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Abstract
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habit persistence predicts highly persistent inflation. The result depends on increases in either
the ability to smooth consumption or the preference for doing so. The effect operates through
the Fisher relationship: a smoother profile of consumption implies a more persistent real in-
terest rate, which in turn implies persistent optimal inflation. Our work complements a recent
strand of the Ramsey literature based on models with nominal rigidities. In these latter models,
inflation volatility is lower than in the baseline model but continues to exhibit little persistence.
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1 Introduction

The work of Chari, Christiano, and Kehoe (1991) showed that under the Ramsey plan, surprise
inflation can be used by the government to synthesize state-contingent returns from nominal risk-
free debt. Optimal inflation is highly volatile and serially uncorrelated in their environment, which
features time-separable preferences, no capital accumulation, and perfectly-competitive product
markets. Likewise, little inflation persistence emerges in Ramsey models with nominal rigidities.
For example, in the models of Schmitt-Grohe and Uribe (2004b) and Siu (2004), the volatility of
inflation is dampened by introducing nominal rigidities and thus a cost associated with ex-post
inflation, but the persistence of inflation remains very small. Results such as these lead Chari and
Kehoe (1999) to question whether any general equilibrium settings rationalize inflation persistence
as part of the Ramsey policy. In this paper, we show that in an otherwise-standard flexible-price
Ramsey model, either capital accumulation or habit persistence in preferences generates substan-
tial persistence in optimal inflation. The intuition for the result is that an increased preference
for smooth consumption or an increased ability to smooth consumption makes Ramsey inflation
persistent. The effect is a Fisherian one: with capital or habits, the real interest rate acquires
persistence, which generates persistence in inflation. We thus answer the question posed by Chari
and Kehoe (1999) in the affirmative.

Our result depends on consumption-smoothing. In the presence of capital, consumers’ ability
to smooth consumption in response to shocks is enhanced. This generates a persistent real interest
rate, which, given an optimal nominal interest rate that is not too volatile, implies persistent
inflation through the Fisher relationship. Alternatively, absent capital but with habit persistence,
the preference for consumption-smoothing is greater than without habit. In equilibrium, this also
generates persistence in the real rate and thus in inflation. Relative to a model with neither capital
nor habit, then, either capital or habit increases the persistence in the real interest rate and thus
in inflation. We show that each channel is quantitatively important.

Our results show that neglecting capital accumulation in models of optimal monetary policy is
not innocuous. In Ramsey models of only fiscal policy, capital accumulation and capital taxation
are central to the analysis. However, since the work of Lucas and Stokey (1983), the tradition in
Ramsey analysis of monetary policy has been to assume fixed capital. The long line of studies
that have followed this tradition have yielded many important insights regarding optimal monetary
policy. Allowing endogenous state variables, though, may change the properties of optimal policy
in an important way. Incorporating capital formation, a hallmark of Ramsey models of fiscal policy,
allows us to go a long way in generating persistence in inflation. Introducing yet another endogenous
state — lagged consumption, due to habit — generates even more persistence.

The rest of the paper is organized as follows. Section 2 presents a Ramsey taxation problem



in a standard cash-credit environment, one featuring flexible prices and no capital accumulation.
We present the model without capital but with habit first, even though it generates less inflation
persistence than the model with capital, because it is closer to existing Ramsey models of fiscal
and monetary policy. Through numerical simulation, we show that habit formation does generate
inflation persistence due to the Fisherian effect outlined above, but not a tremendous amount. So in
Section 3, we extend the baseline model in a different direction and introduce capital accumulation,
which makes our work one of the first in the Ramsey literature on the joint determination of fiscal
and monetary policy to do so. Inflation is also optimally persistent in the presence of capital, more
than with habit alone. The Fisher relation continues to provide the explanation for the result.
Introducing habit formation in the model with capital further increases the inertia in inflation. In
Sections 2 and 3, we parameterize our model so that the Friedman Rule of a zero net nominal
interest rate is always optimal because the link between persistence in the real rate and persistence
in inflation is most apparent with a constant nominal interest rate. To demonstrate that our
results, neither qualitative nor quantitative, are not driven by the Friedman Rule, we extend our
model in Section 4 to allow for a time-varying optimal nominal interest rate. Our results are little
changed in this extended model. Section 5 relates our findings to the existing optimal taxation
literature, especially the recent work on optimal fiscal policy with incomplete markets. We see
an interesting link between our results and this recent branch of the Ramsey literature. We also
briefly contrast our work with some of the thinking in the New Keynesian literature on inflation

persistence. Section 6 offers concluding thoughts.

2 An Economy without Capital

We start by studying a simple economy in which firms use only labor to produce output and in
which consumers’ preferences feature habit formation. Habit formation has been used recently
in a number of macroeconomic models, too numerous to cite here, so the idea is by now fairly
well-known. Briefly, when preferences display habit persistence, past consumption affects current
marginal utility. Past consumption may in general affect current marginal utility in a complicated
way, but we follow much of the existing macro literature on habits and assume that it is consumption
in only the immediate past that matters, and moreover that it detracts from current consumption
in a linear way.! A useful way of understanding a habit utility function is that it gives rise to
a concern for smoothing both the level and the growth of consumption. We begin by describing

the economic environment, proceed to construct the Ramsey optimal allocation problem, and then

!See Campbell and Cochrane (1999) for why the additive specification is especially important for resolving the
equity premium puzzle. Chen and Ludvigson (2004) argue, however, that more complicated specifications of habit

processes fit data better than the simple specifications usually used in macro models.



present our numerical findings.

2.1 Representative Consumer

We motivate money demand using a standard cash good/credit good environment. Denote by ¢y
consumption of cash goods, co; consumption of credit goods, and n; hours worked. The represen-

tative consumer maximizes the sum of lifetime expected discounted utility,
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Period utility is increasing in cj; and cg; and decreasing in ci14—1, c2t—1, and n;. The lagged con-
sumption terms in the utility function represent habit persistence — past consumption (negatively)
affects current utility. The notation here is standard: M; denotes nominal money holdings chosen
during securities-market trading in period ¢, B; denotes nominal, risk-free one-period bond holdings
chosen during securities-market trading in period ¢, R; denotes the gross nominal interest rate on
these bonds, and w; denotes the real wage that the consumer takes as given. The tax rate on
labor income is denoted 7;*. Finally, the consumer is endowed with one unit of time each period
to divide between work and leisure. The two constraints embody the same timing of markets as in
Chari, Christiano, and Kehoe (1991). Specifically, in any given period securities market trading,
in which money and bonds are traded, occurs first, followed by simultaneous goods-market and
factor-market trading.

Attach the Lagrange multipliers ¢; and A\; to (2) and (3), respectively. The consumer’s first-

order conditions with respect to ci¢, cor, Ny, My, and B, are, respectively,
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where the notation Ouy/dc;; denotes the marginal utility experienced in period ¢ of period-t con-
sumption of good i, i = 1,2, and Qus41/0c;; denotes the marginal utility experienced in period t+ 1
of period-t consumption of good i. If there is no habit persistence, Quy41/d¢;y = 0. The notation
Ou; does not mean that the function is time-varying, just that its value is. Similarly, Ou¢/On; is
the marginal utility of work. The sources of uncertainty in the economy are stochastic productivity
and government spending, hence the expectations operators.

From (8), we get the usual Fisher relation,

P41 1
b

where m; = P;/P,_1 is the gross rate of inflation between period ¢t — 1 and period ¢t. We can pull

1 = BR,E,

; (9)

the gross nominal interest rate R; through the expectation operator because it is known at the
time period-t decisions are made. We can express the Fisher relation instead as a pricing equation.
Combining (4) and (7), we get
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Substituting this expression into (9) gives us the pricing formula for a one-period risk-free nominal

bond,
(Ougs1/0cii41) + BE1(0ug2/0ciiy1) 1 (11)
(Out/Ocit) + BEL(Oupy1/0cit) 1]

The stochastic discount factor, which equals  times the term in square brackets in (11), prices
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a nominal risk-free one-period asset. We will use expression (11) to develop the intuition for our
inflation persistence result.

