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Abstract

This paper analyses optimal income taxation over the business cy-
cle for households di¤erentiated by labour skill, income and wealth. A
model incorporating capital-skill complementarity in production and
di¤erential access to labour and capital markets is developed to cap-
ture the cyclical characteristics of the US economy, as well as the
empirical observations on wage (skill premium) and wealth inequality.
We �rst �nd that, under a fully �exible budget, the income taxation
burden over the business cycle is spread roughly equally across the
high-, middle- and low-income households. However, under a balanced
budget restriction, the burden is distributed least favourably to the
middle-income and most favourably to the high income households.
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1 Introduction

There is a considerable literature that aims to characterize the properties of
optimal income tax policy over the business cycle in models with and without
market imperfections as well as with and without restrictions to the set of
policy instruments available to the government (see, e.g. the work reviewed
in Mankiw et al. (2009)). For example, in a representative-agent model with
a frictionless labour market, Chari et al. (1994) �nd that the labour income
tax should vary little over the business cycle and remain a-cyclical. Wern-
ing (2007) extends this result and shows that the optimal volatility of labour
taxes for households of di¤erent ability should also be very low. A further ex-
tension by Angelopoulos et al. (2014), in a representative household business
cycle model with state contingent debt, capital-skill complementarity and
endogenous skill acquisition �nd that optimal skilled and unskilled labour
tax smoothing holds. In contrast, Stockman (2001) shows that a balanced-
budget restriction leads to an increase in the optimal volatility of labour
relative to capital taxes in a representative-agent model. Additionally, Arse-
neau and Chugh (2012) �nd that under search frictions in the labour market,
the optimal labour income tax becomes very volatile and counter-cyclical.
However, the literature has not examined optimal income taxation over

the business cycle under limited participation of households in asset and
skilled labour markets. This is despite the empirical evidence on increased
wage inequality associated with capital-skill complementarities in produc-
tion1 and the importance of "hand-to-mouth" consumers for macroeconomic
stabilisation policy.2 Moreover, the implications for the business cycle prop-
erties of optimal income taxes under a balanced budget have not yet been
examined in this environment. This budgetary restriction is particularly rel-
evant in the post �nancial crisis political environment which favours limiting
the use of debt to respond to �uctuations in most advanced economies. In
such a setting, the revenue requirements for governments that are faced with
exogenous aggregate shocks need to be �nanced by unpleasant taxes. Thus,
a pertinent question for policymaking becomes how to distribute the tax
burden over the business cycle.
In light of the above, we aim to analyse optimal income taxation over

the business cycle in a model that captures the long-run and cyclical char-
acteristics of the U.S. economy and the empirical observations on wage (skill
premium) and wealth inequality. To this end, we develop a model economy

1See, e.g. Hornstein et al. (2005) and Acemoglu and Autor (2011) for a review of the
literature on wage inequality and the skill premium.

2See, e.g. the papers by Campbell and Mankiw (1989), Mankiw (2000) and Galí et al.
(2007).
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characterised by capital-skill complementarity in the production process, a
labour market which is fragmented with respect to skill, and capital market
frictions that lead to the exclusion of a subset of the population from holding
assets.
Our model thus consists of three types of households, representing high,

middle and low income groups, as well as two labour markets, i.e. skilled
and unskilled labour. We assume that the �rst type of household provides
skilled labour services, capturing the supply of college-educated workers in
the labour market. The other two types of households, in contrast, are ex-
cluded from the skilled labour market, due to lack of college-level education,
and can thus only provide unskilled labour.3

Capital market frictions in the form of transaction costs associated with
�nancial intermediation imply that households in our model di¤er with re-
spect to their participation in the asset markets. Following the contributions
of Campbell and Mankiw (1989), Mankiw (2000) and Galí et al. (2007), we
assume that a subset of the households do not have any savings and thus
only earn labour income which is totally consumed. We further assume that
these households o¤er unskilled labour services, so that the three types of
households in the economy are de�ned as, high income skilled agents who
own assets and face the lowest transactions costs, middle income unskilled
agents who also own assets and low income unskilled agents who do not have
access to the asset markets.
In contrast to the representative agent optimal taxation literature of e.g.

Chari et al. (1994), Stockman (2001) and Arseneau and Chugh (2012),
our modeling emphasises the importance of imperfections that di¤erentiate
households with respect to wage and asset income. In particular, we assume
socio-economic barriers, in the form of family background and neighborhood
and other peer e¤ects, that exclude certain socio-economic groups from the
skilled labour market. We focus on the skill premium following the litera-
ture which highlights the importance of a low relative skill supply, in the
form of a slow-down in University enrolment over recent decades, as a main
driver of wage inequalities (see e.g. Goldin and Katz (2008)). Compared to
the heterogeneous agent literature of optimal taxation assuming unobserved
innate productivity di¤erences (see e.g. the work reviewed and analysed in
Kocherlakota (2010)), our approach focuses on a quantitative evaluation of
the business cycle properties of income taxes for three key socio-economic
groups, as opposed to the long-run implications of Ramsey income taxation.
We calibrate a version of the model with exogenous tax policy to the

3See, for example, Goldin and Katz (2008) for the importance of insu¢ cient growth in
college education in explaining wage inequality.
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U.S. quarterly data and �nd that the model �ts the key long-run stylized
facts as well as the cyclical properties of the data very well, including the
empirical �ndings that the skill premium is e¤ectively a-cyclical and not
volatile.4 Having established the empirical relevance of the model, we then
characterize optimal policy, by allowing a Utilitarian government to choose
the income tax rates and debt optimally over the business cycle to maximise
aggregate welfare given its revenue requirements.
To decide how to set the three income taxes over the business cycle, the

government must evaluate a key trade-o¤. On one hand, unfavourable income
taxes, in the form of higher volatility and counter-cyclicality, imply higher
marginal social welfare losses when applied to the lower income/consumption
groups. This negative e¤ect is particularly strong for hand-to-mouth house-
holds, since asset market exclusions imply that they lack the means to smooth
consumption over time. At the same time, the tax revenue gains from counter-
cyclical and more volatile taxes also increase with the wealth of the tax base
to which they apply. Therefore, the government has an incentive to keep the
taxes that apply to households with less wealth smoother.
On the other hand, unfavourable taxes directed at the skilled households

propagate more in the economy given that the factor supply choices of these
households have a greater e¤ect on capital accumulation. This is because
the high income skilled households supply more capital than either of the
unskilled households, and because of the complementarity between capital
and skill. Thus, the skilled income tax implies higher distortions at the ag-
gregate level than the other income taxes. This creates a strong incentive for
the government to smooth the tax for the skilled household. By extension,
income taxes to the middle income group of unskilled workers are less dis-
torting than the skilled but more distorting than taxes to the hand-to-mouth
workers whose factor supply choices a¤ect the propagation mechanism the
least.
The quantitative evaluation of this trade-o¤ in the benchmark case, where

the government chooses taxes and debt over the business cycle, leads to
optimal income taxes which have similar business cycle properties. More
speci�cally, income taxes that apply to the middle-income households are
more volatile than the remaining taxes, but the di¤erences are not signi�cant.
All taxes are less volatile than output but exhibit sizeable variation over
the business cycle compared to models without wage and asset inequality.
Similarly, the output correlations of the taxes are all negative and similar
across the household types. Finally debt responds countercyclically and is

4See e.g. Lindquist (2004) and Pourpourides (2011) for similar exercises in model
evaluation with wage inequality and the skill premium.
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more volatile than output. Thus, debt performs its expected shock absorbing
role over the cycle.
A balanced budget restriction implies that income taxes must be used

more actively over the business cycle to meet the revenue requirements of
the government. In this case, the quantitative evaluation of the above trade-
o¤ leads to a large increase in the volatility of the middle income group
and no change in the volatility of the tax to the skilled. In contrast to
the other taxes rates, we further �nd that the volatility of the tax to hand-
to-mouth households depends on the assumed degree of risk aversion. The
balanced-budget restriction also leads to substantial increases in the counter-
cyclicality of the income taxes applying to the unskilled (low and middle
income) households, whereas the cyclicality of the skilled households is not
much a¤ected.
Overall, the consequences of a balanced budget restriction in terms of

higher volatility and counter-cyclicality of the optimal income taxes are dis-
tributed least favourably to the middle-income group and most favourably to
the high income group. As a result of the exclusions in asset and labour mar-
kets under capital-skill complementarity, the importance that skilled workers
enjoy in production and the vulnerability of hand-to-mouth consumers to
income �uctuations imply that the middle income group is, on balance, the
least distorting tax base over the business cycle.
The rest of the paper is organised as follows. Section 2 sets out the model

structure. Sections 3 and 4 describe the cyclical properties of the model under
exogenous and optimal �scal policy respectively. Finally, the conclusions are
presented in Section 5.

