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Abstract

A Ramsey planner chooses a distorting tax on labor and manages a portfolio of securities in an
economy with incomplete markets. We develop a method that uses second order approximations
of Ramsey policies to obtain formulas for conditional and unconditional moments of government
debt and taxes that include means and variances of the invariant distribution as well as speeds of
mean reversion. We establish that asymptotically the planner’s portfolio minimizes a measure of
fiscal risk. Analytic expressions that approximate moments of the invariant distribution apply to
data on a primary government deficit, aggregate consumption, and returns on traded securities.
For U.S. data, we find that an optimal target debt level is negative but close to zero, that the

invariant distribution of debt is very dispersed, and that mean reversion is slow.

KEY woRrbDSs: Distorting taxes. Spanning. Transfers. Optimal Portfolio. Government debt.

1 Introduction

This paper models a Ramsey planner who optimally manages a portfolio of debts and other
securities to smooth fluctuations in tax distortions in an incomplete markets economy hit by
aggregate shocks. Within a production economy without capital, the government raises revenue
by issuing securities and imposing linear taxes on labor income, then spends on exogenous
government expenditures, payouts on government securities, and transfers. The government
and private agents trade an exogenously specified set of risky securities whose returns depend
on the aggregate state. An economy with complete markets and an economy with a one-period
risk-free bond only are interesting special cases.

We make extensive use of an approximation to a Ramsey plan that we construct from second

order perturbations around current levels of government debt. We confirm that these quadratic
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approximations are accurate by comparing them to the solutions obtained using numerical meth-
ods. Under conditions that we describe, the approximating laws of motion are linear functions of
the aggregate shocks and the current level of government debt. Our quadratic approximations
then enable analytic and interpretable expressions for means, variances, and rates of conver-
gence to an invariant distribution of debt, tax revenues, and tax rates.! Empirical counterparts
to our expressions for these objects can be constructed from data on the primary government
deficit, aggregate consumption, and returns on securities traded by the government. We show
that asymptotically the government’s optimal debt portfolio minimizes a particular criterion
measuring fiscal risk.

To isolate underlying principles, we start with a baseline setting in which agents have quasi-
linear preferences and the market structure is restricted to a single security whose payout we
allow to be correlated with the government purchase process. The joint distribution of returns
and government purchases is i.i.d. over time. From the planner’s Euler equations, we establish
existence of an invariant distribution of government debt. Up to third-order terms, we show
that the drift in the dynamics of debt is proportional to the covariance of returns with total
government spending (debt service plus exogenous government purchases). A level of debt that
minimizes the variance of total government spending sets this covariance to zero and serves as a
point of attraction for the stochastic process for debt. The speed of mean reversion is inversely
proportional to the variance of the return on the security, and the variance of the invariant dis-
tribution is proportional to the amount of risk that the government bears at its risk-minimizing
debt level. Later sections of the paper show that the principle that government debt approaches
a level that minimizes fiscal risk extends well beyond our baseline case.

Allowing trade in more securities yields additional insights. If returns satisfy a spanning
condition, the planner can replicate a complete markets allocation like Lucas and Stokey’s (1983).
When that spanning condition is not satisfied, being able to trade more securities decreases the
speed of convergence to the invariant distribution because additional securities facilitate hedging
and thereby lower the cost of being away from a long-run target level of government debt. By
assuming two particular securities, a consol and a short-term security, we derive prescriptions for
optimal maturity management. In this two-security case, the riskiness of the return on the short-
maturity asset relative to that on the consol affects the average maturity of the total debt. In
particular, if the return on the long maturity bond is riskier than the return on the short-maturity
bill, then the optimal maturity of the planner’s portfolio is inversely proportional to total public
debt and most adjustment to aggregate shocks is done with the bill. We extend the analysis
to incorporate risk aversion and more general shock processes. We show that insights from the
baseline model apply provided that we use concepts of “effective returns” and “effective shocks”
— returns on the government debt portfolio and innovations to the present discounted value of
the primary government deficit adjusted by marginal utilities of consumption, respectively.

In a quantitative section, we seek two goals: (i) to compare two numerical approximations,
one using a global method, the other using formulas derived from our quadratic approximation;
and (ii) to study the predictions of the model for realistic shock and return processes. To

this end, we use U.S. data to calibrate plausible shock and return processes. Our analytical

We can also use our quadratic approximation to get analytic expressions for other moments.



expressions derived under simpler environments continue to be accurate in the calibrated model.
We find that the optimal level of debt is close to zero and that the optimal policy displays slow
mean reversion (a half-life of 250 years). These results are driven by the fact that a significant
amount of variation in returns to the U.S. portfolio is uncorrelated with output; that means that
holding large quantities of debt or assets would frustrate hedging objectives.

To focus on some important forces, our paper obviously shuts down forces emphasized in
other theories of optimal levels of government debt. For example, by allowing a government
each period to choose whether or not to service its debt, the literature on sovereign debt focuses
attention on how the adverse consequences of default endogenously generates incentives to repay
debt obligations. The government in our model has no default option and requires no such
incentives. This eliminates the design of incentives to induce payment as determinants of the
level of government debt and its maturity composition and puts the hedging considerations on
which we focus front and center. Our model describes optimal fiscal policy of a government
that never contemplates dishonoring its debts. (We like to think of the U.S. and some European
governments as being in this situation.) Additionally, we focus on real debt. Extending our
approach to economies with possibilities of default and monetary economies is straightforward
but space-consuming as it would require us to introduce several layers of additional complications

to our model. We leave that for future work.

1.1 Relationships to literatures

Our paper builds on a large literature about a Ramsey planner who chooses a competitive
equilibrium with distorting taxes once-and-for-all at time zero.? Many of these papers assume
either complete markets as in Lucas and Stokey (1983), Buera and Nicolini (2004), Angeletos
(2002), or a singe-period risk-free bond only and quasilinear preferences as in Barro (1979)
and Aiyagari et al. (2002). In contrast, our analysis allows a more general incomplete markets
structure and risk-aversion. In both complete market economies and quasilinear settings with a
risk-free bond only, any level of debt is optimal in the sense that the Ramsey planner sets a time
0 conditional mathematical expectation of public debt in all future periods equal to initial debt.
We show that this result is not generic: small departures from the assumptions in those earlier
papers imply that, driven by hedging considerations, starting from any initial debt, government
debt converges to a unique risk-minimizing level.

In a related context, Barro (1999) and Barro (2003) study tax smoothing in an environment
in which revenue needs are deterministic but refinancing opportunities are stochastic. In Barro’s
setting, it is optimal for a government to issue a consol as a way to insulate inter-temporal tax
smoothing motives from concerns about rolling over short maturity debt at uncertain prices. In
contrast, our analysis allows both revenue needs and returns on the debt to be stochastic. We
estimate empirically relevant properties of returns on debt and then find an optimal government
portfolio associated with those returns.

Technically, our paper is closely related to Aiyagari et al. (2002). Those authors include an
analysis of an economy in which a representative agent has quasilinear preferences. In addition to

a linear labor tax, they allow a uniform nonnegative lump sum transfer. There is a continuum of

For instance Lucas and Stokey (1983), Aiyagari et al. (2002), Chari et al. (1994), Farhi (2010).



invariant distributions for debt, all of which feature a zero labor tax rate and debt levels that are
negative and sufficiently large in absolute value to finance all government expenditures from the
government’s interest revenues, with nonnegative transfers absorbing all aggregate fluctuations
by adjusting one-to-one with the aggregate shock. A key difference in our paper is how we
treat transfers. While Aiyagari et al. (2002) exogenously restrict transfers, we deduce optimal
transfers from an explicit redistribution motive by including agents who sometimes cannot afford
to pay positive lump sum taxes. We show that so long as the utility functions of those agents
are strictly concave and the planner cares about them, the result of Aiyagari et al. (2002) about
properties of the invariant distributions goes away. A benevolent planner in such settings wants
to minimize fluctuations of both tax rates and transfers; he ultimately targets a (generally
unique) level of debt that minimizes risk. The invariant distribution studied by Aiyagari et al.
(2002) emerge only in a limit as the risk-aversion of all recipients of transfers goes to zero.

The equilibrium approximation tools that we apply in this paper are complementary to ones
used by Faraglia et al. (2012), Lustig et al. (2008), and Siu (2004), who numerically study
optimal Ramsey plans in specific incomplete markets settings. Our approximation method
allows us to derive closed form expressions for the invariant distribution of debt and taxes that
illuminate underlying forces. Our work is also related to Debortoli et al. (2016 forthcoming)
who numerically characterize optimal debt management when a government cannot commit to
future taxes.

Our theory of government portfolio management shares features of the single-investor optimal
portfolio theory of Markowitz (1952) and Merton (1969). Bohn (1990) and Lucas and Zeldes
(2009) use insights from the single-investor literature to study portfolio choices of a government
in partial equilibrium settings after having specified a government loss function. Common to
both Merton’s investor and to our Ramsey planner are hedging motives that shape portfolio
and savings choices. However, unlike Merton’s investor, our Ramsey planner is benevolent
(it maximizes the utility of the agents with whom it trades) and it internalizes the general
equilibrium effects of its distorting tax rate choices on equilibrium prices and quantities. As
a consequence, the optimal portfolio strives to minimize a measure of fiscal risk and is not
preoccupied with the usual mean-variance trade-off.