The consumer first-order conditions also imply that the gross nominal interest rate equals the
marginal rate of substitution between cash and credit goods, which with habit persistence depends

on past, current, and future consumption. Specifically,
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Without habit, this condition collapses to R; = (Ou;/dc1t)/(Ouy/dcat), which depends on only
consumption in period ¢, as in the baseline cash-credit model of Chari, Christiano, and Kehoe
(1991).

2.2 Representative Firm

A representative firm produces the aggregate good in a perfectly competitive market by hiring labor

in a perfectly competitive spot market. The production technology is

Yt = 2N, (13)



with the productivity shock z; realized before period-t decisions. Due to perfect competition in the

labor market, the (pre-tax) real wage equals the marginal product of labor.

2.3 Government

The government has an exogenous stream of real expenditures {g;}72, that it must finance through
the labor income tax, money creation, and nominal risk-free one-period debt. In nominal terms,

its period-t budget constraint is
My — My + By + Pt jwi—ing—1 = Ry 1Bi—1 + P—1g1—1. (14)

Government spending is assumed to be a credit good, so there is no cash constraint on the gov-
ernment. Nominal liabilities thus serve a fiscal role in this model, although as we show in our
results, seignorage revenue is only a small fraction of government spending. In steady-state, the

government budget constraint is
sr+mb+ 7"wn = Rb+ g, (15)

where b denotes steady-state real debt, and sr is steady-state seignorage revenue. In steady-state,

sr=ci(m—1).

2.4 Equilibrium

A competitive monetary equilibrium is stochastic processes for ci¢, car, ne, My, By, wy, 7/, and
R; such that the household maximizes utility with the cash-in-advance constraint holding with
equality, taking as given prices and policies; the firm maximizes profit taking as given the wage
rate; the labor market clears, the money market clears, the bond market clears, the government

budget constraint (14) is satisfied, and the resource constraint
C1t + C2t + gt = 2Ny (16)

is satisfied. In addition, if bonds earn a gross nominal return of less than one, the household can
make unbounded profits by buying money and selling bonds, which implies that in a monetary

equilibrium R; > 1.

2.5 Ramsey Problem

The Ramsey planner’s problem is to maximize the representative consumer’s lifetime utility subject
to the revenue requirements of the government and all of the equilibrium conditions of the econ-

omy. In a standard way in the Ramsey literature, we adopt the primal approach and derive the



present-value implementability constraint facing the Ramsey government. In the present model,

the implementability constraint is
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the derivation of which appears in Appendix A. In computing the Ramsey solution, we eliminate
both w_; and 7", using the firm and consumer first-order conditions. The implementability con-
straint is thus in terms of only allocations; it represents the present-value budget constraint of
the consumer with prices and policies substituted out using the consumer’s first-order conditions.
This constraint describes how distortionary taxation imposes additional restrictions on welfare max-
imization beyond that encoded in the economy’s technology. The derivation of the implementability
constraint and the proof that any allocation that satisfies (16) and (17) can be decentralized as
an equilibrium is a straightforward extension of those found in, for example, Chari and Kehoe
(1999), modified slightly to account for habit persistence. The novel terms in the implementability
constraint (17) compared to others in the Ramsey literature are the Quy1/9ci, @ = 1,2, terms,
which arise due to the habit persistence. These terms reflect the fact that the consumer knows
that period-t consumption (negatively) affects his period-(t + 1) utility. To continue to lay the
groundwork for the intuition behind our inflation persistence result, we emphasize that the Fisher
relation (9) — alternatively, its pricing formula representation (11) — is embedded in the imple-
mentability constraint. The Ramsey allocations thus respect the Fisher equation, which is the key
to understanding our results.

The Ramsey government chooses sequences for ciy, ¢z, and n; to maximize (1) subject to
the resource constraint (16) and the implementability constraint (17), taking as given exogenous
processes for z; and ¢g;. In order to ensure that allocations can be supported as a competitive

monetary equilibrium, the Ramsey government must also respect the constraint

But +ﬁEt(9ut+1 Z 8ut n Etautﬂ,
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(18)

which guarantees that the gross nominal interest rate is no smaller than one, as inspection of
condition (12) shows. In other words, in principle we should impose a zero-lower-bound constraint
for the nominal interest rate, which guarantees that the resulting allocation is supportable as a
competitive monetary equilibrium. However, it can be shown analytically that solving the Ramsey
problem without this constraint, and given the implementability constraint (17) and the separable
form for utility we use (presented in Section 2.6.1 below), the Friedman Rule of a zero net nominal
interest rate is optimal. Thus, R; = 1 always and (18) always holds with equality in the less-
constrained problem. Thus we can drop (18) from the Ramsey problem. The proof again is a

simple generalization of that presented by Chari and Kehoe (1999). Define u;; = du 4 3 Our1

dc;t dcit




i = 1,2, and substitute in (17) and (18). The proof that the Friedman Rule is optimal then follows
Chari and Kehoe (1999) exactly.

We focus attention on the Ramsey first-order conditions for ¢ > 0 and for our dynamic results
assume that the economy starts in the steady-state of the Ramsey plan for ¢ > 0. By doing so, we
adopt the timeless approach to policy described by Woodford (2003), thus endogenizing the initial
state of the economy and concerning ourselves with only the asymptotic dynamics of the economy.
Throughout, we assume that the first-order conditions of the Ramsey problem are necessary and

sufficient and that all allocations are interior.

2.6 Quantitative Results

We describe how we choose parameter values, show steady-state results highlighting how seignorage
revenue depends on the parameter governing money demand, and then present our dynamic results.
2.6.1 Parameter Values

We calibrate a quarterly model, so we set § = 0.99 to deliver a real annual interest rate of roughly

four percent. We choose the period utility function

In(c; — ace—1) — ] f_ anr”, (19)

in which « parameterizes the strength of the habit persistence on the consumption aggregate
e =[(1 - o)ef, +ocg]'". (20)

Siu (2004) estimates the parameters o and v of the consumption aggregator for the case of time-
separable preferences using the consumer’s optimality condition (12). It is easy to verify that
despite the presence of habit persistence in our model, the estimating equation is identical and so
we use Siu’s (2004) estimates 0 = 0.62 and v = 0.79 as our baseline. The parameter (1 —o) captures
the importance of cash goods in the model and hence the importance of money demand, without
which there is no tax base for inflation. If (1 — o) = 0, then the model is cashless and seignorage
revenue is zero. However, as long as (1 — o) does not equal exactly zero, the dynamic properties
of inflation — in particular, the persistence and volatility — are independent of ¢. This is because
prices are flexible in our model and thus the only consideration regarding the use of inflation is to
generate state-contingent returns from risk-free nominal debt. We explain this mechanism further
in Section 2.6.3. On the other hand, if prices were sticky, as in Siu (2004) and Schmitt-Grohe and
Uribe (2004b), the optimal inflation rate would balance the insurance value of surprise inflation
against the resource misallocation cost. In such a model, the dynamic properties of inflation would

be importantly affected by o.



For the parameters governing disutility of work, we choose v = 1.7, in line with Hall’s (1997)
estimates of the elasticity of marginal disutility of work, and calibrate ( so that in the deterministic
steady-state of the Ramsey allocation in the model with no habits, the consumer spends about
one-third of his time allotment working. The value of { that we need turns out to be 6.6, and we
hold this value constant as we vary the degree of habit persistence. Regarding the internal habit
persistence parameter o, there is as yet little agreement in the literature on realistic values.? Other
authors have used a wide range of the magnitude of internal habits in their studies. Given this
uncertainty, we simply choose o = 0.5 for the main results we describe in the model with habit.
However, we also investigate how inflation persistence in our model varies with a.

