in the
paper, Zg 11 denotes the empty sum (a sum of zero components).

Combining equations (43) and (44) we get

r DaL(1) VUL )
2 A (K ) Z lzﬁ W () S

44



Substituting in this equation A\;w! (1) F» (K4, Y:) from the conditions (45) yields

T
1 + Zat‘| UE)(C()) =

T t—1
& e (LOLOYY LAY
2 tlzﬁ w () ]

t=2 s=1 s(e) t=1 t=1 (i)
T-1 T
I A DN DARAGIAES
2 2 o ( 0uGi) ) 0:0) (46)

Using the fact that

T t—1 . . . . —1 T
R e (00 O] R S @60 ) @)
2 tlzﬁ w () 1 w99t 33 e (S ) G

t=2 s=1

we cancel out terms in (46) and get
- GAQUTLNY
o ﬂtﬂt(lt)v/ ) P\t~ )
; GO =0

This necessary condition on the solution to (P3) coincides with the constraint IC;. Thus, we conclude
that the solution to the relaxed planning problem (P3) satisfies the IC constraint IC;.

Finally, i* > j follows from the fact that i* satisfies (7), j3 satisfies (6) and 77 (17)y%(17) >
0. O

Proof of Proposition 1

The FO conditions with respect to cs(1t71,0,0571), 1;(1%), I;(1'71,0), and I5(1t71,0,0%7) for all ¢, s

such that 1 <t < s < T are, respectively, as follows:

' (cs(1°71,0,0°71) 1+Za -« ZM =\ (47)
s s Uy n t 1t 1 OOS t) S

g

”Z%] Pops (GT) ds

s=t+1

Y (A F2 (K, Yy), (48)
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B (1 (171, 0))

PN b (901 (1 00 9,(0)
1-1-2045] o= Tt (1t 170)61} < ¥y (t) >¢t(jt) a

= (O)AF2 (K, V), (49)

ﬁsv/(ls(lt_l, 0, Os—t))

t—1

1—&—204"]

» UL (ORS00 w,(0)
7 Z iy (MU ) B

U (0)AFo (K, V), (50)

where, again, Z; 41 and Z? denote the empty sum.

Note now that, since v’ < 0, v” < 0, and 1} > 0 for all ,we have that, for all ¢ and y; > 0

(wyf >) o0 &0

is a strictly increasing function of j.

The FO (48) for t = 1,...,T — 1 evaluated at the optimum can be written as follows

B A 28 ()

t
1+ Zas
s=1

"o'(17 (1) + 0 () AFR (K Y. (52)

Given that j¥ < i* and a, > 0 for all s, and the fact that (51) is strictly increasing, we have that

(5t i () <

for all s,t =1,...,T and thus

P 3o () S () <o

s=t+1

forallt =1,...,7 — 1. Thus, we get from (52) that

—B' (I (

1+Zas

s=1

>y ()M Fo (K Y]

for all t = 1,...,T — 1. Using (39) evaluated at the optimum, we cancel out A3~ "[1 + Z a7t
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to obtain

=0 (17 (1) > (i) Fa (K, Y7 (e (11))

forall t =1,...,T — 1, which concludes the proof of (9).
The FO (48) for t = T evaluated at the optimum reads simply

5hv

1—|—Z(15‘| = _wT )/\TF2(KT5YT)

Using (39) for t = T evaluated at the optimum, we cancel out the term A3~ 7 [1 + Z a5t to

obtain

—' (U5 (17)) = oy (i) Fo (K, Yi)u' (¢ (1)),

which concludes the proof of (10).
Given that j; > 0 for all ¢t = 1,...,T and using the fact that (51) is strictly increasing we get
that, at the optimum,