The remainder of this paper is organized as follows. In Section 2, we analyze a streamlined
setting in which only one risky security can be traded and the representative agent has quasilinear
preferences. In Section 3, we extend the analysis to include multiple assets, persistent shocks,
concerns for redistribution, and risk aversion. In Section 4, we study a quantitative example

with parameters calibrated to U.S. data.

2 Quasilinear preferences

We begin with a streamlined setting. Time is discrete and infinite with periods denoted ¢t =
0,1,... Each of a measure one of identical agents has preferences over consumption and labor

supply sequences {c, l¢}; that are ordered by
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where E; is a mathematical expectations operator conditioned on time ¢ information and 8 €
(0,1) is a time discount factor. One unit of labor produces one unit of a nonstorable single good

that can be consumed by households or the government. Feasibility requires
ct+ gt = lta t> 07 (2)

where g; denotes government consumption.

The government imposes a flat tax at rate 7 on labor earnings and buys or sells a single
one-period security having an exogenous state-contingent payoff p;. Consumers sell or buy that
same security, so it is in zero net supply each period. Let B; be the number of securities that

the government sells in period t at price ¢;. Government budget constraints are
gt +peBi1 =7l + @By, t>0. (3)

A probability measure 7(ds) over a compact set S governs an exogenous i.i.d. shock s;
that determines both government purchases and payoffs on the single security, positive random
variables g, p with means g, p.

We let st = (so, ..., S¢t) denote a history of shocks. We often use z; to denote a random variable

t—1

x with a time ¢ conditional distribution that is a function of history s*~*. It is convenient to

define B; = ¢B; and Ry41 = piy1/q: and to re-write the government’s time ¢ budget constraint
(3) as
gt + B¢ By 1 = Tl + By.

A representative agent’s time ¢ budget constraint is
ct+b = (1—7)l + Rib, (4)

where b; is his purchase of the single security. The period ¢t market clearing condition for the
security is

b, = B;. (5)

We exogenously confine government debt to a compact set
B; € [E,E . (6)

The assumption of compactness of the feasible debt simplifies the analysis. We make the bounds
sufficiently large that they do not affect the properties of the joint invariant distributions of

government debt and the tax rate that we analyze below.

Definition 1. A competitive equilibrium given an initial government debt B_; at ¢ = 0 is
a sequence {c,l¢, By, by, Ry, 74}, such that (i) {c, 1, b}, maximize (1) subject to the budget
constraints (3); and (ii) constraints (2), (5), and (6) are satisfied. An optimal competitive

equilibrium given B_; is a competitive equilibrium that has the highest value of (1).

The single-security incomplete markets models of Barro (1979) and Aiyagari et al. (2002)

assume that the security’s payout is risk-free, a special case of our setup in which p(s) is inde-



pendent of s. Two purposes induce us to allow stochastic payoffs. First, standard real business
cycle models driven by productivity and/or expenditure shocks fail to generate realistic holding
period returns. Our way of modeling security markets allows us to remedy this shortcoming
parsimoniously.® In Section 4 we document how post WWII real returns to U.S. government
portfolios have fluctuated and use those findings to discipline payoffs. Second, as we show in
Section 3.4, the optimal process for risk-free government debt when the representative consumer
is risk-averse in consumption resembles the optimal behavior of state-contingent debt when the
representative agent is risk-neutral. With risk-averse consumers and risk-free debt, a key object
is an “effective return” on debt that takes into account a shadow cost of raising revenues; this
influential return is stochastic even when the single security is risk-free. We show in Section 3.4
that the main insights of the quasilinear-stochastic-payoff formulation extend to economies with
risk-averse consumers by considering “effective returns” on securities.

The representative consumer’s first-order necessary conditions for an optimum imply that

1

].*Tt:lz, ]EtflRt: E (7)

The security price g; satisfies ¢ = Bp, so the return on the security R; (s*) = 2 538;;)' Substitute

(7) into the consumer’s budget constraint to obtain
c = Z;JF’Y + RiBi_1 — Bs. (8)

Use (8) to eliminate ¢; from the feasibility condition (2) to obtain the following implementability
constraints:
=177+ By = RiBy_1 + gr. (9)

Lemma 1. {c;, s, By, b, Ry, 71}, is a competitive equilibrium given B_y if and only if {l;, Bi—1},
satisfies (6) and (9) for all t > 0.

Lemma 1 allows us to compute an optimal competitive equilibrium allocation and a govern-

ment debt process by solving

E t|(RyB,_i — By) + —— %7 10
{g’lgfi}t 0;5 |:(tt1 t)+1+,yt ) (10)

where maximization is subject to constraints (6) and (9). The objective function in (10) is a
version of (1) in which we have used (8) to eliminate ¢;.

Appendix A.1 shows that it is optimal to set the tax rate to the left of the peak of the Laffer
curve, which implies that the optimal tax rate 7+ and labor supply I; are described by one-to-one
mappings from total tax revenues Z; = 7yl;. Tax revenues are bounded from above by the level

Z associated with a tax rate at the peak of the Laffer curve.* For a given level of tax revenues

3In the Appendix B we show that this set up is equivalent to risk-free bonds and discount factor shocks as in
Albuquerque et al. (2016 forthcoming). We chose our stochastic payoff formulation because it naturally extends
to multiple assets and portfolio theory that we study in Section 3.2.
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Z, the corresponding tax rate 7 (Z) and labor supply [ (Z) satisfy

Z=1(Z)(1-7(2)
=1(Z) - U(2)', (11)

which are well defined for all Z < Z. Functions I(-),—7(:) are decreasing. Let ¥ (Z) =
ﬁl(Z)H‘V be the utility cost of supplying labor required to raise tax revenues Z. W is
strictly decreasing, strictly concave, and differentiable on (—oo, Z] and satisfies Inada condi-
tions limy_,_o ¥/ (Z) =0 and lim, . ¥ (Z) = —oc0.

An optimal value function V' (B ) for problem (10) satisfies the Bellman equation

V(B_)= Z{?%?},i.)/KR“)B— — B(s)) + 7Y (Z (s)) + BV (B (s))] 7 (ds) (12)

where maximization is subject to Z(s) < Z, B (s) € [B, B], and
Z(s)+B(s)=R(s)B_+g(s) foralls. (13)

Strict concavity and differentiability of ¥ implies that V is also strictly concave and differen-
tiable. Policy functions B (s, B_) and Z (s, B_) attain the right side of Bellman equation (12).
Let 7 (s, B_) denote the associated optimal tax rate policy. Gross government expenditures

E(s,B_), an important endogenous variable, are
E(s,B_)=R(s)B_+g(s), (14)

which equals government expenditures including interest and repayment of government debt.
Aggregate shocks have effects on E (s, B_) that depend partly on government debt B .
We begin our analysis by stating a lemma that summarizes some key properties of optimal

policy rules.

, and T are increasing in E in the sense that E (s",B_) > E (s',B_) implies
B(s",B_) (s,B_), Z(s",B_) > Z(s',B_), and 7(s",B_) > 7(s',B_) with strict
inequalities if B(s",B_),B(s',B_) e (ﬁ, E).

Lemma 2. B, Z
> B

Let {Bt,Zt} be the optimum process generated by policy functions B(S,B_) and
- ¢

Z (s,B_). First-order conditions associated with the maximization problem (12) imply that

if B, is interior, then the marginal social value of assets V'(B;) satisfies®
V,(Bt) = BEtRH»lV,(BtJrl) = EtV,(BtJrl) + ﬁCOVt(Rt+1, V,(BtJrl)). (15)

Monotonicity of the policy functions asserted in Lemma 2 together with (15) allow us to prove:

Proposition 1. The optimal process {Bt, Zt} has a unique invariant distribution.
t

% Appendix A.1 provides an analysis of the situation in which B, is not required to be interior. Farhi (2010)
obtained a generalized version of this equation in an economy with capital.



To enable us to characterize this invariant distribution, a key concept will be a level of debt

_cov (R, g)

B* = argminvar(RB +g) = ——— (R)

(16)
We assume that probability measure 7 is such that B* € (B, B) and that B is weakly below
the natural debt limit. We call B* the risk-minimizing level of debt. Let Z* = g+ 52 B* be
the constant tax revenues that satisfy government’s budget constraint on average if B, = B* for
all t.

2.1 Perfectly correlated shocks: the exact characterization

We first consider a special case in which p and g are perfectly correlated that illustrates key

economic forces that determine the long-run behavior of debt and taxes more generally.
Proposition 2. Suppose that p and g are perfectly correlated. Then By — B*, Zy — Z* a.s.