The exogenous processes for productivity and government spending each follow an AR(1) in
logs,

Inzi1=p.Inz + e (21)

Ingi1=(1—pg)Ing+pglng + €, (22)

with € ~ iidN(0,02) and €9 ~ #idN (0, 03), and the two shocks are uncorrelated with each other.
We calibrate g in our model without habit so that government spending constitutes 18 percent of
steady-state output, in line with evidence for the U.S. economy. The resulting value is g = 0.06,
which we hold constant as we vary a. We choose p, = 0.95 and o, = 0.007, in keeping with the
RBC literature — see, for example, King and Rebelo (1999, p. 955). We set p, = 0.97, in line with
Schmitt-Grohe and Uribe (2004b) (recall that we have a quarterly model, so we scale down their
annual persistence). We set o, so that the standard deviation of government purchases is seven
percent of the mean level g — the resulting value is o4 = 0.02.

Finally, we set the initial real liabilities of the government B_1/Fy so that in the non-stochastic
Ramsey steady-state the government debt-to-GDP ratio is 0.45, in line with U.S. experience. Ta-

ble 1 summarizes our baseline calibration.

2.6.2 Steady-State Policy

After obtaining the dynamic first-order conditions of the Ramsey problem, we impose steady-state
and numerically solve the resulting non-linear system. To elaborate a bit further on how our
main result does not depend on o, Table 2 presents steady-state seignorage revenue, real (ex-post)
government debt, and labor tax revenue as percentage of government spending for three different

values: (1 — o) = 0.05 (“cashless” model), (1 — o) = 0.38 (baseline model), and (1 — o) = 0.95

2In recent work, Ravn, Schmitt-Grohe, and Uribe (2006) estimate external habits (i.e., “catching-up-with-the-
Joneses”) in the range 0.5-0.9. The external version of habits, despite its superficial similarity with the internal
version, has a quite different interpretation, in particular that consumers do not take into account that current

consumption affects future marginal utility. As such, their estimates are not directly applicable in our model.



Parameter Value Description

8 0.99 Quarterly subjective discount factor
o 0.62 Share of credit goods in consumption aggregator
v 0.79 Elasticity of substitution between cash goods and credit goods
v 1.7 Elasticity of marginal disutility of work
6.6 Pins down steady-state hours worked in model with perfect competition
o 0.95 Persistence in log productivity
Pyg 0.97  Persistence in log government spending
o, 0.007 Standard deviation of log productivity
oy 0.02 Standard deviation of log government spending

Table 1: Baseline parameter values for model without capital.

(“cashful” model).> The first column is the percentage of steady-state government spending that
is financed with seignorage revenue, the second column is the percentage that is financed with
labor income taxation, and the third column is the percentage financed by net proceeds from
bond issuance, inclusive of the costs of retiring maturing debt. The second and third rows show
negative seignorage because there is deflation on average in the economy due to the optimality of the
Friedman Rule. That is, in steady-state, R = 1 and thus gross inflation is 7 = § = 0.99. Because
of this average inflation subsidy, labor tax revenues are actually more than one hundred percent of
government spending on average. As a preview of the dynamic results in the next section, we note
that, in unreported results, seignorage revenue fluctuates very little dynamically regardless of o, so
the dynamics of inflation we describe below are not driven by direct seignorage-revenue-generation
needs.

Finally, the steady-state optimal labor tax rate is 7™ = 0.188, invariant to both o and «. The
labor tax is invariant to the strength of habit because it is internal habit persistence and so does

not represent any market failure to which policy would need to respond.

2.6.3 Optimal Inflation Persistence

We now describe our first central result, that habit persistence generates inertia in inflation. Ta-
bles 3 and 4 present simulation-based moments for the key policy and real variables of the model
using first-order and second-order approximation methods, respectively. We approximate the model

in levels around the non-stochastic Ramsey steady-state and and use our own implementation of the

3We do not set 1 — o exactly equal to zero or one for the “cashless” and “cashful” economies, respectively, because

our numerical algorithm cannot handle the limiting cases.
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Model l—o sr/g 71"wn/g b(r—R)/g

“Cashless” 0.05 0.0 102.5 -2.5
Baseline 0.38 -0.4 102.8 -2.5
“Cashful” 095 -4.6 107.1 -2.5

Table 2: Steady-state financing of government spending as function of 1 — o, in percentage points. sr

denotes seignorage revenue. Habit parameter is a = 0.

perturbation algorithm described by Schmitt-Grohe and Uribe (2004c).# For each parameterization,
we conduct 5000 simulations of 500 periods each and discard the first 100 periods. For each simula-
tion, we then compute first and second moments and report the average of these moments over the
5000 simulations in Tables 3 and 4. To make the comparisons meaningful, the same realizations
for the government spending shocks and productivity shocks are used across parameterizations.
Our focus is on the dynamic properties of inflation shown in Tables 3 and 4. Deflation on
average at close to the rate of time preference is a feature of the optimal policy, confirming the
results of Chari, Christiano, and Kehoe (1991), Siu (2004), and Schmitt-Grohe and Uribe (2004a).
As those studies also find, without habits the persistence of inflation, as measured by the first-
order autocorrelation, is quite low while the volatility of inflation is relatively high. The reason
for the latter result, which is well-known in the Ramsey literature, is that inflation is used by the
Ramsey government to make riskless nominal debt state-contingent in real terms. Doing so allows
the government to maintain a very smooth path for the distortionary labor income tax, as the
small standard deviation of 7" shows. Tax-smoothing supports a smooth path of consumption, an
idea that goes back to at least Barro (1978). Unanticipated inflation is thus used by the Ramsey
government as insurance against fluctuations in government spending. The ex-post real return on
government debt is R;/m;. Because the Friedman Rule (R; = 1) is optimal in this model, the real
return is simply 1/m; — so with volatile inflation, the realized real return on government debt is
volatile. We point out that this result is standard with flexible prices.’
We find inflation volatility in our model without habit of about 3.15 percent, from either a first-

order or second-order approximation, as the top panels of Tables 3 and 4 show.® The numerical

4We approximate in levels because recent work by Aruoba, Fernandez-Villaverde, and Rubio-Ramirez (2006) shows
that for a simple RBC model, a linearization in levels performs better than a linearization in logs in the sense that the
residuals in the first-order-conditions of the model are smaller. Because our Ramsey model has as its core a simple
RBC-type structure, there is reason to think that their result would extend to our environment, thus our choice to

approximate our model (both to first-order and second-order) in levels.
5Siu (2004) and Schmitt-Grohe and Uribe (2004b) show that when product prices are subject to nominal rigidities,

the insurance provided by inflation is dominated by the efficiency loss due to output dispersion across otherwise-

identical producers, causing the Ramsey planner to refrain from using inflation volatility.
5This version of our model is most directly comparable to the flexible-price models of Chari, Christiano, and
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Variable Mean  Std. Dev. Auto corr. Corr(z,y) Corr(z,g) Corr(z,z)
No habit (o = 0)

" 0.1881 0.0000 0.9301 -0.8190 0.2437 -0.9658
m -3.9000 3.1677 -0.0361 -0.1103 0.1168 -0.1606
R 0 0 — — — —
y 0.3283 0.0065 0.9237 1 0.3479 0.9394
n 0.3283 0.0023 0.8085 0.0068 0.9378 -0.3308

Habit (o = 0.5)

" 0.1869 0.0000 0.9348 -0.7540 0.0874 -0.9949
s -3.6909 7.5332 0.2332 -0.3780 0.1959 -0.6842
R 0 0 — — — —
y 0.3302 0.0049 0.9031 1 0.5692 0.8161
n 0.3302 0.0041 0.8159 -0.1881 0.6707 -0.7163

Table 3: First-order approximation in levels of economy with habit persistence and no capital. 7 and R

reported in annualized percentage points.

results we obtain from the two approximation strategies for other variables besides inflation are
also very close, suggesting that in this class of models and for a typical calibration, the results of
a first-order approximation are not misleading. Schmitt-Grohe and Uribe (2004b) in their sticky-
price Ramsey model also report obtaining largely similar results from a first-order and second-order
approximation. The largest difference between our first-order and second-order approximations is
in some of the moments of the labor tax rate. However, the well-known result in the Ramsey
literature of optimal tax-smoothing in the face of shocks comes through in both our first-order and
second-order simulations — there is very little variation over time in 7".