2 Model

We next develop a business cycle model to capture key features of an economy
characterised by limited participation in labour and asset markets. We �rst
consider a fragmented labour market, so that there are separate markets
for "skilled" and "unskilled" labour, de�ned as workers with and without
college education. We assume that there are socio-economic barriers that do
not allow mobility between the two types of labour.5 This is motivated by

5When looking at longer horizons, it is natural to allow for mobility from unskilled
to skilled labour due to human capital investment and university education (see e.g. He
(2012) and Angelopoulos et al. (2013) for models incorporating the joint determination of
the relative skill supply and the skill premium). In such contexts, the microfoundations
that lead to socio-economic exclusion and/or social mobility are important for long-run
outcomes and transitional dynamics (see e.g. Matsuyama (2006) and Aghion and Howitt
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empirical evidence which suggests that in business cycle frequencies the share
of college educated population in the data has low volatility and is e¤ectively
uncorrelated with output. More speci�cally, using the data in Acemoglu and
Autor (2011), we �nd that the standard deviation of the cyclical component
of the skilled population share, relative to that of output, is 0.27, while
its correlation with output is -0.18.6 These �ndings suggest that the socio-
economic barriers limiting access to education and in turn participation in
labour markets are indeed more restrictive in shorter, business cycle horizons.
This environment naturally leads to wage inequality. Following the skill

premium literature (see e.g. Hornstein et al. (2005), Goldin and Katz (2008)
and Acemoglu and Autor (2011) for reviews), we assume that the produc-
tion process involves skilled and unskilled labour inputs which have di¤erent
degrees of complementarity with capital. The production technology we em-
ploy involves structures and equipment capital and it is assumed that skilled
labour complement equipment capital relatively more than unskilled labour.
We also allow for asset holding costs when participating in capital and

public debt markets (see e.g. Schmitt-Grohé and Uribe (2003) and Benigno
(2009)). These capture the outlays associated with �nancial intermediation.7

Given inequalities in asset ownership, and speci�cally, evidence that suggests
higher wealth for skilled relative to unskilled workers, we distinguish these
costs between skilled and unskilled households.8 This is motivated, for in-
stance, by assuming that higher education and professional class imply higher
�nancial literacy, which in turn reduces the reliance on �nancial intermedia-
tion for investing in asset markets (see, e.g., Bernheim and Garrett (2003) for
evidence that �nancial literacy increases asset market participation). This
leads to di¤erent asset holdings across workers, and in particular, we assume
that a subset of the population is excluded from the asset markets (see, e.g.
Aghion and Howitt (2009)) for capital market imperfections that may lead
to limited market participation and agent heterogeneity). Excluded or hand-
to-mouth households cannot smooth consumption and thus consume all their
(labour) income (see e.g. Campbell and Mankiw (1989), Mankiw (2000) and

(2009, ch. 6)). Here, focusing on business cycle frequencies, we take the barriers that lead
to the split in the labour force to skilled and unskilled workers as given.

6This is obtained using annual data for the share of college educated population mea-
sured in e¢ ciency units, 1963-2008, from Acemoglu and Autor (2011) and GDP data from
the U.S. National Income and Product Accounts (NIPA). The cyclical component of the
series is obtained using the HP-�lter with a smoothing parameter of 100.

7See Philippon (2014) on the importance of �nancial intermediation over the 20th
century.

8Data from the 2010 U.S. Census, which will be discussed below in more detail, indicate
that the wealth of the population with at least a bachelor degree is two and half times
more than those without a bachelor degree.
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Galí et al. (2007)).
The above assumptions lead to an economy with three types of house-

holds: (i) skilled, s, who save and provide skilled labour; (ii) unskilled, u,
who save and provide unskilled labour; and (iii) hand-to-mouth, h, who do
not save and provide unskilled labour.9 Given the previous discussion, the
composition of the population is assumed to be constant and exogenous. For
simplicity, we also assume that the total size of the population, N , is con-
stant. The above implies thatN = Ns+Nu+Nh, where we de�ne ns = Ns=N ,
nu = Nu=N , and nh = 1 � ns � nu. There are also N identical �rms and a
government.

2.1 Production and �rms

Each �rm maximises its pro�ts in perfectly competitive markets, by using
labour and capital inputs to produce output, Yt. The production function
follows the speci�cation in Krusell et al. (2000) which has been shown to
match the behavior of the skill premium in the data.10 In particular, there are
two types of capital used in production, capital in structures and equipment,
denoted respectively as Kf;q

t and Kf;e
t and two types of labour, skilled and

unskilled, denoted respectively as hfs;t and h
f
u;t. The constant returns to scale

(CRS) production function is given by a constant elasticity of substitution
(CES) speci�cation:

Yt = At

�
Kf;q
t

��
f�
h
�
�
Kf;e
t

��
+ (1� �)

�
hfs;t

��i'=�
+

+(1� �)
�
hfu;t

�'
g
1�a
'

(1)

where 0 < a; �; � < 1; �1 < '; � < 1; At is total factor productivity; ', and
� are the parameters determining the factor elasticities, i.e. 1=(1� ') is the
elasticity of substitution between equipment capital and unskilled labour and
between skilled and unskilled labour, whereas 1=(1 � �) is the elasticity of
substitution between equipment capital and skilled labour; and a; �; � are the
factor share parameters. In this speci�cation, capital-skill complementarity
is obtained if 1=(1� �) < 1=(1� ').
Following the literature, At is assumed to follow a stochastic exogenous

AR(1) process:

log (At+1) = (1� �A) log (A) + �A log (At) + "At (2)

9A similar population decomposition is considered in the analysis of UK policy reforms
in Angelopoulos et al. (2014).
10Recent studies in the dynamic general equilibrium (DGE) literature which employ this

speci�cation include, e.g. Lindquist (2004), Pourpourides (2011) and He (2012).
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where "At is independently and identically distributed Gaussian random vari-
able with zero mean and standard deviation given respectively by �A.
Taking prices and policy variables as given, �rms maximise pro�ts:

�t = Yt � ws;th
f
s;t � wu;th

f
u;t � retK

f;e
t � rqtK

f;q
t (3)

subject to the technology constraint in (1). In equilibrium, pro�ts are zero.
The optimality conditions for the �rm are given in Appendix A.

2.2 Households

Households, denoted with the subscript j = s; u; h, maximize expected life-
time utility:

Uj = Et

1X
t=0

�tu(Cj;t; lj;t) (4)

where Et is the conditional expectations operator at period t; 0 < � < 1 is
a constant discount factor; Cj;t and lj;t are private consumption and leisure
respectively at period t; and u(�) is the utility function which is increasing,
strictly concave and three times continuously di¤erentiable with respect to
its arguments:

u(Cj;t; lj;t) =

h�
�Cj;t + (1� �) lj;t

� 1


i(1��)
1� �

(5)

where � > 1 is the coe¢ cient of relative risk aversion; 0 <  < 1, with 1
1�

representing the elasticity of substitution of leisure for consumption; and
0 < � < 1 measures the share of consumption in utility.
A household of type j faces the following time constraint:

1 = lj;t + hj;t (6)

where hj;t is hours worked in period t. Additionally, skilled and unskilled
households, m = s; u, face the following budget constraint:

(1� �m;t)(wm;thm;t + rqtK
q
m;t + retK

e
m;t) +RbtBm;t = Cm;t+

+Iqm;t + Iem;t +Bm;t+1 +  m

h�
Kq
m;t

�2
+
�
Ke
m;t

�2
+ (Bm;t)

2
i (7)

while hand-to-mouth households face the constraint:

(1� �h;t)wu;thh;t = Ch;t (8)
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where Iqm;t and I
e
m;t are investment in structures and equipment capital, K

q
m;t

andKe
m;t respectively; Bm;t is the stock of government bonds; wm;t is the wage

rate; rqt , r
e
t , and r

b
t are the net returns to holding structures and equipment

capital and bonds respectively; Rbt �
�
1 + rbt

�
is the gross return to bonds;

and  m > 0 measure the holding costs for capital and bonds.
The above budget constraints capture several key di¤erences between the

households populating) the model. First, households di¤er in their labour
income, as there are di¤erent wage rates for skilled and unskilled households.
Second, the households also di¤er in their capital and bond income, since they
face di¤erent holding costs. In particular skilled and unskilled households
which save face �nite holding costs, modelled here as quadratic functions
of the capital and debt stocks, following e.g. Persson and Tabellini (1992)
and Benigno (2009). These di¤er between households so that they can be
distinguished with respect to their steady-state holdings of wealth. Moreover,
the hand-to-mouth households implicitly face holding costs that are in�nite,
so that they are excluded from the asset markets. Third, for each level of
income, as re�ected by the household type, there is a di¤erent income tax
rate.
Finally, for m = s; u, the laws of motion for capital are:

Kq
m;t+1 = (1� �q)Kq

m;t + Iqm;t (9)

Ke
m;t+1 = (1� �e)Ke

m;t + AetI
e
m;t (10)

where, 0 � �i � 1. The capital equipment evolution equation allows for an
exogenous process, Aet , capturing an investment-speci�c technological change,
which has been shown to contribute to output �uctuations (see e.g. Green-
wood et al. (2000)), as well as the changes in the skill premium (see e.g.
Krusell et al. (2000), Lindquist (2004), and Pourpourides (2011)). The
investment-speci�c technological change, Aet , is assumed to follow a stochas-
tic exogenous AR(1) process:

log
�
Aet+1

�
= (1� �Ae) log (A

e) + �Ae log (A
e
t ) + "Aet (11)

where "Aet is independently and identically distributed Gaussian random vari-
able with zero mean and standard deviation given by �Ae.
An increase in the e¢ ciency level of investment in capital equipment,

Aet , favours the productivity of skilled workers more than the productivity of
unskilled workers. Hence, the model is consistent with the empirical evidence
that points to skill-biased technical change and a rising skill premium over
the recent decades (see e.g. Katz and Murphy (1992) and Krusell et al.
(2000); also see Hornstein et al. (2005) and Acemoglu and Autor (2011) for
reviews).
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Each household m = s; u chooses fCm;t; hm;t; Iqm;t; Iem;t; K
q
m;t+1; K

e
m;t+1;

Bm;t+1g1t=0, to maximise (4) subject to (6)-(10), by taking policy variables
and prices as given. Similarly, hand-to-mouth households, j = h, choose
fCh;t; hh;tg1t=0, to maximise (4) subject to (6) and (8), by taking policy vari-
ables and prices as given. The optimality conditions for the households are
given in Appendix A.