Proof. If p and g are perfectly correlated then cov(E(-,B),R(:)) > 0 if B > B
cov(E(-,B),R(-)) < 0if B < B*, and E (s, B) is independent of s if and only if B = B*.
The monotonicity of policy functions established in Lemma 2 and concavity of V' imply that
covi(Ris1,V'(Biy1)) < 0 if By > B* and covy(Ryy1, V' (Biy1)) > 0 if B, < B*. Therefore the
martingale convergence theorem and equation (15) imply that V' (Bt) converges almost surely.
By strict concavity, it can converge only to a level of debt B for which F (s, B) is independent
of s, which is only possible if B, — B* a.s. Since ER; = 87!, equation (13) establishes that
Zt — Z* a.s. O

An insight of Proposition 2 is that the conditional covariance in equation (15) induces a
drift in the stochastic process B, towards the risk-minimizing level of debt B*. Here is some
intuition. Fluctuations in tax rates, and therefore tax revenues, have welfare costs for reasons
explained by Barro (1979). For this reason, on the margin each period the planner wants to
move closer to a risk-minimizing level of debt that reduces his need to change the tax rate in
response to shocks to government purchases. When p and g are perfectly correlated, fluctuations
in returns on government debt R(s)B* perfectly offset fluctuations in government expenditures
g(s), thereby providing a perfect hedge. In this situation, the tax rate 74 is constant in the long

rumn.

2.2 General case: approximations

When p and g are imperfectly correlated, perfect hedging is impossible. To study this case, we
develop a class of second order approximations that do a good job of approximating the joint
invariant distribution of government debt and tax revenues. Under particular conditions, our
approximating policies are linear in shocks, a property that facilitates asymptotic analysis.

We start with the observation that random variables g and p can be expressed as

g(s) =g+ oeg(s), p(s) =D+ oep(s),



where €, and ¢, have mean zero but can be arbitrarily correlated with each other. We will
study the properties of a Ramsey plan when shocks are small, i.e. as o approaches to zero.
Let B (s,B_;0) and Z (s, B_;0) be policy functions for a given o. Optimality conditions for
problem (12) should hold for all realizations of p(s), g(s) and for all values of o. Therefore
first, second, and higher order derivatives of those optimality conditions with respect to €4, €, 0,
assuming they exist, must all be equal to zero.® That insight allows us to calculate the Taylor
expansion of policy rules around a current level of debt since B (s,B_;0) =B _. In Appendix
A.1, we show that”

B(s,B_)=B_+8[g(s) — gl + [BR(s) — 1] B_ — f*>var(R)B_ — *cov(R, g)
+ O3, (1 - B)a?). (17)

The second order expansion is linear in g and R up to terms that appear in O(+). Since standard
macroeconomic calibrations set the discount factor close to 1, we drop the O(-) terms and
proceed to study an optimal debt and tax policy implied by that approximation.® The linearity
of the policy rules allows us to obtain a simple and transparent characterization. We show
later in this section and in Section 4 that this procedure provides good approximations to other
more accurate approximations computed using global numerical algorithms and has the virtue
of shedding light on economic principles underlying optimal debt and tax policies.

We focus on three moments: means, variances, and speeds of mean reversion to the invari-
ant distribution of debt and taxes. We obtain these by re-grouping terms in equation (17) and
integrating with respect to the ergodic measure. For example, by taking unconditional expecta-
tions on both sides of (17), we deduce that the unconditional mean and variance of debt can be
estimated up to O(o, (1 — 3)) terms.”

Proposition 3. The invariant distribution of {Bt, Zt} satisfies
¢

e Means

E(B) =B +0(c0.(1-8), E(Z)=2"+0(,(1-8));
e Speeds of reversion to means

E, (Bt+1 . B*) o (Zt+1 - Z*) .

B, — B* Eo (Zt—Z*) 1+ p?var (R)

+0(o% (1 = B)o?);

e Variances

var (Bt> = W—i—@(a, (1-p8)), var (Zt) = <1_ﬁ5>2var (Bt)+(9(03, (1-B)a?).

5This approach is originally developed by Fleming (1971) and was applied in economics by Schmitt-Grohe
and Uribe (2004). Like them, we assume that policies are twice differentiable.

"Here O(c®, (1 — 8)o?) denote all terms that appear as O(c®) or (1 — 3) O(c?).

8This approximation should work well so long as average interest rates are of similar or smaller order of

magnitude than the standard deviation of shocks that affect government’s budget constraint. This condition
holds in our calibration to the post WWII U.S. data in Section 4.

cov(R,g) and var(RB*+g)

var(R) var(R) are of

?Observe that while var(R), var(g), cov(R, g) are all of order O(o?), functions
order O(1).




The first part of Proposition 3 shows that the risk-minimizing debt B* is the mean of the
invariant distribution, and the mean level of tax revenues is Z*. To understand the finding that
the mean of the invariant distribution of B; is B*, it is useful to connect the martingale (15)
to the static variance minimization problem (16). By strict concavity of the value function V,
there is a one-to-one relationship between debt B; and its marginal value to the planner, V'(By).
Inspection of the martingale equation (15) shows that the covariance term covy(V'(Bi41), Ri+1)
is important in determining the drift of the dynamics of debt in the long run. For a given By,

the debt next period B;41 depends only on E;;1 and consequently

COVt(V,(BtJrl), Rt+1) XX COVt(EtJrl, Rt+1) + 0(0'3, (]. — 5)0'2). (18)
: : _ 1l0var(Rey1Bitgiin) s : 3 _
It is possible to verify that cov(Ejy1, Riy1) = 5 5B, . Thus, ignoring O(c”, (1

B)o?) terms, the covariance term in the martingale equation (15) is proportional to the slope
of the variance of F; with respect to government debt B;. Since B* minimizes variation in
E(s,B_), the slope is zero at B*. The change in signs of the slope implies that, to second order,
V'(By) is a submartingale when B, > B* and supermartingale when B; < B*. Then arguments
used in the proof of Proposition 2 explain why B, drifts towards B*.

Proposition 3 also shows that the speed of mean reversion is determined by the variance
of returns: a lower variance of returns decreases the speed of the reversion. When B, # B*
the fluctuations in the rate of return put additional risk into E(s, B;) that is increasing in the
volatility of R and the magnitude of B;. A more volatile R implies that it is optimal increase
the speeds at which the government should repay debt when B; > B* and should accumulate
debt when B; < B*. Dynamics of debt and taxes both approximate random walks when the
security is nearly a risk-free bond, confirming an insight of Barro (1979).

The last part of Proposition 3 characterizes second moments of the invariant distribution

of debt and tax tax rates. It shows several insights. First, the dispersion of the invariant

var(RB*+g)
var(R)

Note that this terms does not depend on o (i.e. it is O(1)) and is zero only when g and p are

distribution of government debt is increasing in un-hedgable risk as measured by

perfectly correlated. So long as g and p are imperfectly correlated, the variance of the invariant
distribution of debt does not vanish even when ¢ becomes small. This outcome reflects two
offsetting forces: smaller shocks imply that debt reacts less to arrival of a shock, but also that
it takes longer for debt to revert to its mean. The variance of tax revenues Z; is determined by
two considerations. Tax revenues must respond enough to changes in the level of government
debt to satisfy the budget constraint, which is captured by the term (%)Q\mr (Bt> Tax
revenues also change in response directly to an expenditure shock. Since the planner wants to
smooth tax rates over time, only a fraction 1 — 8 of an innovation to government expenditures
is financed by contemporaneous changes in tax revenues. Therefore, the variance induced by a
contemporaneous response to aggregate shocks is of order O(a3, (1 — 8)a?).

Figure I illustrates the accuracy of the quadratic approximation. As a baseline we set 8 =
0.98 and v = 2 and choose the joint stochastic processes for (g, p) to match the standard deviation
of government expenditures, returns on government’s debt portfolio and the correlation between
these returns and government net-of-interest expenditures. The upper bound B is chosen to

be equal to the natural debt limit that we can compute explicitly for the quasilinear setup and

10



the lower bound is set so that the debt-to-output ratio is approximately —300%. For all the

exercises we report below, we verify that B* € [B, E].lo The g, p processes are modeled as

g9(s) = g+oels),
p(s) = 14 xoeg(s) +o6(s),

where o = 1 and the shocks €5, €, are finite state approximations to standardized normal random

variables. !

The moments we target in addition to the parameter values that achieve those
targets are reported in Table I.

Given these primitives, we compute the optimal policies from first order conditions for (12),
and iterating on the planner’s Euler equation using cubic splines as basis functions for ap-
proximating policies.'? We then compare the outcomes of our global solution to the quadratic
approximations. We plot the invariant distribution of debt and policy rules obtained from the
global solution method (dashed lines) and the quadratic approximations (solid lines) in Figure
I. For parsimony, we plot policies B(s, B ) — B_ for two values of s that correspond to the
smallest and the largest pairs of (g(s),p(s)). The top panel of Figure I reveals that the ergodic
distribution of debt obtained from the quadratic approximations of policies closely resemble
policies obtained using the global numerical method. The top right panel reveals see that, as
current debt approaches the natural debt limit, the quadratic approximation to the optimal
government debt policy does not capture the proper curvature with respect to B. However, at
the parameters that we used to compute plots in the top panel, the ergodic distribution puts
almost no mass on regions where the quadratic approximations and global approximations differ.