Our simulations confirm that the optimal nominal interest rate is always zero, which, as we
noted in Section 2.5, can be shown analytically. The dynamics of real variables are also in line with
evidence, and while we do not report results for alternative values of o, our experiments show that
the dynamic properties of inflation are unaffected by o, as we mentioned in Section 2.6.2.

Inflation dynamics differ, however, when preferences display habit persistence. With our base-

Kehoe (1991), Siu (2004), and Schmitt-Grohe and Uribe (2004b), and our baseline inflation volatility is lower than in
each of these studies. Chari, Christiano, and Kehoe (1991) report inflation volatility of close to 20 percent. Recent
work by Benigno and Woodford (2006), however, raises a question about the particular numerical approximation
used to obtain that value. Schmitt-Grohe and Uribe (2004b, Table 2) report inflation volatility of around 6 percent
per year in the flexible-price version of their model. However, the volatility of output in this version of their model,
as measured by the coefficient of variation (the standard deviation divided by the mean) is about 3.4 percent, higher
than the 1.8 percent King and Rebelo (1999, Table 1) report for the U.S. economy. Our Tables 3 and 4 show that
output volatility in our model, at 1.9 percent, is in line with this evidence. If we re-calibrate our model to make
output more volatile, we also get more volatile inflation. Siu (2004) also finds inflation volatility over 6 percent in
his flexible-price model, but does not report the volatility of output in his model so we cannot judge the relative

volatility of inflation.
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Variable Mean  Std. Dev. Auto corr. Corr(z,y) Corr(z,g) Corr(z,z)
No habit (o = 0)

" 0.1869 0.0013 0.8646 -0.0418 0.0002 0.0247
m -3.9003 3.1443 -0.0280 -0.1662 0.1269 -0.2241
R 0 0 — — — —
y 0.3283 0.0065 0.9231 1 0.3467 0.9371
n 0.3283 0.0024 0.8098 0.0177 0.9209 -0.3280

Habit (o = 0.5)

" 0.1847 0.0027 0.8203 -0.0101 -0.0025 0.0443
s -3.6000 7.7043 0.2813 -0.3959 0.1955 -0.6968
R 0 0 — — — —
y 0.3302 0.0049 0.9026 1 0.5694 0.8143
n 0.3302 0.0041 0.8168 -0.1857 0.6674 -0.7166

Table 4: Second-order approximation in levels of economy with habit persistence and no capital. = and R

reported in annualized percentage points.

line habit parameter o = 0.50, inflation persistence rises from effectively zero to about 0.2 with
habit. The standard deviation of inflation also increases markedly with habit persistence. Both
the increased persistence and increased volatility can be understood in terms of the pricing equa-
tion (11). With habits, the intertemporal marginal rate of substitution (IMRS), or the real risk-free
pricing kernel, ¢;11/¢:, depends on c¢i42, ¢i+1, ¢, and ¢;—1, rather than just ¢.y1 and ¢ as with
time-separable preferences, suggesting the riskless real interest rate is more persistent with habit.
The increased desire to smooth consumption implies a more persistent (smoother) path for the
IMRS, which in equilibrium is the real riskless rate. With a constant nominal interest rate, this
means that inflation also becomes more persistent.” This is the basic way to understand why
inflation persistence rises with habit formation.

Our results bridge a theoretical gap between partial equilibrium models of the optimal inflation
tax and general equilibrium models of the optimal inflation tax. In a partial equilibrium model,
the real interest rate is fixed by construction. In such a model, Mankiw (1987) argues that inflation
should be highly persistent — indeed, a random walk if the nominal rate is also constant. In
general equilibrium optimal policy models (with neither capital nor habit), the real interest rate
of course is not fixed. Such models to date predict very little inflation persistence. Introducing
habit (or, as in Section 3, capital) generates persistence in the real interest rate — the real rate
does not become constant, of course, but, loosely speaking, closer to constant. Inflation then must
also become more persistent. This is of course simply the Fisher effect described informally, but it

captures the essence of why introducing habit or capital in a general equilibrium model partially

"The intuition comes through most clearly with a constant nominal interest rate. In Section 4, we extend our

model to allow for fluctuations in the nominal interest rate and find that our intuition continues to hold.
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revives the implications for inflation that emerge from a partial equilibrium model.

The IMRS also becomes more volatile with habits, causing inflation volatility to rise as well. The
IMRS becomes more volatile because the intertemporal margin in effect absorbs the fluctuations
in optimal consumption that habit squeezes out. The following informal argument illustrates this
effect: starting from a given level of consumption in period ¢, a consumer receiving a positive
income shock in ¢ + 1 will increase his consumption by less if he forms habits than if he does not,
which makes the IMRS more persistent as described above. In addition, the consumer is closer to
his habit stock if he forms habits (the habit stock is of course zero with time-separable utility),
making his marginal utility, which is a function of consumption less the habit stock, more sensitive
to fluctuations in consumption. This sensitivity of marginal utility leads to increased volatility
of the pricing kernel and is the reason that habit-based asset-pricing models help explain volatile
stock returns. In our model, the volatile IMRS process allows us to conclude through the Fisher
equation that inflation must also become more volatile. With flexible prices, unanticipated large
swings in the price level do not impose any deadweight loss.

Figure 1 plots the persistence and volatility of inflation as a function of the habit parameter
«a. Because the results are virtually identical using either a first- or second-order approximation,
we summarize results from only the first-order simulations. Inflation persistence and volatility
both rise as « increases, as the discussion above suggests. We emphasize that the exogenous
government spending and technology shocks are highly persistent (recall p, = 0.97 and p, = 0.95)
in all our experiments, so inflation persistence is not inherited from persistence of the underlying
shocks. However, even with very strong habit, inflation persistence reaches only roughly 0.65. As
we show in the next section, another natural candidate source of endogenous persistence, capital

accumulation, generates even more persistence.

3 An Economy with Capital

In this section, we introduce a second source of endogenous persistence, capital accumulation, to
our model. The basic reason that capital accumulation should be expected to generate inflation
persistence is again through a more persistent real interest rate, this time due to an increased ability,
rather than an increased desire, to smooth consumption. Beyond its implications for inflation iner-
tia, however, characterizing Ramsey monetary policy in the presence of capital is an understudied
area of theoretical research, one that warrants further development to make the policy prescriptions
of such models more relevant for policy-makers. We first briefly describe how the model primitives
are modified to accommodate capital accumulation, proceed to show how the Ramsey problem is

affected, and then present quantitative results.
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Figure 1: Inflation persistence (left panel) and volatility (right panel) as a function of the habit parameter

a. m measured in annualized percentage points, p, = 0.97, p, = 0.95. Steady-state @ = —3.9 percent.

3.1 Representative Consumer

The problem of the consumer is as described in Section 2.1 except the flow budget constraint is

now
M, B M;_ B;_
C1i—1+C2t—-1 +kt*(1*5)kt71+7t+ L (L= Dwiang1+ (1 =77 )re_1ke_1+ LR 2
Py P Py Pt(—l)
23

where r; is the pre-tax rental rate of capital, Ttk is the tax rate on capital income and ¢ is the

depreciation rate of capital. The only new first-order condition is that on capital holdings,

~Eibuyr + BE [duya (1= 0+ (1-78) )| = 0. (24)

3.2 Firms

The representative firm’s problem is as described in Section 2.2, except now production occurs via
the constant-returns technology

Yo = zef (b, ). (25)
The firm rents capital and labor in competitive spot markets. Profit-maximization gives rise to equi-
librium values for the (pre-tax) real wage and real rental rate that equal their respective marginal

products.
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3.3 Government

In addition to the distortionary labor income tax, the government now also has access to a distor-
tionary capital income tax. The government’s budget constraint is modified in the obvious way to

reflect the capital income taxes it now collects:
My — My_1 + By + P ywi—1my—1 + Pa7pre—1ki—1 = Ri_1Bi—1 + Pi_1gi-1. (26)

3.4 Ramsey Problem

Finally, as we show in Appendix A, the implementability constraint faced by the Ramsey govern-

ment is now given by

s 8ut 8ut+1) (Out 8ut+1> 8ut }
E == — — 2
" ;ﬂ Kaclt r der ) ey v dew ) 2T Bn™ 27)
M 1+ R 1B_
= ¢ ( 1 b 1 1) + ¢o {9_1 + ko — Tflw_ln_l — Tﬁlr_lk_l} .