2.3 The government

The government�s budget constraint is given by:

Bt+1 + �s;tns(ws;thst + rqtK
q
s;t + retK

e
s;t) + �u;tnu�

�(wu;thu;t + rqtK
q
u;t + retK

e
u;t) + nh�h;t (wu;thh;t) = Gct +RbtBt

(12)

where, Gct is average government expenditure per household and Bt is the
stock of government bonds per household. Since we focus on the revenue
side of the budget constraint, we assume that Gct is wasteful and follows an
exogenous AR(1) process. Thus, its �uctuations act as exogenous spending
shocks which require a change in the revenue collected (see e.g. Chari et
al. (1994), Stockman (2001) and Arseneau and Chugh (2012) for a similar
approach regarding Gct):

log
�
Gct+1

�
= (1� �Gc) log (G

c) + �Gc log (G
c
t) + "G

c

t (13)

where "G
c

t � iidN(0; �2Gc). We consider below policy regimes where the tax
rates are exogenously set or they are optimally chosen by the government.
When tax rates are exogenous, the residual variable in (12) is Bt+1. When we
examine optimal policy, the government chooses all tax rates and new debt
to maximise aggregate welfare. We also examine the optimal choice of taxes
in the case where the government cannot issue debt to balance the budget
(see also Stockman (2001), who considers optimal capital and labour taxes
with and without access to debt, albeit in a di¤erent setup).

2.4 Market clearing conditions

The labour and capital market clearing conditions are given by:

hfs = nshs (14)

hfu = nuhu + nhhh (15)

Ki
t = nsK

i
s;t + nuK

i
u;t (16)

Bt = nsBs;t + nuBu;t. (17)
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The aggregate resource constraint is:

Yt = Gct + nsCs;t + nuCu;t + nhCh;t + ns
�
Iqs;t + Ies;t

�
+

+nu
�
Iqu;t + Ieu;t

�
+ ns

n
 s

h�
Kq
s;t

�2
+
�
Ke
s;t

�2
+ (Bs;t)

2
io
+

+nu

n
 u

h�
Kq
u;t

�2
+
�
Ke
u;t

�2
+ (Bu;t)

2
io
.

(18)

3 Exogenous policy

Prior to studying optimal tax policy, we calibrate the model to examine
whether its predictions regarding �rst and second moments of the endogenous
variables are consistent with the data. This analysis is undertaken when the
model is driven by exogenous and empirically relevant government spending
and income tax rate processes, while government debt is the residual variable
in the budget constraint of the government.

3.1 Decentralized competitive equilibrium

Given initial levels of the assets, Kq
0 , K

e
0 , Bs;0, Bu;0, the stationary stochastic

processes for four policy instruments f�s;t; �u;t; �h;t; Gctg1t=0 and for technology
fAt; Aetg1t=0, the DCE system of equations is characterized by a sequence
of allocations fCs;t; Cu;t; Ch;t; hs;t; hu;t; hh;t; Kq

s;t+1; K
e
s;t+1; K

q
u;t+1; K

e
u;t+1;

Iqs;t; I
e
s;t; I

q
u;t; I

e
u;t; Bs;t+1; Bu;t+1g1t=0 and prices fws;t; wu;t; r

q
t ; r

e
t ; r

b
tg1t=0 such

that: (i) households maximize their welfare and �rms their pro�ts, taking
policy and prices as given; (ii) the government budget constraint is satis�ed
in each time period and (iii) all markets clear.

3.2 Business cycle statistics

We aim for the exogenous-policy model to replicate the long-run great ratios
and key labour and asset market characteristics as well as explaining the
cyclical volatilities and correlations with output of key variables in the econ-
omy. In Table 1 we report the data volatilities and correlations with output
from existing studies for variables which correspond with key endogenous
variables in our model. These are taken directly from the results reported
in Lindquist (2004) and Pourpourides (2011) who use quarterly data for the
period 1979-2002 and 1979-2003 respectively.11

11To obtain labour supply per skill group at a quarterly frequency, these studies disag-
gregate the labour force into skilled and unskilled by taking into account the years spent
in education (i.e. skilled workers are those with 14 or more years of schooling). This is
based on the assumption that college-educated workers are primarily employed in occupa-
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As can be seen in Table 1, these studies document some interesting results
regarding the labour market statistics. In particular, they point out that
the skill premium is e¤ectively uncorrelated with output and smoother than
output in business cycle frequencies. Moreover, the cyclical properties of
the labour supply of skilled and unskilled workers do not di¤er qualitatively,
both having a positive correlation with output, while being less volatile than
output. However, unskilled labour hours seem to have a slightly stronger
pro-cyclical relationship with output, compared with skilled labour hours.
The statistics regarding consumption and investment are similar to those
commonly obtained in other macroeconomic research.

Table 1: Business cycle statistics of main endogenous variables

Xi Y C I ws
wu

hs hub�(X i; Y ) 1 0.83 0.76-0.91 0.09-0.19 0.69 0.73b�(X i) 0.013-0.014 0.011-0.012 0.037-0.063 0.006-0.013 0.010 0.012
Sources: Data reported in Lindquist (2004) and Pourpourides (2011).

3.3 Calibration

The parameters of the model are calibrated either based directly on data
(including existing econometric evidence) or by ensuring that the steady-
state and cyclical properties of key endogenous variables are consistent with
the data. The calibrated parameters are summarised in Tables 2 and 3.

3.3.1 Population shares

We assume that the population breakdown in our model economy is given
as ns = 0:4, nu = 0:4, nh = 0:2.12 The share of skilled households is roughly
consistent with data from the 2010 U.S. Census, which indicates that 43%
of the population has a college degree and that the percentage of households

tions that require high skills and have higher returns (see e.g. Acemoglu and Autor (2011)
and references therein). Acemoglu and Autor (2011) present annual data for the relative
supply of college-educated versus high-school graduates and for the wage premium paid
to college educated workers. Although we use the quarterly data for our business cycle
analysis, the second moments of the skill premium, using the annual data and the clas-
si�cation in Acemoglu and Autor (2011), gives similar results. In particular, the cyclical
relative volatility and correlation of the skill premium with output are respectively given
by 0.49 and -0.13.
12We will discuss below that a particular advantage of the 40=40=20 percent split in

population is that it allows us to approximate the e¤ective income tax rate which applies
to each group by using the Piketty and Saez (2007) income tax data per income quintal.
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without any assets is 18.7%.13 It also broadly coheres with the data in
Acemoglu and Autor (2011), which implies that the average share of the
labour force with a college degree is about 45%. Finally, the split of unskilled
households into hand-to-mouth and those who can access the asset market,
ties in with empirical evidence from Traum and Yang (2010) and Cogan et
al. (2010), who estimate the share of the hand-to-mouth population for the
U.S. at 18% and 26.5% respectively.

Table 2: Model parameters

Parameter Value De�nition Source
0 � �q� 1 0.014 depreciation rate of capital structures calibration
0 � �e� 1 0.031 depreciation rate of capital equipment calibration
0 < � < 1 0.990 time discount factor calibration

1
1� 1.429 consumption to leisure elasticity calibration

0 < � < 1 0.450 weight attached to consumption in utility calibration
� > 1 2.000 coe¢ cient of relative risk aversion assumption

0 � � � 1 0.130 capital structures share of income calibration
1
1�� 0.669 capital equipment to skilled labour elasticity assumption
1

1�' 1.669 capital equipment to unskilled labour elasticity assumption

0 < � < 1 0.557 composite input share of output calibration
0 < � < 1 0.581 capital equipment share of composite input calibration
0 <Gc

Y
< 1 0.188 government spending calibration

0 <B
Y
< 1 2.120 total debt to output ratio calibration

 s> 0 0.0010 asset holding cost for skilled agents calibration
 u> 0 0.0042 asset holding cost for unskilled agents calibration
�s 0.247 average income tax rate, skilled data
�u 0.180 average income tax rate, unskilled data
�h 0.144 average income tax rate, hand-to-mouth data

3.3.2 Tax-spending policy

We assume that the income tax rates for j = s; u; h follow AR(1) processes:

log (�j;t+1) = (1� �j) log (�j) + �j log (�j;t) + "
�j
t (19)

where "�jt � Niid(0; ��j). We obtain income tax data by using the Piketty
and Saez (2007) dataset, which reports annual data on income tax rates per
income group (in quintals) for the period 1966-2001.14 We use this data to