Proposition 3 states that our approximation errors increase with 1 — 8 and o. To check how
quickly these approximation errors become significant, we reduce S to 0.90 and increase o to
4 in the second and third rows of Figure I respectively. For most of the state space, we find
that the quadratic approximation continues to do well. As a consequence of the fact that the
our quadratic approximations assume interiority, the policies reported in the right panel display
approximation errors only when debt approaches the debt limits. When 1 — 38 or o is high,
the quadratic approximations imply slightly higher debt than does the solution computed with
numerical value function iteration. Almost all of these differences emerge because the quadratic

expansion puts positive probability on the region where debt is higher than B.

3 Extensions

Forces isolated within the Section 2 economy prevail under alternative assumptions about mo-
tives for taxation, persistence in ¢ and p and also fluctuations in productivity, rich sets of

securities, and preferences that express aversion to consumption risk. We discuss these now.

10Tn Section 4 we do a comprehensive calibration where we match several moments of returns, output and debt
to U.S. post war data for a richer model that allows for persistence, risk aversion, productivity shocks. Here we
use a subset of those moments to get a reasonable baseline which when we modify in several directions to test
the accuracy of our approximations. The details of the sample and data series used to construct these moments
are in Section 4.

"' The finite state approximation ensures that g(s) > 0 and p(s) > 0 for all s.

12Gince the problem is concave such a fixed point corresponds to the optimal policies.
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3.1 Transfers and redistribution

Optimal debt management in our Section 2 model differs significantly from that in other in-
complete markets models studies by Aiyagari et al. (2002) and Farhi (2010). A key difference
is that we prohibit lump-sum taxes or transfers, while Aiyagari et al. (2002) and Farhi (2010)
allow positive but not negative lump-sum transfers. In our model, the invariant joint distribu-
tion of debt and taxes is unique. In the long run, debt and tax rates minimize fluctuations in
gross government expenditures including debt service requirements, E(s, B). By way of con-
trast, optimal plans in Aiyagari et al. (2002) and Farhi (2010) have a continuum of invariant
distributions of debt levels. In all of them, tax rates are zero and debt levels are negative and big
enough in absolute value to finance all net-of-interest government expenditures from earnings
on the government’s portfolio, and fluctuations in transfers fully absorb shocks to net-of-interest
government expenditures. Here we extend our analysis to an economy with lump sum transfers
by explicitly modeling the utility enjoyed by recipients of transfers. We show that our Section 2
results carry over essentially unchanged so long as the utility function of recipients of transfers is
strictly concave. In that case, uncertainty about transfers is costly, prompting the government to
use government debt to minimize fluctuations in both tax rates and transfers. We then discuss
what drives the long-run tax rate to zero in Aiyagari et al. (2002) and explain how to reconcile
their results with ours.

A standard justification for ruling out lump-sum taxes in representative agent models is
implicitly to appeal to the presence of unmodeled “poor” agents who cannot afford to pay a
lump-sum tax. In this section, we study optimal anonymous transfers in an economy with such
poor agents. We extend the Section 2 economy to have just enough heterogeneity across agents

to make the analysis meaningful. In particular, we assume that in addition to a measure 1 of
1+
1472
2 agents who cannot work or trade securities and who enjoy utility

agents of type 1 with quasilinear preferences U(c,1) = ¢ — there is a measure n > 0 of type

oo
Eo»  BU (c24),
t=0

where co; is consumption of a type 2 agent in period ¢; U is strictly concave and differentiable
on Ry and satisfies the Inada condition lim._,o U’(¢) = co.

The government and type 1 agent trade the Section 2 security. The government imposes
a linear tax rate 73 on labor income and awards lump-sum transfers 7T; that do not depend on
the type of agent. Negative transfers are not feasible because a type 2 agent has no income
other than transfers. Each agent receives a per-capita transfer 1_TTtn Since agent 2 lives hand to

mouth, his budget constraint is

T
Cot = .
2t 1+n

The planner ranks allocations according to

> 1
Eo Zﬁt [(Ct - H_ltHv) +wU (CQ,t)] )
t=0 v

for some w > 0.
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The time t government budget constraint is now
g+ T + RtBt—l = Ttlt + Bt.

With only minimal modifications, the budget constraint of a type 1 agent, definition 1 of a
competitive equilibrium, and the Section 2 recursive formulation of the optimal policy problem

all extend to this environment. The planner’s optimal value function satisfies the Bellman

equation
=  max s — B(s T(s) s
v =, mex [ (ROB_ =B+ ) w2 ()
U (fﬂ) + 8V (B (3))] 7 (ds) (19)
subject to Z(s) < Z, B (s) € [B, B], and
Z(s)—=T(s)+B(s)=R(s)B_+g(s) for all s. (20)

Denoting by {Bt, Zt,Tt} the outcomes associated with policies that attain V (B_) and
¢

following the same steps as in the proofs of Section 2, we obtain

Proposition 4. The invariant distribution of {B’t, Zt, Tt} 1s unique. The invariant distribution
t

of By satisfies properties stated in Proposition 3. The invariant distribution of Zy — Ty has
the same properties as the invariant distribution of Z; in Proposition 3. Let F(T;w) be the
cumulative distribution function of the ergodic distribution of Ty. If w > w' then F(T;w) first

order stochastically dominates F(T;w').

Insights from Section 2 about optimal debt management carry over to this heterogeneous
economy. Fluctuations in the tax rate and (non-agent-specific) lump-sum transfers now are both
costly, so an optimal policy smooths both. Adjusting the tax rate in response to government
expenditure shocks is costly because the dead-weight loss of taxation is convex in tax rates, as
stressed by Barro (1979). Adjusting transfers is also costly because that induces fluctuations in
inequality.

In Aiyagari et al. (2002) and Farhi (2010) the government eventually sets tax rates to zero
and thereafter adjusts transfers one-to-one with government expenditures. They do not model
heterogeneity explicitly but appeal to it only implicitly when they impose T; > 0. That re-
striction puts a kink in the cost of using transfers: for sufficiently large government assets, the
marginal cost of an increase in transfers is zero, while the marginal cost of a decrease in trans-
fers is infinite at T3 = 0. A high marginal cost of negative transfers creates an incentive for the
governments in Aiyagari et al. (2002) and Farhi (2010) to accumulate enough assets to make the
constraint T; > 0 eventually become slack. Since fluctuations in positive transfers are costless,
in the long-run the government uses those transfers to offset all fluctuations in expenditures g;.

By way of contrast, in our economy, the welfare cost of using transfers is endogenous and
smooth, so that marginal costs from increasing and decreasing transfers around an optimal level

T, are the same, I_‘ﬁ—nU’ <Tt>, welfare costs of departing from the optimal inequality level are

13



strictly convex. This difference accounts for the very different long run dynamics than those
discovered by Aiyagari et al. (2002).'3

The restriction that transfers, T; are common across all types of agents is not essential for
Proposition 4. Consider a slightly modified taxation scheme where the government uses a linear
tax rate, meaning one with a zero intercept, for the productive type of agent and a lump sum
transfer for the unproductive types. The budget constraint of type 2 is co; = % and the Bellman
equation (19) is altered to
V(B )= max / [(R(s) B —B(s) 44U (Z(s)) +wU (T(‘°’)> + BV (B (s))} r (ds).

Z(-),B(),T() n

We show in Appendix A.2 that Proposition 4 continues to hold. While the assumption that only
unproductive agents receive transfers changes the average level of optimal tax revenues and the

tax rate, it leaves unaffected the moments of the Ramsey policy characterized in Proposition 4.

3.2 More general asset structure

In this section, we study optimal management of a government’s portfolio of securities by mod-
ifying the baseline Section 2 setup to allow K > 1 securities. Let p¥(s) be the payoff of security
k in state s. Each security is available in fixed net supply @Q*, which can be nonzero. Our setup
thus allows for trade in financial assets like government debt and claims to Lucas trees. When

Lucas trees are available, the feasibility constraint reads

K
ct+ gy = lt + ZPka
k=1
To simplify, we assume that available securities consist of one period lived securities and infinitely
lived consols, and that s is an i.i.d. process.'* Let BF be the government’s holdings of security
k at the end of period t, ¢f its market price, and ¢* an indicator variable that is equal to 1 if

security k is a consol. The government’s time ¢ budget constraint is

K

K
g + Z (pf + quf> Bffl = Ttlt + ZQfo
k=1 k=1

k _ pititaf - k _ kpk
Let Ry = quit be the gross return on security k£ and let By = ¢/B} be the market value of

t—1
holdings of security k so that we can write this budget constraint as
K K
g+ > RIBf | =ml+> Bf.
k=1 k=1

Let By = szl Bf be the market value of the government’s portfolio, which we restrict to be

in a compact set [B,E. We assume that these bounds are sufficiently large so that the risk-

'3Bhandari et al. (2015b) show that this insight carries over to richer economies with much more heterogeneity
and in which no agent is excluded from the financial markets.