The Ramsey government chooses sequences for ¢y, cat, n¢, and ky41 to maximize (1) subject to (27)

and the resource constraint
cit + ot +kipr — (1= 0)ke + ge = 2o f (ke ). (28)

The Friedman Rule is again always optimal, so we can drop the constraint R; > 1. We again focus

attention on only the Ramsey first-order conditions for ¢ > 0.

3.5 Quantitative Results

To our previous calibration, we now must specify parameters associated with the use of capital.
We use the Cobb-Douglas production function f(k¢,n) = ktg n%_e, with capital share 6 = 0.36,
and a quarterly depreciation rate of capital § = 0.02, consistent with the RBC literature. We also
re-calibrate the parameters g and (. We now set g = 0.28 and ¢ = 5.15 so that in the Ramsey
steady-state with no habit persistence government spending is 18 percent of total output and total
hours worked are about one-third of the unit time endowment. We then hold these values of g and

¢ fixed as we vary a.

3.5.1 Steady-State Policy

Our numerical results show that in steady-state, the zero-capital taxation result holds, recalling
the results of Chari and Kehoe (1999) and others. Zero steady-state capital taxation holds both
without and with habit persistence. This result has not previously been obtained in a Ramsey

taxation model with money, however, because such models have abstracted from capital, and so is
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of some interest on its own. It is not surprising that this result should emerge, however, given the
demonstration by Atkeson, Chari, and Kehoe (1999) that the zero-capital-taxation result is robust
to many features of the environment. The steady-state labor income tax rate is 7* = 0.337 in this

model.

3.5.2 Optimal Inflation Persistence

We complete the central focus of our study with numerical evidence that capital formation generates
inertia in inflation. Table 5 presents simulation-based moments using a first-order approximation
to the policy function for the model with capital.®

First consider the economy without habit. The capital income tax rate is identically zero
dynamically as well as in the steady-state, and the Friedman Rule is again always optimal.? Inflation
is on average close to the Friedman deflation, but its persistence is now quite high, 0.85, while its
standard deviation, compared to the no-capital/no-habit economy in Table 3, is quite similar.
The intuition behind these results is the same as for the economy without capital but with habit
discussed in Section 2.6. With capital, the IMRS becomes more persistent for reasons similar to
those discussed above — specifically, with consumption-smoothing opportunities enhanced by the
presence of capital, consumption responds more gradually to shocks. The equilibrium real interest
rate needed to support this smoother path of consumption is also more persistent than without
capital. The Fisher relation shows that the inflation rate also becomes more persistent. Clearly,
though, the quantitative effect of capital on inflation persistence is much stronger than the effect
of habit.

Perhaps the most empirically-relevant model, one with both capital and habits, delivers the
most persistence in inflation. The persistence of inflation in this model is above 0.9, putting it in
line with the empirical evidence of many authors, such as, for example, Pivetta and Reis (2006).
In terms of inflation volatility, the effects of capital and habits are essentially additive.

Finally, note that in the economy with a = 0.5 the capital income tax rate, while close to zero
on average, is not identically zero. In fact, it fluctuates quite a bit over the business cycle. This
result is reminiscent of Chari and Kehoe’s (1999) finding in their model of optimal fiscal policy
that with high risk-aversion the capital tax rate is slightly negative on average and displays high

volatility. One well-known property of habit formation from asset-pricing models is that it induces

8We also computed a second-order approximation for the model with capital but without habit and found very

similar results.
9With regard to the capital income tax rate, what we compute is the ez-ante tax rate as in Chari and Kehoe

(1999, p. 1708), in which 7F is measured as the ratio of the expected value of ¢ 4+ 1 revenues from capital income

taxation to the expected value of total capital income in ¢ + 1.
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Variable Mean  Std. Dev. Auto corr. Corr(z,y) Corr(z,g) Corr(z,z)
No habit (o = 0)

" 0.3374 0.0000 0.9851 0.7658 -0.3270 0.7353
Tk 0 — — — — —
T -3.8514 3.5155 0.8485 -0.7492 0.3983 -0.7479
R 0 — — — — —
y 1.3229 0.0358 0.9509 1 0.1300 0.9819
c 0.7263 0.0062 0.9853 0.7451 -0.3477 0.7149
i 0.3163 0.0248 0.9113 0.7599 -0.4332 0.8615

15.8157 0.4354 0.9984 0.6222 -0.1384 0.5280
n 0.3278 0.0036 0.9250 0.4249 0.6668 0.4443

Habit (o = 0.5)

" 0.3353 0.0000 0.9840 0.1060 0.3942 -0.6800
Tk -0.0082 0.0867 0.9040 -0.6732 0.3844 -0.7502
T -3.3856 8.8836 0.9002 -0.6890 0.3761 -0.7661
R 0 — — — — —
y 1.331 0.0293 0.9425 1 0.2286 0.9735
c 0.7327 0.0036 0.9898 0.6732 -0.3230 0.7296
) 0.3183 0.0241 0.9060 0.7031 -0.4792 0.8455

15.9154 0.4334 0.9985 0.5043 -0.1484 0.4979
n 0.3297 0.0049 0.9623 -0.0418 0.6701 -0.1445

Table 5: First-order approximation in levels of economy with capital. 7 and R reported in annualized
percentage points. Total consumption ¢ is the sum of cash consumption and credit consumption. Gross

investment is 7.

a form of state-contingent risk aversion.'® The effect of habit on the capital income tax in our

model thus seems similar to the effect of high risk-aversion in their model.

10This is the property of habit that allows it to explain time-varying risk premia for equity.
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4 Deviations from the Friedman Rule

In this section, we show that the optimality of the Friedman Rule — or, more generally, any time-
invariant nominal interest rate — does not drive our inflation persistence result. To break the
Friedman Rule, we extend our model to allow for monopolistic competition in product markets,
still with flexible prices. Absent a 100 percent profit tax, a positive nominal interest rate indirectly
taxes monopoly profits, which from the Ramsey planner’s perspective is a lump-sum tax because
monopoly power is in fixed supply. The steady-state level of the nominal interest rate is increasing
in the degree of monopoly power, and the nominal interest rate thus fluctuates in the presence
of shocks as the Ramsey planner finances government spending. These insights are developed by
Schmitt-Grohe and Uribe (2004a). Fluctuations in the nominal interest rate make theoretically less
clear how increased persistence in the real rate maps into increased persistence in inflation. We
show quantitatively, however, that the intuition developed above continues to hold. We first briefly
describe how we modify our model to include imperfect competition and then present numerical

results.

4.1 Production: Final Goods and Intermediate Goods

We extend both our model without and with capital accumulation. The consumption (and invest-
ment) good is a final good and, as is common in New Keynesian models, is produced according to
a Dixit-Stiglitz CES aggregator ) .

w=| [ vai) (29)
where £/(—1) is the elasticity of substitution between any two intermediate goods and ¢ is the gross
markup of price over marginal cost. Here, ¢ indexes the differentiated intermediate goods. Final
goods producers require only the differentiated intermediate goods for production of final goods.