13This information is obtained from Table 4 of the U.S. Census Bureau, Survey of Income
and Program Participation, 2008 Panel, Wave 7, updated in July 12, 2013.
14These tax rates refer to average tax rates by income groups. To obtain quarterly series

from the annual data, we follow the interpolation method in Litterman (1983). We use as
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obtain three income tax rates, the �rst for the lowest quintal, the second as
the average for the two middle quintals, and the third as the average for the
two top quintals. We then employ these time-series of tax rates as proxies
for �j;t, j = h; u; s, respectively, in our model. Therefore, we set the constant
terms in the AR processes described above for, �j, j = h; u; s, to be equal to
the data averages for the respective income quintals, i.e. for �0�20, �20�60 and
�60�100. Moreover, we calculate �j and �j by estimating the AR(1) processes
in (19), using the cyclical component of the respective tax series in the data.
All tax and spending series are logged and HP-�ltered with a smoothing
parameter of 1600 before estimating the required second moments.
The government spending series is obtained using quarterly data from the

BEA for the period 1979 to 2002.15 Following the same procedure as with the
tax rates, we calculate �G and �G by estimating the AR(1) processes in (13),
using the cyclical component of the public spending series. Quarterly data
on total public debt for the period 1979-2002 are obtained from FRED.16 We
calibrate the long-run value of government spending so that the steady-state
debt to GDP ratio is (4� 0:53). As will be discussed below, this calibration
also implies as a by-product that the public spending to output ratio in the
model is similar to the average in the data, at about 19%.

3.3.3 Production, asset and labour markets

The elasticities of substitution between skilled labour and capital equipment
and between unskilled labour and capital equipment (or skilled labour) have
been estimated by Krusell et al. (2000). We use their estimates, so that
' = 0:401 and � = �0:495. The remaining parameters in the production
function are calibrated to ensure that the steady-state predictions of the
model in asset and labour markets are consistent with the data (following e.g.
Lindquist (2004), He and Liu (2008), Pourpourides (2011) and He (2012)).
The income shares � and � are calibrated to obtain a skill premium of 1:659
and a labour share of income of about 69%. In particular, the target value
for the skill premium is obtained from the dataset of Castro and Coen-Pirani
(2008) using quarterly US data for the period 1979-2003.17 The share of
labour income in GDP is obtained from BEA data on personal income for

an indicator variable the quarterly time-series of labour income tax rates from Arseneau
and Chugh (2012).
15This series refers to government consumption expenditures and gross investment as it

is reported in NIPA Table 1.1.5.
16The series for total public debt refers to GFDEBTN series published by FRED.
17Using the data in Acemoglu and Autor (2011) gives a similar value for the average

skill premium, namely 1:6.
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the period 1970-2011.18 The productivity of capital structures, � is set at
the same value as Lindquist (2004) and helps to bring the model�s capital to
output ratios close to the data. The calibrated parameters in the production
function are generally very similar to those estimated or calibrated in the
literature.
The depreciation rates of capital structures and capital equipment are also

set to match those in the relevant literature. In particular, we set �e = 0:031
and �q = 0:014 to be within the range of Lindquist (2004) and Pourpourides
(2011).19

We set the asset holding cost parameters as  s = 0:001 and  u = 0:0042.
There are two targets for these parameters. The �rst is that the total asset
holdings for skilled households in the deterministic steady-state is 2:5 times
higher than for unskilled households. This ensures that the model�s steady-
state matches data from the US Census20 which indicates that the wealth of
the population with at least a bachelor degree is two and half times more
than those without a bachelor degree. The second target is that the model
with exogenous policy produces a quarterly capital to output ratio equal to
6:55 in the steady-state. This is consistent with an annual capital to output
ratio of about 1:64, obtained using BEA annual data on capital stocks from
1979 to 201121. As will be discussed below, this calibration also implies
as a consequence that the output share of asset holding costs is about 7%,
consistent with the income share of the �nance industry since 1980 (see e.g.
Philippon (2014)).

3.3.4 Utility function

The time discount factor, � = 0:99, is calibrated to match an asset return
net of depreciation and taxes equal to 1%. The weight of consumption in
utility, � = 0:45, is set so that in the steady-state the ratio of consumption
over output is about 65%.22 Moreover,  = 0:30 so that the households
devote about 33% of their time to work. For the base results below, we set

18The speci�c data are obtained from the BEA, Table 2.1, Personal Income and Its
Disposition.
19For instance, Krusell et al. (2000) report �q = 0:0125 and �e = 0:031; Pourpourides

�q = 0:014 and �e = 0:027; and Lindquist �q = 0:014 and �e = 0:031.
20The speci�c information is obtained using Table.1 from the U.S. Census Bureau, Sur-

vey of Income and Program Participation, 2008 Panel, Wave 7, last modi�ed July 12,
2013.
21The capital stock is calculated using the following data from BEA: NIPA Table 1.1

(line 3 plus line 21 minus line 7) and Tables 7.1A (line 30) and Table 7.1B (line 38).
22The data series used for consumption is obtained from the BEA, NIPA Table 1.1.5 for

the period 1979-2011.
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the value for the coe¢ cient of relative risk aversion, � = 2, equal to the
mid-point of the most likely range reported in Gandelman and Hernández-
Murillo (2013). We then further investigate the role of a higher � for optimal
policy below. Note that, as is common in optimal taxation analyses (see e.g.
Mankiw et al. (2009)), we assume common preferences across households.
This ensures that di¤erences in optimal income tax rates across households
re�ect heterogeneity in opportunities and not in preferences.

Table 3: Stochastic processes

Parameter Value De�nition Source
�A 0.0075 std. dev. of TFP calibration
�A 0.9500 AR(1) coef. of TFP assumption
�Ae 0.0073 std. dev. of inv.-speci�c tech. change calibration
�Ae 0.8000 AR(1) coef. of inv.-speci�c tech. change calibration
��s 0.0019 std. dev. of income tax, skilled data
��s 0.8700 AR(1) coef. of income tax, skilled data
��u 0.0021 std. dev. of income tax, unskilled data
��u 0.9000 AR(1) coef. of income tax, unskilled data
��h 0.0019 std. dev. of income tax, hand-to-mouth data
��h 0.9400 AR(1) coef. of income tax, hand-to-mouth data
�Gc 0.0090 std. dev. of public spending data
�Gc 0.7700 AR(1) coef. of public spending data

3.3.5 Technology

The constant terms in the processes for TFP and investment-speci�c techno-
logical change are normalized to unity (i.e. A = 1 and Ae = 1 respectively).
We calibrate the autocorrelation and standard deviation parameters for the
process of investment-speci�c technological change (�Ae and �Ae) to match
the correlation of investment with output and the standard deviation of in-
vestment in the data as presented in Table 1. The autocorrelation parameter
of TFP is set equal to 0:95, following Lindquist (2004) and Pourpourides
(2011), while �A is calibrated to match the volatility of output observed in
the data (see Table 1).

3.4 Solution and results

The steady-state solution of the DCE system for key variables is compared
with their corresponding data averages in Table 4. To study dynamics, we
compute a second-order approximation of the equilibrium conditions around
the deterministic steady-state, by implementing the perturbation methods
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in Schmitt-Grohé and Uribe (2003). We simulate time paths under shocks
to total factor productivity, investment-speci�c technological change, gov-
ernment spending, and income tax realizations, that are obtained from the
distributions speci�ed above. We conduct 10,000 simulations of 96 periods
to match the number of observations in the data used by the studies in Table
1, initialised from the steady-state in Table 4. For each simulation, we HP-
�lter the logged series and then compute the required moments and report
the means of these moments across the simulations in Table 5.

Table 4: Steady-state of the exogenous policy model

Variable Model Data Variable Model Data
K
Y

6.550 6.550 hs 0.332 0.317
I
Y

0.144 0.159 hu 0.306 -
C
Y

0.651 0.659 hh 0.349 -
Gc

Y
0.188 0.195 ehu 0.320 0.348

rnet 0.010 0.010 ws
wu

1.659 1.659
b
Y

2.120 2.120 wh
Y

0.690 0.686

The results in Tables 4 and 5 suggest that the predictions of the model
with respect to both the steady-state and business cycle properties of the
series cohere well with the data.23 Starting with the steady-state, Table 4
shows that all model predictions are quantitatively similar to the long-run
averages in the data, including several dimensions that were not explicit
targets of the calibration.
Regarding the labour markets, the utility function was calibrated so that

households work on average about one third of their available time. The
model predicts similar work hours for skilled and unskilled workers. Note
that ehu is average work hours by households providing unskilled labour in
our model.24 Table 4 also shows that the labour�s share of income in the
model, wsnshs+wunuhu+wunhhh