14The extension of our results to arbitrary finite period securities is straightforward but requires additional
notation. Extensions to richer shock processes will follow along the lines of Section 3.3.
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minimizing portfolio B* to be defined below is feasible. Without loss of generality, we assume
that no security is redundant in the sense that the vectors {Rk}f:1 are linearly independent.
We use R(s) to denote returns (R!(s),..., R¥(s)), B and 1 to denote a K dimensional (column)
vector of security holdings and of ones, respectively. Let C[R,R] and C[R, g] be a matrix of
the covariances of returns and a vector of covariances of returns with government purchases g,

respectively. When the matrix C[R, R] is nonsingular, we define
B*=-1TC[R,R|"'C[R, ¢], (21)

which, as we show below, is the risk-minimizing level of government debt that generalizes
equation (16) to the case of multiple assets. Whenever B* is well defined, we also define
7% = %B* + 3.

Temporarily suppose that government portfolio weights are fixed, meaning that there exist
constants 1, ...,k such that % = 1y, for all t. Define R (s) = Zle YR (5). Then the
optimal policy problem is equivalent to the one in Section 2. Thus, if the government arbitrarily
fixes its portfolio weights then, subject to that arbitrary choice, all Section 2 insights about
optimal debt management and fiscal policy still apply.

Now suppose that the Ramsey planner optimally chooses government portfolio weights each
period. The Ramsey problem in this case can be written recursively. The end of period market

value of the government’s portfolio the only state variable in the planner’s value function:

V(B)= max / [(R(s)"B = B(s)) + 79 (Z(s) + BV (B(s)| 7 (ds)  (22)

where maximization is subject to Z(s) < Z,B(s) € [B,B], 1TB =B _, and
B(s)+Z(s) =R (s)"' B+g(s) foralls. (23)

We first establish that:

Lemma 3. Problem (22) has a unique solution. If C[R,R] is nonsingular or if g is not in the
span of R, then the invariant distribution generated by policies that attain V (B_) is unique;

otherwise optimal policies satisfy B (s,B_)=B_ foralls and Z(s,B_) is independent of s.

As in the Section 2 baseline model, we scale the volatility of all shocks shocks by ¢ and
take a second order Taylor expansion of the policies Z (s,B_;0), B (s,B_;0), and B (B_;0)
around o = 0. At ¢ = 0 the portfolio problem is indeterminate, but the next lemma shows that

there is a unique limiting portfolio as ¢ — 0 that solves a variance minimization problem.

Lemma 4. lim,_,oB(B_;0) = B*(B_) where B* (B_) solves
. k pk . TR _
min var <zk:B R —I—g) subject to 1™B =D . (24)

We can relate B* in equation (21) to B* (-) defined in Lemma 4. Suppose that the matrix
C[R, R] is non-singular. Then the constraint 1TB = B in problem (24) binds, making the
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variance depend on the level of debt B . The variance is minimized at B = B*, making B*
the risk-minimizing debt level satisfying B* = 1TB* (B*).15

As in Section 2, we show that the B* is the long-run mean of the second-order approximation
to the optimal policy for the market value of the government debt portfolio. When C[R,R] is

nonsingular, the Taylor expansion around B* (B ) yields

B(s,B_) = B_+plg(s)—gl+[BR(s)—1]" B*(B_)
B*B_ B1I'C[R,R|'C[R,g]

_ 17C[R,R]~11 17C[R, R|-'1 +0O(03, (1 = B)o?).

When C[R, R] is singular,
B(s,B_) = B_+8[g(s) = gl + B[R(s) - 1]' B* (B_) + O(c”, (1 - B)o?). (25)

Proposition 5. Suppose that C[R,R] is non-singular. The invariant distribution of {Et, Zt}
t

has

e Means

E (Bt) = B*+0(0,(1-p)), E (zt) = 7+ 00, (1 - B)).

e Speeds of mean reversions

E; (Btﬂ — B*> B Eo (Zt+l - Z*> B21TC[R, R]~'1

= = = + 003, (1 - B)o?),
Bt — B* EO (Zt _ Z*) 1+ 6_21T(C[R, R]_l]_ ( ( B) )

e Variances
var (Bt) — (1"C[R, R]~"1) var (—C[R, g]"C[R, R]"'R + g) + O(c, (1 — B)),

var (Zt) (1;5>2var (Bt> +0(a3, (1 = B)o?).

Government holdings of individual securities satisfy

CR,R| ™11

B, = -C[R,R]"'C[R,g] + TCR, R 11

(Bt +17C[R,R]"!C[R, g]) +O(0,(1— ). (26)

Some examples illustrate these findings.

Example 1. Suppose that there are two securities with var (Rk) > 0 for £k = 1,2 and that the
return on security 1 is perfectly correlated with g while the return on security 2 is orthogonal
to the return on security 1. Then Proposition 5 implies that the ergodic mean of the value

COV(R1 79)
" var(RY)

of government’s debt portfolio is B* = , that the speed of convergence to B* is

var ( R?

-1
<1 + BQW\,&Z(RQ)VM (R1)> , and that its ergodic variance is zero. From formula (26),

5If C[R, R] is singular, then the constraint 1TB = B_ does not bind and any debt level is risk-minimizing.
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the optimal portfolio along transition paths satisfies

S1s var (RQ) - var (Rl)
Bl(Bt) ~ var (RY) + var (R2) e+ var (R!) + var (R?)

*

BQ(Bt) _ var (Rl) . var (Rl)

*

— B
var (R1) + var (R?) ' var (R!) + var (R2) "’

with B2(B;) — 0 a.s.

Complete hedging can be achieved with the government holding security 1 only, just as in
Proposition 2, so that holding any security 2 is suboptimal asymptotically. If the market value
of the initial government debt does not equal B*, it is optimal to invest in security 2 along
the transition path because doing this reduces risk for the government until the steady state is
% < 1, the speed of convergence to the long-run
portfolio is slower than when only security 1 can be traded.

reached. As a result, noting that

Example 2. Consider a setting with two securities which payoffs are perfectly correlated with
g and 0 < var(R') < var(R?).16 There exist unique constants 11, 9, &1, and & such that

V1R (s) + 1o R2(s) = g(s)

and )

&R (s) + &R (s) = ik
Note that 11 +19 = fg and & +&2 =1. Now the covariance matrix C[R, R] is singular. The risk-
minimizing portfolio satisfies B*¥(B ) = (B_ + 8g) & — 1. Holding it allows the government
to attain complete markets allocations for any B ; the value of government debt equal its initial

value for all ¢t > 0.

It is instructive to study how an optimal portfolio changes as R? approaches R!. For simplic-
ity, suppose that R!(s) = % and R?(s) = %—a(g(s) —g). For agiven B, optimal asset positions
are B*? = % and B! = B — B*2, both of which become arbitrarily large as ¢ — 0. This
outcome explains why Buera and Nicolini (2004) and Farhi (2010) found that the government
should take extremely large asset positions to hedge its risk. Those papers allowed a planner
to trade a risk-free one period security plus other securities (long bonds in Buera and Nicolini
(2004), capital in Farhi (2010)). The returns on those securities had low volatilities and high
correlations with government expenditures. Consistent with our example, those authors found

that an optimal portfolio has huge positions in these securities.

Example 3. Suppose that cov (Rk , Rl) = 0 for all £ # [. Now C[R, R] is a diagonal matrix and

Rk
8BBéB—) Var(le from (26). As the value of the outstanding government debt increases, its

optimal composition shifts towards securities that have lower variances of returns. In the limit,

as the variance of returns of one security approaches zero, all of the adjustments to changes

in B use that security. We can use this example to construct a simple model of an optimal

16Note that risk-free returns are in the closure of the set of returns that are perfectly correlated with g. We
follow a convention of calling a risk-free security to be perfectly correlated with g.
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maturity structure of government debt. Suppose that the government can issue a one-period

risk-free bond and a consol with a stochastic coupon. Then the optimal issue of the consol is

- 2
Bt2 _ __cov(R%,g)

~ar(F2) which is independent of B;, while the optimal issue of the riskless security is

~ ~ ~ R2
B} = B; — B?. Hence, the optimal effective maturity Ejfl of government debt is decreasing in
t

B!
the value of outstanding debt B;.

3.3 DMore general shock processes

In this section, we modify the Section 2 baseline model setup to include richer shock processes.
In addition to expenditure and payoff shocks, we introduce fluctuations in productivity 6 and
allow g, p, 8 to be correlated across time and with each other.

We follow the set up of Section 2 but assume that state s = (p,g,6) follows a first order
Markov process. The conditional probability density of s; is described by a Markov kernel
7 (+|s_), where s_is the realization of the shock in period ¢t — 1. We assume that 7 has a unique

invariant measure A. The feasibility constraint now takes the form

¢+ ge = 04y (27)

_ p(s)
B[ p(s)m(ds'ls_)"

1ty 1
Let © =0+ and Z =7 (1 —7)7. As in Section 2, there is a one to one correspondence

and the return in state s is R(s,s_)

between Z and 7 for Z < Z. The tax revenues with productivity shocks are equal to ©Z. Let g

ll+17+(f’s), where the function I'*7(Z, s)

and © denote ergodic means of g and ©. Let Q(Z,s) =
is now defined as
0(s)Z = O(s) T 1(Z,s) — (2, 5).