Ly (m(ozz‘utl,m) w0 _ (wﬂm“,m) SO ),

(J7) ¥ (37) ;(0) (0)
and
Y <¢s(0)lﬁ§(1“70,0”)> ¥,(0) < (%/15(0)12‘(1“,0,0”)) ¥,(0)
¥ (G 1)) ¥ (G 1)) ¥5(0) ¥5(0)
— 71]/ (l:(1t71,07057t))
for n°~t = 157t.  Applying the above inequalities to FO conditions (49)-(50) evaluated at the

optimum yields

—/Bt’l}/( lt 1 0

t 1t 1 1 . .
1+ZO‘S O‘tt(Tloﬂ <P (0)AF2 (KT, Y/,

s *(qt— s— 1t ! 1 ) * *
_ﬁ v/(ls(lt 17070 t 1+Zan_atzm <ws(0)/\sF2(Ks7Ys>7

where the last inequality uses the fact that 7°(1°) > 0 for all s. Combining the above with (40)-(47)

evaluated at the optimum yields

—U'(I;(171,0)) < U (0)Fa(Ky Y ) (¢ (171,0)),
—0(I(1710,007Y) <y (0) R (KT, YU (5 (17,0,0°71)), (53)
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for all ¢, s such that 1 <t¢ < s < T, which concludes the proof of (8). O

Proof of Proposition 2

The FO condition with respect to K;y1 evaluated at the optimum is given by

Ay
—_— 7“* 54
At+1 t+1 ( )

for each t = 0,...,T — 1, where r},, := Fi(K},,Y,) = Z1(K{, Y1) +1—6. Since the low

human capital state is absorbing, we have

(770,070 ~ @(T0)

Z 77.3(1t—1,17,r}s—t) 7Tt(1t_171)
s

ns—t

which allows us to rewrite condition (47) as

s/ t—1 s— t (lt ! 1)
B°u' (es(1775,0,0 l—l-Zan at (17.0) = \;.

The above condition and (54) imply that, at the optimum,

W(c;(11,0,0°71)) As .
T+ t—1 s—t+1)) = Tst1s (55)
ﬂu Cs+1(1 aOaO )) >‘S-‘r1

which, given that wsT1(1¢=10,057t+1) /75(1171,0,0°7%) = 1, can be (trivially) written as

1 1
“'(Cﬁ(lt_lv 0’ Os_t)) B ﬂr:+1u’(c;‘+1(1t—17 O, Os—t+1))

1 s - 5—
:Es+1|: )|77 :(1t 1,070 t)

BT:+1UI(C:+1

which proves (12) for all s =1,...,7 — 1 after all histories n° such that hs(n®) = 0.
The FO conditions (39) and (40) imply that, for t = 1,...,T — 1, at the optimum,

1
Bl gt =1t
ﬁHlu/(CLrl)
1) . T 741(0) .
= 41 " Ti4+1 : "
B (e, (111)) B (e (11,0))
,ﬂ.t+1 ]_t7 1 t _ 71_tJrl 1t 0 t t+1 lt 1 _
_ﬁt)) 1+Zat+at+1 Atjl‘kﬁ 1+ZO(<; Oét_i_lﬁltoi t+11
s=1 s=1

t
1 -1
a Z%] N = ey

Substituting rf, ; for )\t)\t;ll and dividing through by ﬁtrfﬂ, we obtain (12) for allt =1,...,T — 1
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after histories nt = 1¢.

The FO conditions (39) and (40) for ¢ = 1 imply that, at the optimum,

]. _ 770(1) 770(0)
F {ﬁu’(c’{)} = Buei(D) T Bu(¢(0)

1 _Al'

=7mo(D)[1 + aa]A;* + 70(0) [1 - alm(l)] Ao

m©] ™

Dividing through by 77 and using (54) for ¢t = 0, we get

1 1
b [rwu%cn} by

Using (43) to eliminate A\ yields (11), which completes the proof of the proposition. O

Proof of Proposition 3

First, j; < i* for all ¢, and the fact that, for each ¢, 1} /1, is strictly decreasing imply that

¥3()
¥o(57)

(i) > ¢y (87) (56)

for all ¢t > 1.
Writing out the derivative in condition (6), multiplying by negative one, and dropping the terms

that have the time index s > ¢, we obtain the following inequality, at the optimum:

%(i*)l;‘(ls)) ()

W)
000 ) oG et L) >0

t—1
ab(ch+ i — 1)+ 3 B ( "
s=1 s

for all t > 1. Using (56) and the fact that v’ < 0, we thus get that

3 (i) > 0 (57)

%(i*)l:(ls)) (%)

t—1
1% ek Sr8(18 /
ug(cg +1 Jt)JFSX:;ﬂ T (1%)v ( ¥, (jF) ¥, (55)

for all ¢t > 1.