Y
= 0:69 is very close to the value (i.e. 0.686)

obtained from the BEA Table 2.1 for 1979-2002.
The work-time allocations also imply Frisch (or �-constant) labour supply

elasticities of 1:43 for skilled, 1:51 for unskilled and 1:24 for hand-to-mouth
23Note that the data sources for the series in Table 4 include: (i) BEA, NIPA Table 1.1.5

for output, investment and consumption; (ii) BEA, NIPA Table 1.1 (line 3 plus line 21
minus line 7) and Tables 7.1A (line 30) and Table 7.1B (line 38) for the capital stock; (iii)
BLS, Current Employment Statistics survey for hours worked; (iv) World Bank for the
real rate of return; (v) BEA, NIPA Table 2.1 for labour�s share in income; and (vi) U.S.
data from Castro and Coen-Pirani (2008) for the skill premium. Comparable averages are
obtained using the dataset in Lindquist (2004), for those variables that are similar in both
studies.
24The speci�c table used from the BLS is the Employment, Hours, and Earnings from

the Current Employment Statistics survey (National).
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workers, which are generally consistent with the literature (see e.g. Chetty et
al. (2011), and Keane and Rogerson (2012)). These Frisch elasticities cohere
with two di¤erent sources of empirical evidence regarding labour supply de-
cisions of heterogeneous workers. In particular, Domeij and Flodden (2006)
�nd that credit-constrained households have a more inelastic labour supply,
while Blau and Khan (2007) and Kimball and Shapiro (2008) �nd that work-
ers with a college degree have lower labour supply elasticity compared with
workers with some or no college education. Note that the di¤erences between
the labour supply elasticities of the di¤erent types of households predicted
by the model are not due to assumed di¤erences in preferences. Instead,
they are driven by the di¤erent opportunities that the households face in the
labour and asset markets as well as the production structure of the economy.
Regarding the asset markets, while the transaction costs were calibrated

to match wealth inequality and capital as a share of GDP, the model also
predicts that asset holding costs as a share of output are about 7%. Note
that this is consistent with the share of the �nancial sector in GDP since 1980
(see e.g. Philippon (2014)). Finally, regarding the government budget, while
Gc was calibrated to match B

Y
, the model also predicts that Gc

Y
is consistent

with the data.
Turning to the business cycle statistics in Table 5, the overall �t is compa-

rable to the data reported in Table 1 and to the results from existing research
on business cycle models with wage inequality under capital-skill comple-
mentarity (see e.g. Lindquist (2004) and Pourpourides (2011)). The model
matches the key stylised facts regarding the skill premium in the data, i.e.
it is e¤ectively not correlated with output and its volatility is less than that
of output. In addition, the model predictions regarding the second moments
of hours worked are generally consistent with the data both qualitatively
and quantitatively. In particular, the model predicts a higher correlation of
unskilled hours with output, compared with the correlation between skilled
hours and output. Overall, we conclude that the model�s predictions regard-
ing the key endogenous variables are empirically relevant.

Table 5: Business cycle statistics of main endogenous variables (model)

Xi Y C I ws
wu

hs hu hhb�(X i; Y ) 1 0.95 0.95 0.19 0.83 0.95 0.96b�(X i) 0.014 0.009 0.057 0.003 0.008 0.008 0.002

4 Optimal distribution of tax burden

Having established the empirical relevance of the calibration, we now discard
the exogenous processes for the income tax rates in (19) and instead assume
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that the paths of these tax rates are optimally chosen by a government that
seeks to maximise a Utilitarian objective function under commitment. How-
ever, government consumption spending continues to follow the exogenous
process in (13), as commonly assumed in the analysis of optimal taxation.

4.1 The problem of the government

The government chooses the paths of the three income tax rates and of state-
uncontingent bonds to maximise aggregate welfare subject to the optimality
conditions of households and �rms and the appropriate feasibility and gov-
ernment budget constraints. The literature has examined the importance
of restrictions on government debt, either directly, in the form of bounds
on debt or constraints that �x its quantity over the business cycle, or via
frictions in asset markets (see e.g. Aiyagari et al. (2000), Stockman (2001),
Fahri (2006)). These restrictions are motivated by a political-economic real-
ity where imperfections in asset markets and institutional debt limits restrict
the use of this instrument to smooth economic �uctuations. In our model, we
�rst examine the case where asset market imperfections imply that the gov-
ernment can issue state-uncontingent bonds subject to the frictions created
by the asset holding costs discussed above. In addition to this benchmark
case, we examine in Section 4.4 the importance of a constraint that implies
that the government cannot issue debt over the business cycle, by comparing
optimal income taxes with and without this constraint.
Our interest is on income taxation at the household level, which can be

progressive or regressive, rather than on optimal factor input taxation as
in e.g. the representative agent models in the standard Ramsey analysis of
capital and labour taxes.25 The assumptions regarding the policy instruments
imply that we examine an optimal taxation problem with an incomplete set
of tax instruments, since tax rates are not available for all pairs of goods
in the economy (see e.g. Chari and Kehoe (1999), for the de�nition of a
complete tax system).26

25Income taxes in practice apply uniformly to the income that the household accrues
due to employment, self-employment, business and rental activities. Moreover, dividend
and savings taxes are also e¤ectively linked to the income of the household. Although
the reality of the tax systems is signi�cantly more complicated, due to tax exemptions
and other (potentially targeted) tax-transfer schemes, we assume that the households pay
a single income tax for the sum of their income other than payments from government
bonds.
26In Angelopoulos et al. (2015), we examine second-best policy for a Ramsey planner

that has access to a complete set of tax instruments and state-contingent debt, under
capital-skill complementarity. However, that analysis focuses on a representative house-
hold, so that we do not address issues pertaining to income inequality between heteroge-
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Our aim is to identify the optimal distribution of the income tax burden
over the business cycle in a setup with realistic income inequality and to
evaluate the implications of �exible versus �xed government budgets. Since
the government can choose di¤erent tax rates for each income group, it has
to decide whether these tax rates should have the same volatility and co�
movement with output over the business cycle and, if not, how to set these
cyclical properties for each tax rate. We examine the problem of a gov-
ernment that has Utilitarian preferences, so that its objective function is
given by the expected lifetime utility of the weighted average of the wel-
fare of the three types of households, where the weights attached to each
type are equal to the population share of that type, nj (see e.g. Mankiw et
al. (2009) on the common use of Utilitarian social preferences for optimal
taxation analyses). Under a �exible public budget, the government chooses
f�s;t; �u;t; �h;t; Cs;t; Cu;t; Ch;t; hs;t; hu;t; hh;t; Kq
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(20)

subject to the budget constraints (7), (8), (12), market clearing (14)-(17),
and optimality conditions (A1)-(A13) in Appendix A. We assume that the
government can commit to the optimal paths. To preserve space, we only
discuss the �rst-order conditions from the government�s problem for the pol-
icy instruments (income taxes and bonds). The equilibrium conditions for
the policy instruments encapsulate key incentives that the Utilitarian gov-
ernment needs to consider when setting taxes and debt optimally over the
business cycle. These are summarised here and then further discussed in
the following sub-sections, when analysing how the government resolves the
trade-o¤ implied by setting its policy instruments. In particular, as we shall
see, di¤erences between optimal income tax rates arise from a quantitative
evaluation of the costs and bene�ts associated with income taxes and a com-
parison of those costs and bene�ts between the taxes.

4.1.1 Optimality conditions for taxes

The �rst-order condition for �s;t is given by:
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t = 0

(21)

neous households and di¤erences in income taxes.
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where �lsst , �
kqs
t�1, �

kes
t�1, �

bcs
t and �gbct refer to the Lagrange multipliers at-

tached to the skilled household�s FOCs for hours worked, capital structures,
capital equipment, the household�s budget constraint and the government
budget constraint respectively.27 The �rst-order condition for the choice
of �s;t dictates that this should be chosen so that the net marginal social
bene�ts equals the marginal social costs. The net marginal bene�ts, MBs,
arising from an increase in the tax burden to skilled households are given by:
�gbct

�
ns
�
Ke
s;tr

e
t +Kq

s;tr
q
t

�
+ nshs;tws;t

�
� �bcst

�
Ke
s;tr

e
t +Kq

s;tr
q
t + hs;tws;t

�
. The

�rst term in MBs captures the increase in the tax revenue collected by the
government. This works to increase social welfare by leading to a reduction
in the total revenue requirements of the government and thus the need to use
the remaining distorting policy instruments. The increase in tax revenue is
transformed into units of social welfare via the marginal social valuation of
an additional unit of tax revenue, i.e. �gbct . The second term in MBs cap-
tures the decrease in the skilled household�s income, which works to reduce
household and thus social welfare. This is again transformed into social wel-
fare terms by the marginal social valuation of relaxing the skilled household�s
budget constraint, i.e. �bcst . The marginal costs, MCs, in turn are given by:
�lsst Ucs (t)ws;t + �kqst�1Ucs (t) r

q
t + �kest�1Ucs (t) r

e
t . These capture the distortions

in labour supply and investment in both types of capital, associated with
the fall in the marginal net returns to these three activities. These are �rst
transformed into household utility terms by Ucs and second into units of so-
cial welfare by the relevant shadow social price of the distortion, i.e. �lsst ,
�kqst�1 and �

kes
t�1.