Following Section 2 arguments, the Ramsey planner’s value function satisfies the Bellman equa-

tion

V(B ,s )= Z%‘r)l,aBX(-) / [(R(s,s )B_—DB(s)+vQ(Z(s),s)+ BV (B(s),s)|n(ds|s_) (28)

where maximization is subject to Z(s) < Z, B (s) € [B, B] and
B(s)=R(s,s_)B_+g(s)—0O(s)Z(s) for all s. (29)
In the interior, optimal debt satisfies

1% <Bt, St) = EtV (BH—L St+1) + ﬂCOVt(Rt_H, V/<Bt+1, St+1)), (30)

which extends the martingale equation (15) to persistent shocks.

As a counterpart to expression (16), we now define the risk-minimizing government debt B*
for the general case being studied here. As before, the Ramsey planner chooses government
debt to minimize risk and fluctuations in the tax rate. The shocks here introduce additional
considerations not present in the Section 2 baseline model. First, fluctuations in productivity

imply that tax revenues are stochastic even when the tax rate is constant. Fix the tax rate at
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level 7 and observe that primary deficit X, defined as the difference between expenditures and

tax revenues, is
X (s) = g(s) = O(s)(1 = 7). (31)

Fluctuations in the primary government deficit are driven by shocks to both government ex-
penditures and to productivity. Furthermore, when these processes are persistent, the current
state s; conveys information about future primary deficits. Now government debt will play an
important role in hedging fluctuations in the expected present value of primary deficits.

For a random variable z(s) that is a function of the current state only, a discounted present
value of x conditional on s is PV (z;s) =E [Efio Blay)sg = s]. Since the planner keeps the tax
rate approximately constant, the mean of the invariant distribution for debt and the level of tax

rate are linked through the government budget constraint by

(1_65> B=g-0(1-71)T, (32)

which defines an implicit function 7(B). We define B* as the level of debt that minimizes

fluctuations in PV (X, (py;s):

B* = arg mBi,n var [RB + PV (X.(p))] - (33)

We define Z* as Z* = [g—i— L ’BB*}
We again use a second order approximation of policies to show that B* is the long-run target
level of government debt. To state things compactly, it helps to define two mappings. For a pair

of random variables z(s,s ), y(s,s_), the covariance conditional on s_ is

CT (s_) = /a:(s,s_)y(s_,s)ﬂ(dsls_) - (/ x(s,s_)w(ds|s_)> (/ y(s,s_)ﬂ(ds]s_)>

and the conditional mean of z(s) is

E(x;s ) = /x(s,s_)ﬂ (dsls-).

Note that both C*¥ (-) and E(z;-) are random variables on S. Taking a Taylor expansion
of optimal policies that attain the optimal value function V(B ,s ) that satisfies Bellman
equation (28) along lines taken in Section 2 we get!”

B(s,B_,s_)=B_+[g(s) ~ (1= B) PV(g;s)] = ®(B_) [6(s) — (1 - ) PV(@'S)} +B_[BR(s,s_) —1]

— (1= )8 [B_PV (C™F;s) + PV (¢™PV9)is) — (B_)PV (CR VO H o (- 8)e?),  (34)

o
The first line on the right side of equation (34) collects first order expansion terms that

where ®(B_) = L [(%) B_ +g} .

capture direct effects of shocks to g, p, 6 on the asset positions. Government debt increases if the
current realization of g is greater than annuitized expected future expenditures, (1 — 3) PV (g; s);

if current realization of productivity is less than then annuitized expected future productivity

'7A detailed derivation of equation (34) appears in Appendix A.4.
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(1 —B) PV (0©;s); or if the interest payments on debt are unexpectedly high. These terms express
how optimal policy uses debt to smooth aggregate shocks and embody principles conveyed by
Barro (1979). The second line on the right side of equation (34) collects second order terms that
consist of conditional variances and covariances of the return with expenditure and productivity
shocks. They capture hedging motives.

It is convenient to re-write equation (34) in terms of ergodic moments of (g,p,6). For a
random variable z(s,s_), let Ez = [ [x(s,s_)m(ds|s_)A(ds_) be its ergodic mean. Similarly,
let var (z) and cov (z,y) denote ergodic variances and covariances of random variables = and v,
respectively. In Appendix A.4, we show that under our assumption about 7, we can write (34)

as

B(s,B_,s_)=B_+lg(s) = (1-B)PV(g;s)] - ®(B_)[O(s) — (1 - B) PV(6;5)] + B_[BR(s,s_) — 1]

— B%[B_var(R) + cov(R, PV (g)) — ®(B_)cov(R, PV(0))] + O(c?, (1 — B)a?). (35)

For a random variable z(s,s ), let &(s,s ) =z(s,s_ ) — E(x;s_). We can use (35) to obtain

Proposition 6. The invariant distribution of By, t} has
t

e Means
E (Bt) =B*+0(0,(1-B), E (Zt> =Z*+0(0,(1-B)),

e Speeds of reversion to means

E; (Bt-H - B*> Eo (Zt—i-l - Z*> 1

BB B (z-z) LtPw®

+ 03, (1 - B)a?).

e Variances Define B(s) = B* — B[E(PV(9—g;5);s) —
Then

(B)E (PV(© — ©;5);5)].

var (Bt - ]B%t) = var (PAV(g) - @(B*)PAV(@) + ]B%R) + O(o, (1 - 1)),

var (Zt> = (1;8>2var <Bt - IB%t> + 003, (1 = B)a?).

Proposition 6 shows that just as in Section 2, the Ramsey planner chooses government debt to
minimize risk and keep the tax rate approximately constant. One can extend our approximations
(18) to show that the Euler equation (30) induces reversion of government debt to a risk-
minimizing level. Productivity shocks now induce fluctuations in tax revenues even when the
tax rate is constant.

The risk-minimizing debt level B* can be computed from formula (33) and further simplified
after we observe that %T(B) = O(1 — B). Given this, we have
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_cov (R, PV(X;(p)))
var(R) )
_cov (R, PV (g)) — &cov (R, PV (0O))

_ ) + O(a, (1 — B)). (36)

+ O(o,(1 = 7)) for any B

The simple formula (36) for the approximate risk-minimizing debt level presents a further insight
that we shall exploit in Sections 3.4 and 4. It shows that the endogenous covariances that appear
in this formulas are not very sensitive to values of 7(B) at which they are evaluated. That means
tat if we were to observe data generated under a suboptimal tax rate policy 7(B), observations of
the primary deficit X p) would still allow us to compute the optimal level of debt B* accurately
by using (36).

We end this section by applying our formulas when ¢, ©, p obey the AR(1) processes

gt = (1— Pg)?l + pggt—1 + €4,

O:=(1-pe)® + peOi_1 +co+

pr=p+ Ep,ts
where €4¢,6p1, €0, are 1.i.d over time with zero means. Now cov(R, PV (g)) = C(f‘i(pi’g) and
cov(R,PV(©)) = %. Therefore
B — _< 1 > cov(R, g) N g ( 1 > cov(R,O)
B 1—pgB) var(R) O \1-peB) var(R) ’
_ _< B > cov(ep, €g) N g < B > cov(ep, €0)
1—pgB) var(ep) © \1—-pefB) var(e)

This formula shows how autocorrelations affect the target level of government debt. For instance,
keeping pe fixed, higher persistence of the expenditure shocks as measured by p, implies a higher
absolute value of government debt asymptotically. The sign of the covariance between returns

and the primary government deficit determines the sign of the mean level of government debt.

3.4 Risk aversion and endogenous returns

We extend our analysis to a setting in which the representative agent has preferences that display
risk-aversion. We retain other assumptions of Section 3.3 but now allow curvature in the utility

of consumption by assuming that preferences are described by

lea_l l1+'y
l-«a 149

Ule,l) = (38)
A constant elasticity of substitution assumption simplifies exposition, but our results prevail
for U’s that are strictly concave in (¢, —!) and twice continuously differentiable. We let Uy ; or
Usy,t denote first and second derivatives of U with respect to z,y € {c,l}. We assume that

natural debt limits restrict the consumer, which ensures that first-order conditions are satisfied
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off corners.
An allocation {c¢, l;, B;}, is a competitive equilibrium if and only if it satisfies the feasibility

constraint (27) and implementability conditions

U, U.

UpiBy + Usy [etzt + ﬁzt - t] = mEf_tlijch,t_lBt_l t>1, (39)
U, _

co+byg=— UM()] lo + pof 1B71. (40)

An optimal allocation maximizes Eg >, U (¢, l;) subject to constraints (27), (39), and (40).
It is helpful to redefine variables. Let B; = U, B, Ry = M*Ztlﬁitlﬁtm’ and X; = Uy (g1 — T10:l4]

be marginal utility adjusted debt, return and primary deficit. Using the household’s first-

order necessary conditions and the resource constraint, at any state s for a given tax rate 7, a

household’s consumption ¢, (s) satisfies
-
(1—7)0(s)er(s) ™ + <CT(3>+9(S)> ~0. (41)

Along any history (st_l, st) effective returns and effective deficits can be expressed in terms of

exogenous states s; and a period-t tax rate 7 as
_ cr (s))“p(se)
B er ()  p(s)m (ds']si—1)

cr (st s)\' —a
X, (st,st_l) = (W) —cr (st)1 .