The FO condition with respect to 7 implies that the optimum satisfies the following condition:

T
o = D A (I (1) By (K7L YY)
t=1
T T

e PV | o PR AT GO LA AR GRLA )
= =S aw(c + i — ) Ztgﬂ " ( :G7) > 6:G7) ]

t=1 t=2 t

Using (57) for t = 2,...,T and the fact that all a; > 0, as well as the fact that ug(cf +i* — j57) > 0,
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we get that the right-hand side of the above condition is strictly negative. Thus, we have

T
Ao < Y MR,

t=1

where R = mt (11)y, (i) (1') Fy (K, Y;*). Given that \;/A\o = [['_, 1/7* we obtain the conclusion. [J

Proof of Theorem 1

We prove this proposition in two steps. In step 1 we show that there exists an optimal tax system
T3, {T, 67T, In step 2 we show the alleged properties of the optimal capital taxes.

Step 1 In order to show that there exists an optimal tax system ’ZNE,*, {77, ¢ YL, we need to
show that if taxes are 7¢, {7, ¢;}L_,, then the equilibrium allocation (c¢, i€, k¢, 1¢, K¢, Y*®) is such
that

(cf,i€, 16, K€, Y®) = (¢, ", 1", K*,Y*), (58)

where (¢*,*,1*, K*,Y*) is (a part of) the optimal allocation. Let k* = {k;}7_,, ki : ©'~1 — R, be
a process of individual capital holdings that is consistent with the optimal aggregate capital sequence
K* ={K;}L,, ie., such that

S wt ki (1) = Kiy (59)

nteot
for all t =0, ...,T — 1, where, as before, n° denotes the empty history.
We now show that, for a fixed distribution of capital holdings k*, the following reduced-form tax
system 75, {7;*, 7 }L_, implements the optimum:

' _q_ uh(eg =)
711(0) = 1= Shreon

T s s
7\'l i—1 * * 5k -k
wh(eg) —up (g +i* 3 )+ D { > Hﬁ—%} [ (e3)—ub (g +i )]

* t—1 _ s=t+1 [ n=t+1i=n
Tl,t(l 70) - W‘(lt)rfﬂtu’(cz‘(ltfl,o)) for ¢ > 1,

up(cg+i* —j3) =" (0)up (cg+i* —ji)+n' (1)ri 82’ (c3(1,0)77 5(1,0)

m(D)ry Bu’ (¢} (1)) )
71:(n") = 0 fornt # (171,0), t > 1,
u/ 0:7 t—1
(1) = 1- % for t > 1,

75 4(n) = 0 fort<s<T,
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and

61(0) = wiyi(0)+(1—71,1(0))riki — i (0) — k5(0), (60)

for 6 € ©, and, for t = 2,...T, nt € OF,

or(nt) = wiyi() + (1= Tee(n))riki (1) — 75,0tk — i () — ki (), (61)
where

o= F(K;YY), (62)

wy = Fy(K;,Yy). (63)

We need to show that our candidate equilibrium allocation (c*,i*, k*,1*, K*, Y*) (a) is consistent
with competitive pricing conditions at prices (r*,w*), (b) satisfies market clearing, and (c) under
the tax system given above, is consistent with agent’s utility maximization. Directly from (62) and
(63) we get the competitive pricing conditions. By resource feasibility of the optimal allocation A*
and (59), we have that the candidate equilibrium allocation (c¢*,7*, k* 1%, K*, Y™*) satisfies market
clearing. All that remains to be shown is that (c*,é*, 15*7 1*) is individually optimal for the agents,
given taxes (7*,¢") and prices (r*, w*).