The �rst-order conditions for the remaining two income tax rates are
given by:
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@Ug

@�h;t
= �gbct [nhhh;twu;t]� �bcht [hh;twu;t]�

��lsht Uch (t)wu;t = 0
(23)

where �lsst , �
kqs
t�1, �

kes
t�1 and �

bcs
t refer to the Lagrange multipliers attached to

the unskilled household�s FOCs for hours worked, capital structures, capital

27Note that the �rst-order conditions can be obtained by dropping any of the budget
constraints or the aggregate resource constraint, given that these are linearly combined.
To facilitate presentation, we present the FOCs for the government here assuming that
the aggregate resource constraint is dropped, since this allows for a symmetric treatment
of the arguments entering the FOCs.
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equipment and the household�s budget constraint respectively; and �lsht , and
�bcht refer to the Lagrange multipliers attached the hand-to-mouth FOC for
hours worked, and the hand-to-mouth budget constraint respectively. The
interpretation of these two �rst-order conditions follows the same reasoning
as for the condition for the skilled income tax.
The above conditions for the income tax rates demonstrate that there

are two main channels for the impact of income taxes on social welfare.
First, they increase total revenue while decreasing disposable income of the
households. Second, they distort the households� factor supply decisions.
The magnitude of these channels may di¤er between households, given het-
erogeneity in opportunities, so that a quantitative evaluation is required to
determine optimal taxes. In particular, the net bene�t is expected to be in-
creasing with the income level, because higher income implies both a higher
tax base (and thus higher increase in the tax revenue) and a lower social
welfare cost by reducing income and consumption for the wealthier house-
holds. The latter e¤ect is driven by the concavity of the utility functions at
the household and aggregate level. On the other hand, as explained below
in more detail, the negative implications of the distortions in factor supplies
(the "tax wedges") for aggregate productivity are stronger for income taxes
on skilled households, followed by unskilled and hand-to-mouth.

4.1.2 Optimality conditions for bonds

The �rst-order condition for Bs;t+1 is given by:

@Ug

@Bs;t+1
= �gbct ns + ��bcst+1

�
Rbt+1 � 2 sBs;t+1

�
�

���gbct+1nsRbt+1 � �bcst � 2� s�bst Ucs (t+ 1) = 0
(24)

where �bst is the Lagrange multiplier attached to the skilled household�s FOC
for bonds. The �rst-order condition for the choice of Bs;t+1 dictates that this
should be chosen so that the bene�ts from a marginal increase in Bs;t+1 must
equal marginal costs. The marginal bene�ts are given by (i) the current
increase in government revenue, ns, transformed into social welfare units
by �gbct ; and (ii) the future net discounted increase in household income,
�
�
Rbt+1 � 2 sBs;t+1

�
, valued in social welfare terms via �bcst+1. Note that

�2 sBs;t+1 refers to the asset holding costs that need to be paid in the
next period. The marginal costs are given by (i) the future discounted social
welfare cost of the increased requirement for tax revenue to �nance interest
payments on debt, ��gbct+1nsR

b
t+1; (ii) the current reduction in household dis-

posable income via the purchase of bonds, �bcst ; and (iii) the distortion due
to asset holding costs, 2� s�bst Ucs (t+ 1). As above, social welfare units are
obtained via the shadow social price of the distortion, �bst .
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Similarly, the �rst-order condition for Bu;t+1 is given by:

@Ug

@Bu;t+1
= �gbct nu + ��bcut+1

�
Rbt+1 � 2 uBu;t+1

�
�

���gbct+1nuRbt+1 � �bcut � 2� u�but Ucu (t+ 1) = 0
(25)

where �but is the Lagrange multiplier attached to the unskilled household�s
FOC for bonds.

4.1.3 Trade-o¤ for optimal policy

Under perfect markets and a representative household, a smooth income
tax creates fewer policy distortions in the household�s optimisation problem
and has been shown in the literature to be optimal (see e.g. Lucas and
Stokey (1984) and Ljungvist and Sargent (2012)). However, under imperfect
markets, a tax rate may need to be used to address market distortions, so
that there can be an incentive to increase the volatility of a tax rate over
the business cycle (see e.g. the search frictions example in Arseneau and
Chugh (2012) within a representative household model). Furthermore, the
literature has demonstrated that market frictions matter for the optimal
degree of cyclicality of income taxes within a representative agent framework.
For instance, in the neoclassical model the labour income tax is generally
positively related with the TFP shocks and thus tends to be pro-cyclical. In
contrast, in the labour market search frictions model of Arseneau and Chugh
(2012), the labour income tax is optimally counter-cyclical.
Optimal policy in our framework requires the government to decide if all

income taxes should have similar stochastic properties, in terms of volatility
and cyclicality, or, if not, how they should di¤er for the di¤erent levels of
income across households. The imperfections that limit participation in asset
and labour markets as well as the production structure in our model economy
create di¤erent channels for the stochastic properties of tax rates to a¤ect
aggregate welfare.
To decide how to set the three income taxes over the business cycle, the

government must evaluate a key trade-o¤. On one hand, unfavourable income
taxes, in the form of higher volatility and counter-cyclicality, imply higher
marginal social welfare losses when applied to the lower income/consumption
groups. This negative e¤ect is particularly strong for hand-to-mouth house-
holds, since asset market exclusions imply that they lack the means to
smooth consumption over time. At the same time, the tax revenue gains
from counter-cyclical and more volatile taxes increase with the wealth of the
tax base to which they apply. Therefore, the government has an incentive,
for both reasons, to keep the taxes that apply to households with less wealth
smoother and less counter-cyclical.
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On the other hand, unfavourable taxes directed at the skilled households
propagate more in the economy given that the factor supply choices of these
households have a greater e¤ect on capital accumulation. This is because
the high income skilled households supply more capital than either of the
unskilled households, and because of the complementarity between capital
and skill. Thus, the skilled income tax implies higher distortions at the
aggregate level than the other income taxes. This creates a strong incentive
for the government to smooth the tax for the skilled household and to set
their taxes to be the least counter-cyclical. By extension, income taxes to the
middle income group of unskilled workers are less distorting than the skilled
but more distorting than taxes to hand-to-mouth workers whose factor supply
choices a¤ect the propagation mechanism the least.

4.1.4 Solution

To numerically solve for the outcomes under optimal policy, we follow Ar-
seneau and Chugh (2012) and �rst compute the deterministic steady-state
equilibrium under optimal policy. We then next approximate the dynamic
equilibrium paths using a second-order approximation of the equilibrium con-
ditions under optimal policy for time t > 0 around the deterministic steady-
state of these conditions.28 Compared with Arseneau and Chugh (2012) who
use a �rst-order approximation in a representative agent context, it is useful
in our heterogeneous household setup that includes hand-to-mouth house-
holds not to impose certainty equivalence on decision making. This is because
the e¤ects of exogenous uncertainty on households depend on their ability
to smooth consumption, thus a¤ecting hand-to-mouth households di¤erently
from the remaining households.

4.2 Optimal policy in the long-run

The optimal steady-state tax rates and the debt-to-output ratio are presented
in Table 6. For convenience, we repeat the data averages discussed earlier.

Table 6: Optimal policy in the steady-state
�60�100 �20�60 �0�20

B
Y

Data average 0.247 0.180 0.144 2.120
�s �u �h

B
Y

Steady-state 0.261 0.125 -0.017 0.000

28The presence of holding costs for debt in our setup implies that an asymptotic steady-
state is well de�ned and is independent of initial conditions (see Appendices A and B for
further details on the steady-state).
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As can be seen, optimal income taxation is more progressive in the long-
run than in the exogenous policy model. This implies that the government
can increase aggregate welfare by using distorting taxes to redistribute some
income from higher to lower income households. This result re�ects the opti-
mal resolution of the following trade-o¤. On one hand, since the Utilitarian
government cares equally about all households and the social welfare func-
tion is concave with respect to the consumption of the households, aggregate
welfare gains can be achieved by increasing consumption of lower income
households and decreasing consumption of higher income households. On
the other hand, however, since this redistribution requires the use of distort-
ing income taxes, there is an e¢ ciency loss that reduces average income and
hence aggregate welfare for all households.
Further note that optimal debt in the long-run is zero in this setup. Ram-

sey optimal policy in a frictionless model usually implies that it is optimal
for the government to hold non-zero assets in the long-run, since this allows
it to change its tax revenue requirements to minimise tax distortions (see
e.g. Chamley (1986)). However, the existence of imperfections in the as-
set markets, captured by the transaction costs for holding bonds, create a
distortion in the intertemporal allocations of the household resulting in e¢ -
ciency losses. The government �nds it optimal to eliminate the intertemporal
wedges associated with the holding costs of government assets in the steady-
state, since they create permanent e¢ ciency losses in the form of reductions
in disposable income. This result bears similarities to the optimal elimination
of the intertemporal capital tax wedge in the steady-state in the frictionless
neoclassical model with a complete instrument set out in Chamley (1986).29

Note however that, as we shall see below, the government does use debt over
the business cycle to respond to economic �uctuations.

4.3 Optimal taxes and debt over the business cycle

We next compute �uctuations around the deterministic optimal steady-state
by simulating the optimal-policy equilibrium under the same exogenous re-
alisations to TFP, investment-speci�c technological change and government
consumption spending as in the exogenous-policy simulations in Section 3
(see also Arseneau and Chugh (2012) for a similar approach).30 We present

29Appendix B provides an analytical demonstration that optimally government debt is
zero in the steady-state.
30To calculate the required statistics for optimal policy, we conduct simulations under

shocks to the exogenous processes, which are initialised from the steady-state (in this case
of the economy under optimal policy), obtain the required statistics and calculate their
mean value across the simulations. We conduct 10,000 simulations of 96 periods.
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the results for the optimal properties of the tax system for the benchmark
model under all exogenous processes in Table 7 and under one process at a
time in Table 8.