R, (st, st_l)

These transformations allow us to assert that the Ramsey planner’s optimal value function for

t > 1 satisfies the Bellman equation:

VB_s) = max / [U <c7(5)(s),%>(;2$’@> + BV (B(s),s)} rldsls ) (42)

7(-),B(
where maximization is subject to

B(s) = Rr(s) (8,5_) B_ + Xy (s) for all s. (43)

Problem (42) closely resembles problem (28) except that all variables have been transformed
into their effective counterparts.'® The planner now uses effective debt to smooth risk, and the

evolution of optimal effective government debt level satisfies

v’ <Bt7 5t> =EV’ (BtJrh 5t+1> + Beovi(Ris1, V' (Bit1, st41)),

8 he planner’s problem at ¢ = 0 at initial debt B_; and state s_; is

s [ [ (creoe). 2SI gy 56),9)] e (asls-)

subject to
B(s0) = Xr (s) + Ue (¢r(5)(s)) p(s)8~'B_1 Vs
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an analogue of (30). The economic intuition for this equation is that the planner still uses
covariance of returns with shadow cost of debt to hedge risk, but adjusts all the variables for
the shadow costs of raising revenues.

We can use insights from Section 3.3 to define a risk-minimizing level of effective debt as
B* = arg mén var [RB + PV (X, )] . (44)

where 7(B) satisfies the following ergodic version of the government budget constraint

(1_55> B=FEX, (). (45)

We extend Proposition 6 to accommodate risk averse preferences.

Proposition 7. The ergodic mean and the speed of mean reversion of effective debt {Bt} are
t
EB, = B* + O(0,1 — j),

E¢ (Bt—l-l - B*> 1

= = O(c®, (1 = B)o?).
BB T PRy O =R

Furthermore, B* satisfies

_cov (Res), PV (X))

B =
var (Ro(s)

+ O(1 =) for all B. (46)

Proposition 7 confirms our theme that a target level of government debt under the optimal
plan solves a variance-minimization problem. It also extends a finding from equation (36) that
while second moments of returns and the primary government deficit depend on government
policy, effects of the tax rate are is small, so omitting them lead to errors of order only O(1— 3).
This means that we can also simply estimate the variance of effective returns and their covariance
with the effective deficit directly and then use that estimate to estimate a risk-minimizing level
of government debt. We apply that procedure in Section 4.

Formula (46) has implications about an optimal level of risk-free debt that relate to findings
of Aiyagari et al. (2002). The return on risk-free debt is known one period in advance, but the
effective return are not. In particular, the effective return is high in states in which consumption
is low, namely, states in which the primary government deficit is high, either because govern-
ment expenditures are high or productivity is low, making cov (R, PV (&X;)) > 0. Therefore,
formula (46) implies that an optimal long-run level of risk-free debt is negative, i.e., the planner
accumulates assets. Furthermore, since aggregate consumption growth is not volatile, at least
in U.S. data, var(R;) would be low in most U.S. calibrations, implying that the long-run asset
level should be quite high (see also Example 2 in Section 3.2). This provides intuition for some
of the numerical findings in Aiyagari et al. (2002) and some subsequent contributions too.

We can apply insights from Section 3.2 to situations in which the planner manages a portfolio
of K securities. A version of the planner’s Bellman equation (42), modified to have effective

total assets to be the state variable, extends along the lines in (22). In the interior, a martingale
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equation restricts every security, namely,
V/ (Bt, St> = EtRfHV’ (Bt-H, St+1) = Etvl (Bt—f—l; St+1) -+ ﬁCOVt(Rerl, V/([;’t—i-ly St+1)), (47)

where RY ‘1 is the effective return on security k. Equation (47) implies equation (34) of Farhi
(2010) that describes CCAPM Euler equations. Now let R be the effective returns on asset
k evaluated at tax rate 7 and let R, = [R;Rf ] be a matrix of these returns. Combining
the insights from this section and Lemma 4, it follows that the risk-minimizing portfolio can be

approximated, up to the order O(o, (1 — f3)), by

_C[RT(0)7 RT(O)]_lc[RT(O)a PV(XT(O))] (48)

4 A quantitative example

We now study an economy with a risk-averse representative consumer together with g, p, 6 pro-
cesses calibrated to match stylized U.S. business cycle facts during the post WWII period. We
use our expressions from Proposition 7 and the equation (48) risk-minimizing portfolio and
related extensions of expressions for other moments reported in Proposition 6. Among other
things, we use these calculations to verify the accuracy of our approximations for the ergodic
behavior of government debt, the tax rate, and tax collections under an optimal plan.

We set utility function parameters «,~, 8 equal to 1,2,0.98. We begin by assuming that
households and the government trade a single one-period security and parameterize a stochastic

process for (0, pt, g¢) in terms of the following AR(1) specifications:

Inb; = pgInb;_1 + opeqy
Ings =1Ing+ xg€0,t + 0g€q

Inp; = xp€o,t + Tpep s,

where €g ¢, €5+ and €, are i.i.d. standard normal random variables.

Our parameterizations of productivity and government expenditures are standard, but our
calibration of asset payoff is less common. The literature typically assumes that the real payoff
on government debt is risk-free and calculates returns on that asset from a marginal utility of
a representative consumer within a neoclassical growth model. This approach unfortunately
implies asset returns that are not consistent with observed returns on government debt. That
deficiency matters for us because our formulas assert that the variance and covariance of returns
on government debt are important determinants of optimal debt management. Therefore, we
simply set parameters of the stochastic process of payoffs p; to assure that the return on the
government’s portfolio matches the return on the security held or issued by the government in
our model.*?

Table II documents our calibration targets for parameters (g, pg, Xg, Xp: 76, 0g, 0p) in terms

19 A more sophisticated approach would be to model the reason for the fluctuations in real returns on government
debt explicitly. The asset pricing literature in finance proposes several ways to do this. One approach is the
discount factor shock model of Albuquerque et al. (2016 forthcoming). Appendix B shows that our model with
payoff shocks to debt is essentially equivalent to a model with discount factor shocks but risk-free debt.
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of moments of output, government expenditures, and bond returns. We use time series for these
variables for 1947-2014 at annual frequencies. Except for returns, we took logarithms of all
variables and then Hodrick-Prescott pre-filtered them, using a smoothing parameter equal to
6.25. For output 3 and government expenditures g;, we use Bureau of Economic Analysis data
for aggregate real labor earnings and federal government consumption expenditures plus transfer
payments.?’ We measure B, as the real market value of gross federal debt series published by
the Federal Reserve Bank of Dallas.?!

We propose two measures of returns on government debt. As a baseline, we impute real

t22

returns R; using data on the real federal primary deficit®* X; and market value of government

debt B;. The observed duration of government debt has been approximately constant, allowing

us to write the government budget constraint as
(pt + at)Bi—1 = ¢:Br — X3 (49)

Multiply and divide the first term by ¢;—1 and use the fact that the holding period return for

long term debt is Ry = % to rewrite equation (49) as
B — X,
Ry=——, 50
=B (50)

where By = ¢;By is the observed market value of government debt. The average annual return
in our sample is about 5% and its standard deviation is 5%. As an alternative measure, we also
calibrate payoffs to match the moments of the real one year U.S. treasury yield, obtained from
release H.15 of the Board of Governors of the Federal Reserve System. The average return in
our sample is 2.0% with a standard deviation of 2.6%. The main difference between the two
return measures comes from the fact that we capital gains from revaluations of long term debt
are captured in imputed returns, but not in one year treasury yields.

Returns is in our model are endogenous and depend both on parameters and on government

policy {7¢, B;},. We assume that the tax rate conformed to the rule

7t = (1= pr)T+prri—1+py logyi+py logys—1+pe9:+pg gi—1+prRi+pr Ri—1+pp log By,

(51)
whose coefficients we estimated with an OLS regression using our series on output, expenditure,
returns, debt, and an average marginal income tax rate 73 obtained from Barro and Redlick
(2011). Our specification (51) is flexible enough to capture how tax rates are persistent and how
they adjust to movements in government expenditures, returns, and the level of government
debt. We report estimated coefficients of (51) in Table III and the in-sample fit in Figure II.
Given our estimated tax rule, we set debt {B;}, to satisfy the government’s budget constraint.

Appendix C provides details about how we compute a competitive equilibrium given government

20Since in our model we abstract from capital, our measure of output y is aggregate labor earnings. Results
remain essentially unchanged if we use GDP per capita instead.

21Calculation of this series takes into account outstanding marketable and non-marketable debt of different
maturities issued by the Treasury and uses current market prices to convert par value to market value.

22We measure this as government expenditure, i.e., federal consumption and transfer payments, minus total
federal tax receipts, both from the Bureau of Economic Analysis.
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policy {7, B;},. Table II summarizes parameters values and the fit of a competitive equilibrium
outcomes to U.S. data.