A labor effort strategy I = (l,...,Ir) uniquely determines an effective labor supply process
y = (y1, ..., yr) through the productivity function y;(n*) = v, (he(n)l:(n?)). Due to the fact that all
reduced-form tax mechanisms severely punish observed effective labor supply paths y* ¢ {y*!(n?)} et
under a reduced-form tax system the agent’s effective labor effort strategy ! must be such that
there exists a measurable individual shock announcement strategy ¢ : ©7 — 7T such that, for all
t=1,..,T and all n* € ©F

y' (') =y ("),

where y** = (y,...,y}). Let Z denote the (finite) set of all measurable individual shock announce-
ment strategies (. Under a reduced-form tax system, agents’ utility maximization problem is in-
directly (through the restriction on the observable effective labor supply paths y7) reduced to the
choice of ¢ € Z and (¢4, k). Conditional on ¢, under taxes (7*,¢") and prices (r*,w*), agents’

optimal choices of (¢, 1, k) solve the following problem:

e o) + Y 3 470) et +o (S

t=1 ntcot

o1



subject to

co +1i— ki < ko, (64)

c1(0) + k2(0) < wiyi(C(0) + (1 = 71,1 (¢(0)))riks — ¢1(0) (65)

for # € ©, and, for t = 2,...T, n* € ©F,

ct(n') + kear (') < wiy; (Cn") + (1= 75, (CN)rike(n' ™) = 67 (C(n")) = 71 ,(C(n"))riks. (66)

Since capital income taxes are linear, the budget constraints in this problem are linear. Due to strict
concavity of the preferences and the convexity of the constraint set, there is a unique solution to this
problem. Due to the assumed Inada conditions, the solution is interior. The first-order conditions

to this problem, with respect to i, k1 and k;y1(n') for t = 1,...T — 1, nt € O, are as follows

T * t * t
UB(CO) — Zﬂt’ﬂ't(lt)vl <yt (C(l ))) Yt (i(l >>w;(l)7 (67)

— V() ¥y (@)
T
up(co) = BriE [(1—711(0)) W/ (c)] + Y BT E [75 (Ou'(er)] (68)
U/(Ct(nt)) = 57"2k+1Et [(1 - Tr+1,t+1(<)) U/(Ct+1) \Ut] ) (69)

where, for 1 < s <t < T, 75,(¢)() = 75 ,(¢(*)). Combined with the budget constraints (64)-(66)
written as equalities, these FO conditions are both necessary and sufficient for the optimum. Let
&(¢), 2(¢), and k(¢) denote the solution to this problem, for a given ¢ € Z.

Among all reporting strategies in Z, let ¢* denote truth-telling, i.e., ¢*(n') =7 for all n*. Also,
for t = 1,...,T, let ¢* denote the reporting strategy that corresponds to shirking in period ¢, i.e.,
C(nt=1) =t~ for all ¥~ 1, and ¢'(nt~1,ps~ 1Y) = (pt=1,0° %) for all nt~', s = ¢t,.., T, all
n*~tl € @3~t*1, Note that these T shirking strategies represent the binding IC constraints in the
direct revelation mechanism.

We claim that, under the proposed tax system, for each of these T + 1 strategies, agents’ optimal
choices in the tax mechanism exactly replicate the allocation of human capital investment and

consumption that these strategies yield in the direct revelation mechanism. That is, we claim that

i = i,
é(c*) = C*u
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and, forall t =1,....T,

-~
~—
|

* -k ok
Cot+1 — )¢,

&) = el ()

forall s=1,..,7T, n° € ©°.

To show that this claim is correct, it is enough to demonstrate that the proposed solutions to
the conditional utility maximization problem, together with some capital holding plans I%(Q ) for
¢ = ¢, ¢ ¢T satisfy the FO conditions and budget constraints, which are sufficient for the
maximum.

Indeed, with capital holding plans given by

ko1 (CV0®) = ki),

ko1 (¢ () ke (C' ()

for all s =1,...,T, n® € ©° we use (60) and (61) to check that the proposed conditional solutions
satisfy the budget constraints (64)—(66). Also, we use (7) and (6) to check that the proposed
conditional solutions satisfy the FO conditions with respect to i, i.e., (67). All that remains to be
checked, therefore, are the Euler equations (68) and (69). Substituting the formulas for the proposed
marginal tax rates 7y ;, after some algebra, we get that this is true, which proves our claim.