4.3.1 Volatility and cyclicality of taxes

The results in Table 7 suggest that optimal income taxes have volatilities that
are about half to two-thirds as volatile as output. In the neoclassical model
analysed in Chari et al. (1994), optimal labour income taxes are e¤ectively
�at over the business cycle, whereas taxes on capital income are signi�cantly
more volatile. Since income taxes in our setup apply to both capital and
labour income, their volatility is between that found in studies concentrating
on factor income taxation. The standard deviations reported in Table 7 lead
to con�dence intervals which indicate that 95% of the time the income taxes
optimally vary over the cycle within a range of about 2:5 percentage points.
The optimal standard deviation for the tax rates is quantitatively similar for
the three tax rates, highest for �u and lowest for �h. Finally, government debt
is more volatile than income taxes.
The quantitative resolution of the key trade-o¤ faced by the policy maker

discussed above leads to optimal income taxes which have similar business
cycle properties. In particular, income taxes that apply to the middle-income
households are more volatile than the remaining taxes, but the di¤erences
are not signi�cant. All taxes are less volatile than output but exhibit sizeable
variation over the business cycle compared to models without wage and asset
inequality. Similarly, the output correlations of the taxes resulting from the
optimal resolution of the trade-o¤ set out above are all negative and similar
across the household types.

Table 7: Optimal tax policy (business cycle)

Xi

�s �u �h B
All shocks

�(Xi) 0.261 0.125 -0.016 0.0016
95% CI(X i) (0.248, 0.273) (0.110, 0.139) (-0.027, -0.005) (-0.032, 0.036)
�(Xi)
�(Y )

0.613 0.698 0.519 1.632

�(X i;t; X i;t�1) 0.464 0.722 0.902 0.995
�(Xi; Y ) -0.466 -0.478 -0.489 -0.292

Finally, the results in Table 7 show that debt responds countercyclically
and is more volatile than output. This is despite the asset market frictions
which imply that holding assets (including government bonds) has resource
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costs for the economy. Therefore, absorbing the �scal e¤ects of temporary
exogenous shocks by changes in government bonds leads to changes in the
aggregate disposable income, which needs to be traded-o¤ against the dis-
tortions introduced by the volatility of the income taxes. The social cost
of issuing government debt is over and above the burden imposed in future
periods by the requirement to raise taxes to service the higher debt. The out-
come of the trade-o¤ in choosing debt versus taxes to respond to exogenous
�nancing shocks suggests that, as commonly found in the literature, debt
has an important shock-absorbing role, since it is signi�cantly more volatile
than the income taxes.

4.3.2 Optimal response to economic �uctuations

We next analyse the optimal reaction of tax policy to di¤erent exogenous
shocks by examining the impulse responses (IRs) of the key economic vari-
ables after a temporary, output-reducing standard deviation shock to each of
the exogenous processes. These are plotted in Figures 1 for all three exoge-
nous shocks in the model. This allows us to evaluate how the government
optimally changes the tax rates in the short- and medium-run in response to
each of the exogenous shocks.

[Figure 1 here]

To complement the impulse response analysis, Table 8 presents the opti-
mal properties of the tax system under separate sources of economic �uctu-
ations. Isolating the e¤ects of the processes can help to shed more light on
the properties of optimal taxation analysed above.

Table 8: Optimal tax policy under individual shocks

Xi

�s �u �h B
A shock

�(Xi)
�(Y )

0.476 0.619 0.495 1.505

�(X i; Y ) -0.730 -0.467 -0.521 -0.303
Ae shock

�(Xi)
�(Y )

2.353 2.000 1.529 3.294

�(X i; Y ) 0.809 -0.950 -0.600 -0.362
Gc shock

�(Xi)
�(Y )

2.500 2.750 4.750 11.500

�(X i; Y ) -0.416 -0.854 -0.798 -0.990
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TFP shocks We start with TFP shocks. As can be seen in the �rst panel
of Table 8, �uctuations driven by TFP shocks do not qualitatively change the
relative volatilities of optimal taxes, compared with the base case in Table 7.
The main di¤erence is that � s becomes the most counter-cyclical tax, followed
by �h and �u. These results are consistent with the impulse responses for taxes
and key endogenous variables following a negative TFP shock, in Figure 1.
As can be seen, as output is reduced, all taxes are increased on impact.
However, while �h and �u continue to increase for about 20 quarters, before
they start to decrease, � s is reduced immediately after the initial increase.
Thus, its response mirrors that of income more closely. These tax patterns
allow the government to induce similar �uctuations in factor inputs and in
the consumption of the three types of household, despite the fact that these
households have di¤erent access to the asset markets and thus to a smoothing
mechanism.

Investment speci�c shocks The second moments of the optimal taxes
under shocks to investment speci�c technological change, Aet , are presented
in Table 8. These results suggest that �u and �h are strongly counter-cyclical,
whereas � s is strongly pro-cyclical. Moreover, the standard deviations rel-
ative to output increase relative to Table 7 and are falling with respect to
income.
Compared with the neutral TFP shocks, under skill-biased shocks to Aet ,

the incentive to dampen �uctuations in the endogenous propagation mech-
anism is stronger than the incentive to equalise the �uctuations in post-tax
income and consumption for the di¤erent households. As can be seen in
Figure 1, as output is reduced following a negative shock to Aet ; �

h and �u

are increased, whereas � s is reduced. Given the potential large reduction
in equipment capital accumulation, which signi�cantly a¤ects aggregate pro-
ductivity, the government �nds it optimal to reduce � s. Thus, increasing the
complement to equipment capital in production and encouraging accumula-
tion of equipment capital.
However, given that unskilled labour productivity depends positively on

capital and skilled labour, the fall in � s also leads to increases in the return
to unskilled labour (see the response of wu in Figure 1). In contrast, the
increase in the skill supply leads to a fall in ws. Hence, pro-cyclical � s taxes
act to indirectly support the return to unskilled labour. This allows the
government to impose counter-cyclical �u and �h taxes, and thus insulate
part of the revenue implications of the negative shock to Aet .

31

31Obviously, the results are reversed under positive shocks to Aet . In this case, the
government �nds it optimal to distribute some of the welfare gains associated with the
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Government spending shocks Under shocks to government spending,
both the standard deviation and the correlation of debt increase. This indi-
cates that the government �nds it optimal to absorb more of pure temporary
public �nance shocks by changing its asset position, compared with technol-
ogy shocks. Temporary public �nance shocks do not have direct productivity
implications, therefore their impact on households�income (and thus the im-
portance of the �rst channel in the optimal policy trade-o¤) is second-order
relative to the distortions caused by the taxes on economic choices. This fur-
ther implies that the incentive to minimise distortions that propagate more,
when taxes change, becomes stronger. As a result, the income tax rates
that apply to skilled households are less volatile and less counter-cyclical,
compared with households which o¤er unskilled labour.

4.4 Balanced budget restriction

We next explore the implications for optimal tax policy of a restriction im-
posed on economic policy which requires the government to run zero de�cits
over the business cycle. In particular, we assume that the government cannot
issue new debt, but instead debt is restricted at the level required so that the
steady-state debt-to-output ratio is equal to the data average. The results
from this experiment are reported in Table 9. The inability to use debt to ab-
sorb the �scal implications of exogenous shocks implies that income taxation
needs to be, on average, more volatile and more counter-cyclical compared
with the benchmark model in Table 7. Our interest here is in whether these
increases would be proportional for all income taxes, or, if not, which type
of household is a¤ected more in terms of income taxation by this policy
restriction.

Table 9: Balanced budget

Xi

�s �u �h B
�(Xi) 0.282 0.163 0.030 0.672
95% CI(X i) (0.267, 0.296) (0.137, 0.190) (0.008, 0.053) N/A
�(Xi)
�(Y )

0.619 1.153 0.983 N/A

�(Xi; Y ) -0.698 -0.826 -0.881 N/A

For this experiment, we �nd a large increase in the volatility and coun-
tercyclicality of the two unskilled (low and middle income) households and
e¤ectively no change in the volatility and countercyclicality of the tax to

skill biased change to the rest of the economy.
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skilled. The changes in �u and �h are quantitatively signi�cant. In partic-
ular, the 95% con�dence intervals imply that under a balanced budget, �u
and �h vary in ranges that cover 5.3 and 4.5 percentage units respectively.
The di¤erence with �s, the range of which remains at about 2.9 percentage
units, is appreciable over the business cycle. Therefore, households providing
unskilled labour bear the cost, in terms of higher income tax �uctuations, of
the balanced budget restriction. In this case, the inevitable increase in eco-
nomic volatility, brought about by the constraint to meet all public �nance
requirements by changes in taxes, implies that the quantitative importance
of the factor supply distortions of skilled households increases.