Profit maximization by final goods producers gives rise to demand functions for each intermediate

P
yl,t - l_PiJ‘| yt7 (30)

good 1

where aggregate demand y; and the aggregate price level P, are both taken as given by each
intermediate good producer, and P;; denotes the nominal price of intermediate good 7. Our analysis
will be restricted to symmetric equilibria in which all intermediate goods producers make the same
decisions, so that in equilibrium y; = y;;. Intermediate producers hire labor, or both labor and
capital in the model with investment, as in Sections 2 and 3.

It is straightforward to show that, given maximization by firms, profits are given by

e

pre = (1 - 1) Yt (31)
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This expression for profits in terms of allocations is used in the modified Ramsey problem, which

we present in the next section.

4.2 Consumers and the Ramsey Problem

Consumers receive the profits of the intermediate goods sector in lump-sum fashion, so the consumer

budget constraint is modified slightly,

My n B,
Py P

M;— B
t-1 LR, 2=l

= (1—T[L_1)wt71nt—1+(1_Ttk—l)rtflktfﬁ_ Py Py

cit—1+cae—1+ke+H(1—0)ke—1+

+p7"t7 1, (32)

where pr; denotes real profits. If capital accumulation is not a feature of the environment, the k;
terms of course disappear.
Profits are optimally redistributed by the Ramsey planner to consumers, which is reflected in

the implementability constraint. The new implementability constraint is

— ou ou ou ou ou ou ou
E();ﬂt [(—t +ﬁi1) i+ (—t +8 ”1) Cot + —tny — ( ‘ +6¢) pm] (33)

dere dct Ocat dcat ong dcay Ocat

M_1+R 1B
= ¢

Pfl > + ¢)0 |:w71n71 + Tflk—l - Tq_llwfln—l — Tﬁlrflkfljl s

which generalizes (27) to allow for households’ receipts of profits from intermediate goods firms.!!

We use (31) to substitute for pry in (33). If the economy does not feature capital, the terms in-
volving k in the constant of course drop out. The resource constraint facing the Ramsey planner
is either (16) or (28). Finally, in principle, we again need to impose the zero-lower-bound con-
straint (18). However, as we show in our quantitative results, for the degree of monopoly power
and the size of the shocks we use, the zero-lower-bound was never reached during our simulations

of the model without this constraint. So we once again ignore this constraint.

4.3 Quantitative Results

We now present quantitative evidence that capital and habits generate persistence in Ramsey
inflation even when the nominal interest rate fluctuates. We describe first the steady-state policy

and then the simulation-based results.

4.3.1 Steady-State Policy

Table 6 presents the optimal steady-state policy for various values of €. As in Schmitt-Grohe and
Uribe (2004a), the nominal interest rate is increasing in the degree of market power. The reason

for this is that in the absence of a profit tax, the nominal interest rate can be used to tax monopoly

11 As mentioned at the end of Appendix A, the presence of the monopolistic distortion also slightly affects the

representation of the implementability constraint available.
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1 1.1 1.2 1.3
R 0 2534 7.043 13.609
7 0.188 0.291 0.380  0.458

Table 6: Optimal steady-state nominal interest rate and labor income tax rate for various degrees of
monopoly power in the economy without capital. R reported in annualized percentage points. € measures

the gross markup.

e
1 1.1 1.2 1.3
R 0 3.869 12.011 19.091
7 1 0.337  0.402  0.527  0.576
Tk 0 -0.071 -0.107 -0.114

Table 7: Optimal steady-state nominal interest rate, labor income tax rate, and capital income tax rate
for various degrees of monopoly power in the economy with capital. R reported in annualized percentage

points. € measures the gross markup.

profits. This tax raises revenue in a non-distortionary way because market power represents a fixed
factor of production. We do not take literally the prescription that the nominal interest rate should
be used or is used in practice to tax monopoly profits. As Uhlig (2004) notes, governments surely
are able to levy profit taxes, even at rates approaching confiscation. Rather, we consider the use
of the nominal interest rate to tax profits simply a metaphor to move the economy away from the
Friedman Rule. Only once we have moved away from the Friedman Rule — that is, only once a
zero nominal interest rate is not always optimal — can we address the issue of how policy interest
rates respond to business cycle shocks in our model.

The labor income tax rate is also increasing in the degree of market power, again as Schmitt-
Grohe and Uribe (2004a) find. As they find, the reason this occurs is that a shrinking labor tax
base calls for a higher labor tax rate. For a fixed parameterization, steady-state n falls as € rises
because the wedge between wages and the marginal product of labor increases. Finally, note that
neither the labor tax rate nor the nominal interest rate varies with « because habit persistence
is modelled as internal rather than external. Introducing habits as external, as in Chugh (2004),
would entail another market failure to which policy would respond.

Table 7 shows the optimal steady-state nominal interest rate, labor income tax rate, and capital
income tax rate for various values of ¢ in the model with capital. The intuition for the behavior

of the nominal interest rate and the labor tax is as just discussed in the model without capital,
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so we focus on the capital income tax. With perfectly competitive product markets, the zero-
capital taxation result holds, as in Section 3. However, we find here that the capital income tax
rate decreases with market power in product markets. The stronger market power is, the larger
a capital subsidy the Ramsey government provides. The reason for this is straightforward: with
market power, there is a tendency towards an under-accumulation of capital, so providing a subsidy
boosts the capital stock. This result recalls that of Judd (2002), who shows that, as far as possible,
an optimal policy should promote efficiency along the capital accumulation margin. With monopoly
power and the resulting under-accumulation of capital, providing a capital subsidy achieves this
goal. This result extends the steady-state fiscal policy implications of monopoly power studied by

Schmitt-Grohe and Uribe (2004a) to a model with capital.

4.3.2 Optimal Inflation Persistence

Table 8 presents simulation results obtained using first-order approximations. The series of shocks
used to generate these moments are the same as those used in the models of Sections 2 and 3,
making the results directly comparable. We fix the gross markup at ¢ = 1.1, consistent with
empirical estimates. With this parameter choice and the volatility of the shocks driving our models,
the zero-lower-bound on the nominal interest rate was never reached during our simulations of the
Ramsey solution computed without the zero-lower-bound constraint.

The main result is that inflation is again persistent, despite fluctuations in the nominal interest
rate. Indeed, except for the mean level of inflation due to the departure from the Friedman Rule, the
quantitative results are little changed compared to the models with perfectly-competitive product
markets. Comparing these results with those obtained in the models in which the Friedman Rule
was always optimal, we conclude that the intuition developed through the Fisher condition — that

increased persistence of the real rate leads to increased persistence of Ramsey inflation — is robust.

5 Discussion

Table 9 summarizes the standard deviation and autocorrelation of inflation in the models in which
the Friedman Rule is optimal, for our baseline parameterization. Starting from the baseline model
with neither capital nor habits, introducing either state variable dramatically increases inflation
persistence, the effect being stronger in the presence of capital accumulation. With both capital
and habits present, inflation persistence is largest.

In addition to the Fisher effect, another possibly useful way to understand our results is to
recognize that the state vectors in our models are larger than in standard flexible-price Ramsey

models. Optimal tax rates may thus be expected to acquire more persistence due to the increased
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Variable Mean  Std. Dev. Auto corr. Corr(z,y) Corr(z,g) Corr(z,z)
No capital, no habit (o = 0)

T 0.2913 0.0003 0.8085 -0.0444 -0.9378 0.3308
m -1.4648 3.2740 -0.0366 -0.1016 0.1285 -0.1628
R 2.5345 0.0325 0.8085 0.0444 0.9378 -0.3308
y 0.3059 0.0061 0.9200 1 0.3829 0.9256
c 0.2459 0.0057 0.9334 0.8250 -0.1970 0.9773
n 0.3059 0.0024 0.8085 0.0444 0.9378 -0.3308

No capital, habit (v = 0.5)

T 0.2901 0.0008 0.7951 -0.8879 -0.8816 -0.4192
s -1.2658 7.7406 0.2605 -0.3712 0.1874 -0.7027
R 2.5160 0.0286 0.8169 0.3414 0.9512 -0.2868
y 0.3077 0.0047 0.8950 1 0.6109 0.7855
c 0.2477 0.0038 0.9696 0.6847 -0.1478 0.9772
n 0.3078 0.0040 0.8130 -0.0911 0.7063 -0.6822