By the above claim, each of the T shirking strategies, as well as truth-telling, yields the same
amount of utility in the market mechanism as it does in the direct revelation mechanism. By
incentive compatibility of the optimum, none of the shirking strategies upsets the truth-telling in
the market mechanism.

Our proof is complete if none of the remaining reporting strategies ¢ # ¢*, ¢, ..., ¢T yields in
the market mechanism more utility than does truth-telling, which indeed is true when {wt(())};";1
is small enough, i.e., in the generic case. This follows from the fact that each of these strategies
involves an “upward lie” in some contingency, i.e., calls for the supply of a high amount of effective
labor y; > 0 at a near-zero skill level ¢, = 0, which requires an exploding level of effort /; and leads
to very large disutility —v(l;), i.e., cannot be individually optimal.

Step 2 To complete the proof of the proposition we need to demonstrate that the signs of the

marginal tax rates are indeed as specified in the statement of the proposition. First, we note that
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fort=2,....,T:

m(1171,0) =

* * *x ar 10 * * -5 s
() — g+ i — )+ 3 [z HMM;] () — (et +i* — 3]

s=t+1 [n=t+1i=n

(1)} B (cf (11, 0))

>0, (70

because u’ > 0, uy, is strictly decreasing and ¢* > jf, ax > 0 for ¢t > 1.
Second, we observe that the FO conditions with respect to ¢, ¢1(0), and K7 characterizing the

optimum imply that

riAul(c1(0) = = >

T
up () + D e fup(c) — up(c + 17 = j)] > up(ch) > upleh +i — i),
t=1

where the first inequality follows from the fact that 0 < {1 - :1%” < 1'6_ while the second and

the third one follow again from the fact that wu is strictly decreasing and i* > j;, oy > 0 for ¢ > 1.
But this implies that
up(cy +i* — ji)

L e ()

=1-177(0) = 77(0) > 0. (71)
Third, we observe that

up(cy + i —j3) = (0)up(cg +i* — ji) + 7' (Dri 2 (c3(1,0))7 o(1,0)
mH(D)rifu’(ci(1))
up(cp +1i* — j3) = mH(O)up(ch +* — jf)
mH(D)ripu’(ci(1))
up(cp +1* = ji) = mH(O)up(ch +i* — jf) _ up(es +7* — 57)

1- 7'>1k,1<1) =

>

= (1)r1 B (cf (1)) T Trpe(G)
ug(cy +1* —j7) .
sy O

where the first of inequalities follows from 77 ,(1,0) > 0, the second one from ug < 0 and the fact
that j3 > j7, and the third one from from «” < 0 and the fact that ¢ (1) > ¢;(0). The above implies
that 77 (1) < 77 1(0), which combined with (78), (70), and (71) yields

Til(O) >0> T’f’l(l).

16 This follows from (40) and the fact that oy > 0.
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Next, we observe that for t =2,...,T :

w' (o1 (171)) < u(ci—1(1871))
rr B (cf(18=1,0))  rf Bu/(cf (1871, 1))

1- T:,t(ltila O) = =1- T:,t(ltila O)a

where the inequality follows from the fact that u’ is strictly decreasing and ¢} (171, 1) > ¢} (1171, 0).
Combing the above with (80) yields

(1L 0) > 0> 75, (1 1) fort=2,..,T.
Finally, (55) directly implies that 77 ,(1'7°,0°) =0 forall 1 <s <t < T, all*. O

Proof of Proposition 4

First, we will show that

i3 (1 2) i -0

Using the formulas for the optimal taxes we find that

_ [T Ou(es + it = gt) | ubcs + i — 53) — 7 (0)ug(cs +iF — 5t)
1*21 ) ] e { 0 B riu(er (1))
) law up(ch + z—h+§j§jﬂzﬁiﬂ b(ch) — %@+f—mﬂ
71'(1) s=3 |n=3i=n

=D riBu(c1 (1))

Lok 1\ wAL0) (up(en) — upleh + i — j;)
‘22@1%)ﬁutkw( B0 (e (17-1,0)) )
D | ef) — ub(eh + i = 2]
ZT: ﬁ 1Y\ #t(1*1,0) s;l L;MHL “ ’11 e e 72)
t) w11 1) rB5 (e (141,0))