4.5 The importance of risk-aversion

The risk aversion parameter � was not calibrated to hit a target in Section
3.3.4, but instead was set to a commonly employed value in macroeconomic
models. The extent of risk aversion characterising households�preferences
may, however, matter for optimal policy over the business cycle. This is
because it re�ects the extent to which �uctuations in consumption and leisure
a¤ect welfare directly.32 This may be relevant in our setup, since hand-to-
mouth households are particularly exposed to �uctuations in income. We
therefore present in Table 10 the results for �exible and �xed debt when
� = 4.33

As expected, when debt is optimally chosen, the higher costs attached to
income �uctuations for hand-to-mouth households implies that these house-
holds experience the least volatile and countercyclical income taxes . How-
ever, the required increase in standard deviations, due to the balanced budget
restriction, is again disproportionately allocated to the three households. As
under � = 2, the standard deviation of �u increases signi�cantly, while that
of �s e¤ectively does not change. The change in the standard deviation of �s
is smaller compared with the results � = 2. On the other hand, the counter-
cyclicalities increase more for households providing unskilled labour services,
compared with skilled households, re�ecting the incentive to keep the factor
supply choices of skilled households smoother.
Overall, higher degrees of risk-aversion imply an increased incentive to

smooth income for hand-to-mouth and dampen quantitatively the di¤erences

32Analyses on optimal taxes over the business cycle generally consider the importance
of higher values of risk aversion (see e.g. Chari et al. (1994) and Stockman (2001)).
33Note that increasing � does not signi�cantly a¤ect most second moments of the model

under exogenous policy reported in Table 5. However, it does lead to bigger increases in
the output correlation with the skill premium. Thus it worsens the overall �t of the model
relative to the benchmark case under � = 2 presented in Section 3.3.4.
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between the volatilities of optimal income taxes. This is because the direct
e¤ects of �uctuations on households� welfare become quantitatively more
important relative to the e¤ects of market exclusions on their income.

Table 10: Optimal tax policy with higher RRA

Xi

�s �u �h B
Flexible debt

�(X i) 0.296 0.118 -0.069 0.0026
95% CI(X i) (0.279, 0.312) (0.100, 0.136) (-0.084, -0.054) (-0.030, 0.035)
�(Xi)
�(Y )

0.800 0.867 0.724 1.571

�(X i; Y ) -0.549 -0.422 -0.264 -0.340
Balanced budget

�(X i) 0.320 0.160 -0.025 0.672
95% CI(Xi) (0.303, 0.337) (0.129, 0.190) (-0.042, -0.009) N/A
�(Xi)
�(Y )

0.770 1.398 0.752 N/A

�(X i; Y ) -0.598 -0.771 -0.737 N/A

5 Conclusions

This paper analysed the optimal distribution of the tax burden over the
business cycle for households di¤erentiated by unequal access to labour and
asset markets. In particular, we assumed that a subset of households pro-
vided skilled labour services, whereas the rest worked as unskilled. Moreover,
participation premia in the asset markets varied in such a way that a subset
of the unskilled households was excluded from investing in the capital stock
and government bonds.
The model was shown to capture the empirical regularities of macroeco-

nomic variables over the business cycle and was consistent with key features
of the labour markets and wealth ownership that we considered. Our analysis
considered the problem of a government that chose the paths of income tax
rates and debt to maximise aggregate welfare. In doing so we constrained
the policy menu of the government to focus on income taxes that applied
to total household income. We then examined the implications for optimal
government policy under �xed public debt.
We found that, under a �exible budget, the income taxation burden was

spread roughly evenly across the three households. However, under a bal-
anced budget restriction, the burden was distributed least favourably to the
middle-income and most favourably to the high income households.
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Appendix A: FOCs for households and �rms
Skilled households

The �rst-order conditions of skilled households with respect to their choice
variables are:

Hours worked
Ucs (t) (1� �s;t)ws;t + Uhs (t) = 0 (A1)

Capital structures

�
�
EtUcs (t+ 1)

�
(1� �s;t+1) r

q
t+1 + (1� �q)� 2 sKq

s;t+1

�	
�

�Ucs (t) = 0
(A2)

Capital equipment
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EtUcs (t+ 1)
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(1��e)
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� 2 sKe
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io
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�Ucs (t)
Aet

= 0
(A3)

Bonds
�
�
EtUcs (t+ 1)

�
Rbt+1 � 2 sBs;t+1

�	
� Ucs (t) = 0 (A4)

where Ucj (t) =
h�
�Cj;t + (1� �) (1� hj;t)

� 1 i�� �C�1j;t and Uhj (t) =

�
h�
�Cj;t + (1� �) (1� hj;t)

� 1 i�� (1� �) (1� hj;t)
�1 for j = s; u; h. These

�rst-order conditions equate the marginal bene�ts from labour hours and in-
vestment in the two types of capital and bonds to their respective marginal
costs.

Unskilled households

Hours worked
Ucu (t) (1� �u;t)wu;t + Uhu (t) = 0 (A5)

Capital structures

�
�
EtUcu (t+ 1)

�
(1� �u;t+1) r

q
t+1 + (1� �q)� 2 uKq

u;t+1

�	
�

�Ucu (t) = 0
(A6)
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Capital equipment

�
�
EtUcu (t+ 1)

�
(1� �u;t+1) r

e
t+1 + (1� �e)� 2 uKe

u;t+1

�	
�

�Ucu (t) = 0
(A7)

Bonds
�
�
EtUcu (t+ 1)

�
Rbt+1 � 2 uBu;t+1

�	
� Ucu (t) = 0 (A8)

These �rst-order conditions equate the marginal bene�ts from labour hours
and investment in the two types of capital and bonds to their respective
marginal costs. Note that the presence of the asset holding costs,  s and
 u ensures that (A4) and (A8) di¤er in the steady-state, which is required
so that the latter is uniquely determined. Moreover, given the assumption
of di¤erent depreciation and tax rates, (A2), (A3), (A6) and (A7) also di¤er
from each other in the steady-state, irrespective of  s and  u.

Hand-to-mouth households

Hours worked
Uch (t) (1� �h;t)wu;t + Uhh (t) = 0 (A9)

The �rst-order condition equates the marginal bene�t from labour hours to
its respective marginal cost.

Firms

Pro�t maximisation leads to the usual �rst-order conditions equating mar-
ginal products of factor inputs to their prices. In particular, the FOCs of the
�rm include:

MPKq = rqt (A10)

where MPKq = �Yt
Kf;q
t

and Yt is given by (1) in the main text.

MPKe = ret (A11)

where

MPKe = At

�
Kf;q
t

��
f�
h
�
�
Kf;e
t

��
+ (1� �)

�
hfs;t

��i'=�
+

+(1� �)
�
hfu;t

�'
g
1�a�'

'

h
�
�
Kf;e
t

��
+ (1� �)

�
hfs;t

��i'��� �

� (1� a)��
�
Kf;e
t

���1
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MPLs = ws;t (A12)

where:

MPLs = At

�
Kf;q
t

��
f�
h
�
�
Kf;e
t

��
+ (1� �)

�
hfs;t

��i'=�
+

+(1� �)
�
hfu;t

�'
g
1�a�'

'

h
�
�
Kf;e
t

��
+ (1� �)

�
hfs;t

��i'��� �

� (1� a)� (1� �)
�
hfs;t

���1
MPLu = wu;t (A13)

where:

MPLu = At

�
Kf;q
t

��
f�
h
�
�
Kf;e
t

��
+ (1� �)

�
hfs;t

��i'=�
+

+(1� �)
�
hfu;t

�'
g
1�a�'

' (1� a) (1� �)
�
hfu;t

�'�1
Note that when 1 > a+' and ' > �, as is the case in our calibration,MPLs
increases in Kf;q

t , K
f;e
t and h

f
u;t, while MPLu increases in K

f;q
t , K

f;e
t and h

f
s;t.

Appendix B: Optimal steady-state debt
Conditions (24) and (25) imply that in the steady-state Bs = Bu = 0, if
 s and  u are di¤erent from zero. To see this, e.g. for (24), note that its
steady-state solution, if  s 6= 0 and using (A4) in the steady-state for Rb,
implies that:

Bs = �
�bsUcs
�gbc

(B1)

where Ucs > 0 and �gbc > 0. If the household holds government bonds in
the steady-state, so that Bs > 0, then �bs > 0, since the latter represents
marginal valuation of additional assets for the household. But then, the
right hand side of (B1) is negative, hence Bs > 0 cannot be a solution.
Conversely, if Bs < 0, so that �bs < 0, the right hand side of (B1) is positive,
hence Bs < 0 cannot be a solution. Therefore, the only admissible solution
is Bs = 0, which implies �bs = 0. O¤ steady-state, nevertheless, the optimal
solution for Bs;t+1 may be positive or negative.
If  s =  u = 0, (24) and (25) in the steady-state are always satis�ed

when (A4) and (A8) are and cannot be used to pin down debt. For instance,
(24) becomes

�
�gbcns � �bcs

� �
�Rb � 1

�
= 0, or, using (A4), 0 = 0. In this

case, the steady-state conditions are not su¢ cient to pin down an optimal
allocation.
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Figure 1: Impulse responses to temporary shocks

All plots are in percent deviations from the steady−state
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