Capital, no habit (o = 0)

" 0.4020 0.0060 0.9522 -0.4664 -0.8566 -0.3055
Tk -0.0702 0.3401 0.8359 -0.5444 0.5035 -0.6700
s -0.1194 3.9267 0.8296 -0.5710 0.4943 -0.7012
R 3.8652 0.0922 0.9522 0.4664 0.8566 0.3055
y 1.2121 0.0333 0.9524 1 0.2841 0.9520
c 0.6485 0.0058 0.9830 0.5790 -0.4796 0.6889
0.2835 0.0198 0.9226 0.8478 -0.1173 0.9624

14.1753 0.3626 0.9986 0.6116 -0.0620 0.5567

n 0.3040 0.0046 0.9522 0.4664 0.8566 0.3055

Capital, habit (o = 0.5)

" 0.3995 0.0016 0.9454 -0.8598 -0.7736 -0.5947
Tk -0.0061 0.0951 0.8889 -0.4621 0.4688 -0.7399
s 0.4781 10.9812 0.8857 -0.4736 0.4627 -0.7507
R 3.7671 0.0732 0.9474 0.7425 0.8383 0.4417
y 1.2203 0.0291 0.9478 1 0.4445 0.8944
c 0.6548 0.0034 0.9883 0.4598 -0.4478 0.7225
) 0.2855 0.0187 0.9182 0.7832 -0.1402 0.9663

14.2742 0.3534 0.9986 0.4741 -0.0762 0.5345
n 0.3061 0.0063 0.9698 0.2556 0.8595 -0.1028

Table 8: Economies with imperfectly competitive product markets. In all simulations, the gross markup is

€ = 1.1. m and R reported in annualized percentage points.
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Mean | Std. Dev. | Auto. corr.
No capital, no habit | -3.90 3.16 -0.036
No capital, habit -3.69 7.53 0.233
Capital, no habit -3.85 3.52 0.849
Capital, habit -3.39 8.88 0.900

Table 9: Persistence and volatility of inflation under the Ramsey policy in economies in which the Friedman

Rule is optimal, with pg = 0.97, p, = 0.95.

history-dependence in the economy. This conclusion does not immediately follow, but our computed
decision rules suggest this intuition might hold. Table 10 presents the numerical coefficients we
find for inflation as a function of the state variables in the economy without capital. The time-t
state of the economy in general in that model is given by [c1¢—2, at—2, C1¢—1, Cot—1, 2, g). The first
lags of consumption appear in the state because of the Fisher equation, which we use to track the
evolution of inflation, and the second lags appear when there is habit persistence (a > 0). With
habit, the coefficient on the first lag of consumption is much larger than without habit, and the
coefficient on the second lag of consumption rises from zero.

This numerical evidence of course does not prove the link between persistence in policy and the
size of the state vector, but we think this may be a promising way to consider our result, especially
given recent studies on optimal fiscal policy with incomplete markets. Aiyagari et al (2002), An-
geletos (2002), and Shin (2003) find that under different forms of market incompleteness, tax rates
become highly persistent compared to the standard complete-markets Ramsey framework. A com-
mon technical aspect of these models is that the state vector expands to include lagged Lagrange
multipliers that capture the effects of market incompleteness. At a technical level, then, these
models also seemingly rely on increased persistence of the state to generate increased persistence of
tax rates. We think this may be an interesting analogy to explore further. We point out, however,
that it is not the introduction of a persistent state variable per se that generates persistence in
inflation. Indeed, in the model with neither capital nor habits, persistent state variables are present
— the exogenous and persistent technology and government spending shocks — but inflation is not
persistent. Thus, in our model it is the introduction of states that affect the desire and ability of
consumers to smooth consumption over time that is important, and these preferences and oppor-
tunities are reflected in the real interest rate. Persistent exogenous states do not affect smoothing
preferences and opportunities.

We emphasize that our results obtain in flexible-price environments. If nominal rigidities were
introduced, the Ramsey government would balance the insurance value of inflation against the re-

source misallocation of nonzero inflation. In a recent strand of the Ramsey literature, Siu (2004) and
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« C1t—2  C2t—2 Clt—1 Cot—1 2t gt
0 0 0 2915 3.765 -1.071 0.081
0.50 | 7.254 7.254 15.505 16.349 -2.322 0.170

Table 10: Computed linear policy function for inflation in the model without capital for o« = 0 and « = 0.50.

Schmitt-Grohe and Uribe (2004b) show that with sticky prices this tension is resolved overwhelm-
ingly in favor of price stability. However, these studies predict little or no inflation persistence.'?
Continuing to study the consequences for optimal policy of sticky prices, and of sticky prices to-
gether with incomplete markets as Angeletos (2004) suggests, seems to be an important line of
research.

Finally, we acknowledge that we have ignored the vast recent New Keynesian literature on infla-
tion persistence. This stems partly from the fact that we have not needed any nominal rigidities to
obtain our result, and partly because the New Keynesian literature has evolved largely in isolation
from the public finance optimal taxation literature. Our work falls squarely in the latter tradi-
tion. The studies by Siu (2004) and Schmitt-Grohe and Uribe (2004b) question the high volatility
of inflation predicted by flexible-price Ramsey models, while not taking on the lack of inflation

persistence that such models also predict. Our study complements theirs by questioning the low

persistence of inflation in Ramsey models without taking on the volatility issue.

6 Conclusion

The Ramsey planner respects equilibrium conditions when choosing allocations. These conditions
encode, among other features of equilibrium, the desire and ability to smooth consumption over
time. Altering this desire or ability, as we do in this paper through habit persistence and capital
accumulation, renders the real interest rate persistent. Through the Fisher relation, which is an
equilibrium condition the Ramsey planner respects, the optimal inflation rate is persistent. This
result stands in contrast to the predictions of the baseline Ramsey model of Chari, Christiano,
and Kehoe (1991) as well as the predictions of recent extensions to environments with nominal
rigidities. An important point that our results suggest is that Ramsey models of monetary policy
that neglect capital formation may have very different predictions about the nature of policy than

models that include capital.

128iu (2004) finds moderate persistence and Schmitt-Grohe and Uribe (2004b) find zero persistence. The two
papers model nominal rigidities in different ways, suggesting that the assumed structure of sticky prices may be

important for understanding, among other things, inflation dynamics.
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A Derivation of Implementability Constraint

A.1 TImplementability Constraint with Habits

The representative consumer maximizes the sum of lifetime expected discounted utility,

o0

max Eo > B'u(cus, e, o1, Car—1, 1) (34)
=0

subject to the flow budget constraint
M, By M, By

_ _ =(1-7" M R 35
C1t—1 + Cot 1+Pt—1 +Pt71 (1 =7 we—1ne-1 + P Ly t— lPt ) (35)
and the cash-in-advance constraint
M;
< = 36
C1t = P, ( )

The flow budget constraint represents trading in both the financial market and goods market. The

household’s first-order conditions with respect to cy¢, cot, ne, My, and By are, respectively,

Ouy Ougy
E “ A — BEidy1 =0, 37
D1 + 8 ders t — BEidii1 (37)
Ouy Ougy1
E — BE b1 = 0, 38
Denr + BLE; ey BE i1 (38)
0
o, BBLGuw (1= 7] =0, (39)
o )\t (¢t+1>
- E =0, 40
.1 P + BE; P (40)
on ( ¢t+1>
— + G8FE: | R =0. 41
Py PR p, 4

We now construct the implementability constraint facing the Ramsey planner. To do so, we begin

by multiplying the flow budget constraint by 5‘¢; and summing over all dates and states,

EO{Zﬂ Prc1r— 1+Zﬂ Prear— 1+Zﬁt i M +Zﬁt o } (42)

t=0

Eo {Zﬁ%t(l — T )we—1ne—1 + Zﬁt P¢t M1+ Zﬁt P¢t Ry_1B;— 1}
t=0 t= =1 t=1

Note the Ey on both sides, which arises because we are summing beginning at time-zero. For
convenience, we now drop the Ey but it is understood that all subsequent expressions are from
the perspective of the initial date-state. Next, in the first term on the right-hand-side substitute
using (39); in the third term on the left-hand-side substitute using (40); and in the fourth term on
the left-hand-side substitute using (41) to get

Z B o1 + Z Bl orear—1 + Z g (j\; + ﬁd);l) M + Z ﬁt+1@RtBt (43)
t=0 =0

P,
- —Zﬂt 1&“ Lo 1+Zﬂt

T 1+Zﬁt ¢t1Rt_1Bt_1.
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Multiplying out the third term on the left-hand-side,

M,
Zﬁ decre 1+zﬁtm 1+zm +zﬁt+l¢gl (44)
¢t+1 Oug—_1 o = ot
~ tz;ﬂt“ Ry By = 2@ e 1+Zﬂt Mt_1+§ﬂtpt_lRt_1Bt_1.