=2 \s=2"

The FO conditions of the optimum with respect to ¢;(1), ¢;(1¢~1,0), and K; imply that

17041—7‘-1(1)
i) = [T
() = | e | W 0), (73)

t, 1 x(1t—1 1- alilé(l)g : 1 1( %
B (c; (1777,0)) = P HT—* Bu(c1(1,0)). (74)
wt(1t— s=2 S
14+ o — oSy ’
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Using the above conditions allows us to rewrite (72) as

(i)

§=2 .S

1
=1- T Hl ]wl(())u’ (c& +1i* —j7)

rTﬂu’(c’{(O)) - 5] ‘o R
H1 4 anJug (g +i* = j3) —[1+ al]w1<0)u (co +i* = j7)

T
up(cg) — ug(cg + 14" = j3) + Z —rT T | [o(es) — uglch + i JD]}

] o(ch) — UB(CSH'*J'Z)})}}

We note that in the above formula the multiplier of the term wuf(cfy) — ug(c§ + ¢* — j¥) for s > 3 is

(1)

() el

i—1
<ua<cs>ua<cz;+z'*3, 3 [Z HW i (f

s=t+1 [n=t+1i=n

equal to
1) S S 71_1(11_
1
[14 0] 7r2 (12) (n:azl_}[zﬂl(ll 11 >
s—1 tr1t—1 t—1 s s i/1i—1
w171, 0) 7 (1'71,0)
SAES ] ) (2 05
t=2 k=1 n=t+1i=n
7Ts(15_1,0 s—1
— 1 : s 75
,/Ts(157171 +]§Z:1ak t+a ( )

t—1 s 1571’0
) (5 ) s

t=2 k=1 n=t+1i=n k=1
s—1 to1t—1 s s _ir1i—1 s(1s—1
(171, 0) 7 (1'71,0) w5 (1°71,0)
[1+041]Z{(7Tt(1t1’1)> ( Z Hﬂ-i(lifl’l) + [1+ aq] m(15-1,1)"
t=2 n=t+1i=n

allows us to rewrite (75) as

n=3i=n

(1) (1i-1,0)
L+ ] sy (ZHW 11 1)




and using this in (76) implies that the multiplier of the term wj(cfy) — ug(c§ + i* — j¥) for s > 3 in
(72) is equal to as. But this implies that

RS B W
E T1+Z(H _*>Tl,t
t=2 s

s=2T

- 1 N € ) B PR
- Tfﬂ“'(c’f((’))[l—aliiﬁéﬂ{[1 17r1<o>] (Opuo(et +3* = 3i)

+[1+ enJug(ch +i* — j3) — [L+ oa]m (0)ug(cg +i* — j7)

I+ ol wb(ed) — woleh + 17— )] — (T [ el e ) x [ (e) — (e + i — )]
T
Flrss Yo ) — (e +3° — 5] )
t=3

Combining the common terms yields

T /¢
. 1\ 1 )
pli+ Y (1) ] -1- o L) (L4 o )
S\ riBu(ci(0) [1 - on 5]
T
(e + i — 1) — (e + 5 — )+ T D v lu(e5) il +i° )] )
t=3

which is equivalent to

=1 (77)

T
wh (i) + D e [ub(c5) — ub(ch +i* = 7]
=1
)t .
] rigu(e(0)) [1 — a2l

Using (73) we find that

E( 1 ) 1 7(0) (1 —041:1—28) +7(1) (14 1) 1

Bwe))  nip (e 0) (1— o ) CrpeEO) - o n ]

which allows us to rewrite (77) as

T
uh(ch) + Y o up(ch) — uf(ch +i* — 57)]

T
E THZ(ﬁi)m . =
— \s=2 T4 ’ E(—L
t=2 i pu’ (ch))

o7



The modified Rogerson condition for physical capital (Proposition 2) implies that

T
() + Y au [uf(ch) — up(ch +i* — 57)]

t=1
1
E (7rmw<c;>>)

which implies that

E

iy i <ﬁ %) T;,t] 0. (78)

t=2 \$=27s

To conclude the proof of part (i) of the proposition we need to show that
Elri ‘n“"_l] =0,forany 1 <t <s, 5!

First, when 1 <t < s, we have that 7; .(7®) = 0, which trivially implies that
Elry ‘n“"_l] =0,forany 1 <t <s, ! (79)

When 1 < t = s, substituting for the optimal capital taxes we find that

E[T;t

! *
t—1 u'(ct) t—1
n=E [ - —
Brigaw(ciy) ’
The Rogerson’s intertemporal conditions that hold for ¢ > 1 at the optimum (Proposition 2) imply
that B [1 = 55— '~ | = 0, which yields
t4+1

Bripu(

Elri,|n"~']=0, for any t > 1, n'"". (80)
O

Proof of Proposition 5

First, we show that ri > ;. Using (in this order) the modified Rogerson condition (11), the facts
that, fort =1,..,T, ¢* > j; and oy > 0, the assumption ¢ = ¢*, and the standard Rogerson condition

(24) of the exogenous-skill economy, we get

T
up(eh) + > au [up(ch) — up(ch + i — 5]

! *
“_ g t=1 E uO(CO)
" Bu () g [

o8



That the intertemporal wedge satisfies w > @ follows immediately from r; > #; and the

assumption c* = ¢ :

Moving on to the volatility of marginal tax rates at ¢t = 1, we note that, in the exogenous-skill

economy, the Rogerson condition (24) at ¢ = 0 immediately implies that

where 71 are given in (25). Since é = ¢}, and we have a positive spread of consumption at the
optimum c*, we also have

61(1) > 61 (0),

which implies that
%1(0) >0> %1(1)

In the endogenous-skill economy, the total marginal tax rate on capital income r1k; is given by

Ty
* *
Ti1+ E I[I= )i
=2 \s=2"

By (19) and (21), we have

ﬁi(ﬁ;%)ﬁi

t=2 \$=2's

TT,l(O) + E1

0= 0] =1771(0) <0,

i.e., the total marginal tax rate conditional on § = 0 is negative. The zero expected total tax result

(22) implies then that

60=1|>0.

ii(fl%)TL

t=2 \$=2 s

m11(1) + By

In both economies, therefore, total marginal tax rates on r1 k; are zero in expectation and negative
conditional on # = 0. Therefore, the variance of the total marginal tax rate on r1k; is larger in the

endogenous-skill economy iff

Using ¢* > ji, r7 > 71 and ¢ = ¢*, we get

uo(ch + 17" — Ji) up(ch) uo (o)

MO Swo) T @) T @)

which completes the proof. [
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Figure 1: Skill Profiles

High skill profile v ,(i*)

- T T T e
-
- T~
// ~
-
- —
08F o .
-
0.6 - .
0.4~ e f
e—— \\\\
. G
T Low skill profile y,(0) —— ]
0.2¢ B
| | | | | | |
25 30 35 40 45 50 55 60
Age

62

65



Figure 2: Intratemporal Wedge across Types {n'}
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Figure 3: Intertemporal Wedge for the High Skilled.
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Figure 4: Optimal Contemporaneous and Deferred Capital Taxes across Types {n’}

0.8 DEFFERED CAPITAL :
TAXES
0.6 T7,(1,0 i
1,2(.___)__ ___?2_3(12’0)
T e— (13,0
0.4f -—Jf‘_f ) ]
:\\\\ ~— Tij(ld',())
r.ll(o) T - s -
o2r  TEoTTTTT T T T e T
73,(1,0) 715(1%,0) + . (13,0) N
Taalls r15(1%,0)
O 777777777777777777777777777777777777777777
0.2 P 7ﬁ_%_/_7i_4,ﬁ_ck—’)f)*f‘*{f
T (111
D) pan rj,zn  BsULD
04 s 4
re
-
~
06 )
-
t7,(1)
-0.8f 4
| | | | | | |
25 30 35 40 45 50 55 60 65
Age

65




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	Working Paper Series Title: Risky Human Capital and Deferred Capital Income Taxation
	Working Paper Series Date: WP 06-13
	Working Paper Series Authors: Borys Grochulski
Federal Reserve Bank of Richmond

Tomasz Piskorski
Stern School of Business, NYU
 