Canceling summations on both sides and also using the cash-in-advance constraint holding with

equality to substitute ¢y = M/ P,

ou M_1+R_1B_
Zﬂ Prcr—1 +Zﬁt)\t01t +Zﬁ Prcat—1 +Zﬁt 18 z g = ¢ ( : P, : 1) - (45)
Rearranging the summations,
¢oc1,—1 + Z By picn + Z B \ie (46)
1 Ou_ ou M_1+R_1B_
+doc2,—1 + Zﬁ Yprirca + G on_ Zﬁtftnt ( - P, - 1) -
Combining summations involving ¢y,
ou
Z B (A + Bdr1)en + Z B'Briica + Z ﬁt “n (47)
- M_q1+ R_lB_ 1 0u_y
= ¢ ( P, ) $o(c1,—1+c2,-1) Gon, "

The period —1 version of (39), dropping the expectations operator, is %gz: = pow_1(1 — 1)),

SO
ou 8u ou ou ou
t t t+1 t t+1 ouy
ZB Kaclt Ociy ) cu <3 Cot A Ocoy > car ony nt} (48)
M1+ R 1B_
= (250 < ! P ) ! 1) + ¢0 [w_l(l — Tﬁl)n_l — 617_1 — 621_1] .

Next, we have w_1(1 —7")n_1 —c1,—1 — €21 = W_iN_1 — C1,—1 — C2—1 — T {W_1N_1 = g1 —
7" w_1n_1, where the last equality uses the fact that with a linear production technology and
perfect competition in goods and labor markets, w_in_1 = z_i1n_1 = y_1 and also uses the
resource constraint y_1 —c1,—1 — c2,—1 = g—1. Thus, we can write the implementability constraint

in the model with habits and no capital as

0 8 1o} o 0 M_1+R_1B_
Ey E ek |:( ut u:_l) cit + < ut + 3 uH_l) cot + ﬁnt} = ¢o <¥) + ¢o [9—1 - Tflw_1n_1] »
1t

8011 Ocat Ocat ony P
(49)
where we have re-introduced the Ej operator. In equilibrium, we have
1 Ju_q Oug
Po = (50)

- +
B Ocg, 1 Do 1
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wW-1 = 2-1, (51)

and

Tfl -1 1 8u_1/8n_1‘
w_1  Poo

We substitute these latter three expressions into the implementability constraint so the entire

(52)

constraint is in terms of allocations.

A.2 Implementability Constraint with Habits and Capital

When we add capital to the model, the flow budget constraint of the household modifies in the

obvious way,

M, B M;_ B;_
cri1tea 1tk (1=0) ki 1+ —— - = (1=~ w11+ =78 )re 1k 14— LiR, 2L
Py P Py Py
(53)
The only new household first-order condition is that on k41,
—BEii1 + B Ey {¢t+1(1 —d+mr(l— Ttlirl))} =0. (54)

As before, multiplying the budget constraint by 3'¢; and summing over dates and states, we have

et S B ik =+ Y B [1 — S+ (1 — Tf_l)} - (55)

t=0 t=0
where we have omitted all terms except those involving capital because the other terms combine

as in the model without capital. Using the household’s optimality condition on capital,
oo o
A e 1= (U= ) K =+ Y B 1= (U= )| her (56)
t=0 t=0
Combining terms exactly as in the model without capital, it is only the constant term of the

implementability constraint that gets modified,

M_1+ R 1B_,;
= do .
1

) + o [(1 = )w_in_1 —c1,—1 — ca,—1] + ¢ [1 —0+7r_1(1— Tﬁl)} k_1.
(57)
Expanding,

(M_1 + R_1B_4
.. =g

> + ¢o [w_ln_l +r_1k_q1 — Tflw_ln—l — 7'517’_1]6_1} . (58)
P

With perfect competition in the goods, labor, and capital markets, we have w_in_1 +r_1k_1 =
mpn_in_1+mpk_1k_1 = f(k_1,n_1), where mpn and mpk denote the marginal products of labor

and capital, respectively. Next, the time —1 resource constraint tells us f(k_1,n_1) + (1 —d)k_1 —
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c1,—1—c2,—1 = g—1+ko. With these two substitutions, the implementability constraint in the model

with both habits and capital is

> 8’&1} 8ut+1) (8ut 8ut+1> Out }
E == - —*
" t:zoﬂ Kaclt +h dery )M * Ocay +h By ) * ong (59)
M 1+ R 1B_
= ¢ ( 1 b 1 1) + ¢o {9_1 + ko — Tﬁlw_m_l — Tflr_lk_l} .

With monopolistic competition in goods markets, as in Section 4, the substitutions w_in_; =
z_in—y and w_in_y + r—1k_; = f(k_1,n—1) used in deriving (49) and (59), respectively, are
unavailable (because the markup drives a wedge between marginal products and factor prices). In
this case, we simply solve for the initial factor prices from the household’s optimality conditions

and insert in the constant term of the implementability constraint.

B Approximation Method

Models with both capital accumulation and habit persistence lead to a greater degree of endogenous
persistence than models with either alone. The general method of Schmitt-Grohe and Uribe (2004c)
needs to be extended to accommodate such a model. While their general form can accommodate an
arbitrary number of lags of variables, it cannot accommodate forward-looking expectations more
than one period in the future. With both capital and habits, the Ramsey first-order-conditions
feature such further leads.

We extend Schmitt-Grohe and Uribe (2004c¢) in a straightforward way. The Ramsey first-order

conditions of the model with both capital and habit can be written in the canonical form

Ei f(Ye+2, Yit1, Yts Teg2, Tg1, ) = 0, (60)

where y; is a vector of costate variables and x; a vector both endogenous and exogenous state

variables. The decision rules are as in Schmitt-Grohe and Uribe (2004c),

Yy = g(xe,0) (61)

Tpp1 = h(xg,0) + noepy. (62)

Substituting these decision rules into the canonical form above, and letting primes and double-
primes denote one-period ahead and two-period ahead quantities, respectively, we can express the

solution of the model as

F(x,0) = flg(h(h(z,0)+noe ) +noe”, o), g(h(z,0)+noe’, o), g(x,0), h(h(z,o)+noe ) +noe’, h(x, o)+noe , z] = 0.
(63)
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The approximation is made around the deterministic steady-state x = £, = 0. We can then can

identify the first-order approximations g, and h, from the condition

Fx(i'a 0) = fy”gxhochx + fy’ga:h:r: + fyg:r: + farhahe + forhe + fz =0, (64)

where the terms fy»g.hyh, and fyrhgh, appear because variables dated ¢ + 2 appear in the time-¢
first-order conditions, unlike in Schmitt-Grohe and Uribe (2004c). Each term on the right-hand-side
of (64) is evaluated at the non-stochastic steady-state given by (Z,0). Constructing the second-
order approximation is more tedious but also a straightforward extension of Schmitt-Grohe and

Uribe (2004c).
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