Using this calibration, we compute a global approximation to the Ramsey allocation. Ap-
pendix C reports details about the numerical procedure. In Table IV, we compare predictions
of our quadratic approximations about the behavior of government debt and tax revenues to
those obtained by using a more accurate global numerical procedure. Given our assumption
of logarithmic utility, effective debt and returns are simply B; = B;/c¢; and Ry = Rycy/ci—1.
Following Proposition 7, we use equation (46) evaluated at 7(0) to calculate the risk-minimizing
level of debt and var(R,(g)) to compute the speed of mean reversion. We similarly use equations
in Proposition 6, now written in terms of effective units, to compute the ergodic variance of
effective debt and moments of tax rates Zy = 7 (1 — Tt)%.

We computed the ergodic distribution by simulating policies computed using the global
approximation method. The first two columns in Table IV show that for the baseline calibration,
our expressions for the ergodic distribution of debt and tax revenues approximate well those
obtained from the simulations. As an illustration of how the approximations do away from the

ergodic distribution, we plot EoB; using

1 t
1+ ﬁzvar(RT(O))> ’

Bl — 5] ~ (6 - 5°) (52)
and compare it to the mean path constructed using 10000 simulations under policies computed
using the more accurate global methods of length 15000 periods. Figure III indicates that
formula (52) gives a very accurate approximation for the entire path and not just its long run
target level of effective debt.

An insight of Proposition 7 is that covariances and variances are not very sensitive to the
policies under which they are evaluated. Therefore, one should expect that the calculation of
these variances in the data, generated by the actual rather than an optimal policy, produce

reliable estimates of the optimal long-run debt level. We verify this as follows. Consider a

simple first order VAR
Xy — A4 X1 €xt
log y: log yt—1 €yt

Let [ax ay] be the first row of the matrix [I — BA]™'. Then the expected present value of the

primary government surplus conditional on (X%, logy;) is

+ X

X,
PV (X; (X, 1logy:)) = [ax ay] [ ' ] )
log y:

and an appropriate estimate of the target level of debt is

B — —a cov(Re, logy:) a cov(Ry, &)
Y var(Ry) * var(Ry)

We use our time series for returns, consumption, output, and the primary government deficit to
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construct time series of R and A;. Table V presents the estimated coefficients that we then use
to estimate both the target level of effective debt and the speed of the mean reversion reported
in the column titled “VAR” in Table IV.

The findings in Table IV convey that at our baseline calibration of the long-run effective
debt is close to zero, that the convergence is slow (half life of 250 years), that government debt
has large fluctuations (the standard deviation is 20%), while there are small movements in the
tax rate and tax revenues (whose standard deviations is 0.5%). A key empirical fact that drives
these results is that a substantial component of fluctuations in returns is uncorrelated with
fundamentals. That makes holding large positions frustrate the hedging motive and drives the
optimal plan towards low assets.

In our baseline, we chose the payoff process to match imputed returns on the total debt
portfolio traded by the government. To check robustness of our results we show that our ap-
proximation procedure continues to work when we instead measure the returns using the 1 year
U.S. treasury yield or assume that the real debt traded by the government is risk-free. In Table
IV, the columns “1 yr. yield” and ‘“risk-free debt” report moments of the ergodic distribution
for our calibrated economy in which we set x, = —0.10, o0, = 0.02 to match the standard
deviation of 1 year U.S. treasury yields and the correlation of those yields with output, which
are 2.6% and -0.20 in our sample, respectively, and then, alternatively, x, = o, = 0 to obtain
the risk free payoff. These alternative assumptions about returns progressively weaken the or-
thogonal component. Consistent with our discussion of equation (46), the government holds a
larger asset position (i.e., a negative debt) to exploit the stronger positive correlation of returns
and deficits. Because the speed of mean reversion is inversely related to the volatility of returns,
the half-life of debt increases from 237 years in the baseline calibration to 655 years for the
calibration with one year yields and increases further to 1244 years for the risk-free debt. In all
of these settings, our simple formulas capture the comparative outcomes extremely well.

We now extend our analysis to allow the government to trade multiple assets. We pursue two
aims with this extension. First, we want to evaluate the accuracy of approximations provided
by equation (48). Second, we want to highlight additional insights about optimal government
portfolio management and to re-examine an argument of Lucas and Zeldes (2009) that it is
optimal for a government to take a positive position in a risky security that pays a risk premium.
Although our problem has some features in common with the problem solved by Merton (1969),
there are two critical differences: our problem is posed within a general equilibrium in which
a Ramsey planner takes into account how its government actions affect asset returns; and the
Ramsey planner is benevolent.

We fix parameters as described above except that now we assume that the government trades
two securities. One is a riskless real bond; the logarithm of the payoff on the other security is
described by Inp; = xpegt + opept, Where x,, 0, are now calibrated to match the correlation
of dividends on the S&P500 with output and the standard deviation of these dividends, which
for our sample take the values 0.30 and 4.5%. Making the payoffs positively comove with TFP
makes this asset risky resulting in higher expected holding period returns relative to the risk
free rate.?? We set the initial debt at 130% of output.

23Given our assumption of isoelastic preferences, we cannot match the magnitude of the risk premium quan-
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From Table VI we see that the formula in equation (48) accurately describes the long-run
portfolio in addition to the speed of mean reversion and standard deviation of total assets. In
the long run, the optimal plan has negative debt invested almost solely in the risk free asset.
Initially, when it is indebted, the government shorts the stock market. Although the initial short
position in the stock market exposes the government to the orthogonal component €,; in the
payoff, temporarily it provides a good hedge by delivering higher returns in times of low TFP.
Eventually, the government uses only the risk free bond to hedge. The dynamics of portfolio
re-balancing are consistent with Example 3 from Section 3.2. The two lines in Figure IV show
the marginal utility adjusted government positions in the risk-free security (solid line) and in
the risky security (dashed line).

Our quantitative analysis confirms the optimality of a portfolio management rule based
on the variance-minimization principle outlined in Section 3.2 and cautions against following
recommendations that a government should on the margin invest in assets that pay a risk
premium. In our economy, the Ramsey planner shares households’ aversion to consumption risk,
an aversion that in general equilibrium requires a return premium to compensate for bearing
risk. The Ramsey planner finds it optimal to invest in such assets only in so far as doing so

helps to reduce the total riskiness of gross government expenditures.

5 Concluding remarks

This paper characterizes optimal debt management and flat rate taxation in a fairly general
incomplete markets model. We express dynamic hedging motives in a terms of a fiscal risk
minimization problem. We present simple formulas for the mean, variance, and speed of con-
vergence to an ergodic distribution of government debt. We analyze some extensions of our
basic environment, an endeavor we pursue more in Bhandari et al. (2015b), where we study
economies whose substantial ex ante heterogeneity coming from persistent differences in skills
that unleash social motives for redistribution and social insurance. The analysis here sets the
stage for such extensions — partly by providing appropriate tools for approximating equilib-
ria well and for formulating Ramsey problems in mathematically convenient ways, and partly
by isolating transcendent forces that ultimately determine transient and long-run dynamics of
government debt and taxes in richer settings. For example, appropriately adjusted fiscal risk
minimization problems continue to shape the mean of an ergodic distribution of government
debt, while the hedging costs of being away from that fiscal risk-minimizing debt level shape
speeds of convergence. Another extension, Bhandari et al. (2015a), uses the empirical properties

of returns across maturities to compute an optimal maturity structure of government debt.

titatively but we conjecture that our approach extends to the Epstein-Zin preferences and richer environments
with more realistic implications for asset pricing behavior such as the one considered by Albuquerque et al. (2016
forthcoming). We leave this extension it to future work.
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A  Proofs

A.1 Proofs for Section 2

We first show preliminary results that we discussed in Section 2. Let {Bt, l}} be a solution to
- ¢
(10) and Z; = I; — z}ﬂ

Lemma 5. lAY > = for all t and there is one to one map between lt and Zt and T and Zt
with Z, < Z for all t. The function ¥ : (—oo, Z] — R is strictly decreasing, strictly concave,
differentiable and satisfies limz_,_oo V' (Z) =0 and lim,_, ¥’ (Z) = —oo.

Proof. First we show that IJ > —— for all t. Suppose there exists a k such that [} < ——.
t 14+ k 1+

1
1
. (1477
Since Z( ) = —oo < Z(lx) < Z(I*), applying the Intermediate Value Theorem, we can find a
I, >

Let total revenues Z(I) = [ — ['™7. The maximum value of Z(-) is achieved at I* =

> I such that Z(I,) = Z(Iy). Construct an alternative sequence of {Bt, Zt}t where
(1+7)”

it = lk for t = k and Zt = l~t for t # k. This sequence {Bt, Zt}t also satisfies constraints (9) for
all t but has a strictly higher welfare as the objective function (10) is strictly increasing in [;.
Thus, we obtain a contradiction that {Bt, th} is a optimal solution.

Since l:y > 1+ , it implies that Z; < ~ (ﬁ)lﬂm, which is our definition of Z, and the
relationship between Zt and lt and 73 and Zt is one to one in the relevant range of Zt. Since the
U satisfies (I — [117) = Ll”'y and defined for [7 > ﬁ . Differentiate it twice and take the
limits as {7 — ﬁ and {7 — oo (which corresponds to Z — Z and Z — —o0) to show properties
of W. O

For our analysis we need the optimality conditions to (12):

/3/ B(s,B_))m(ds) ~ & +x (53)

and
U (Z (s, B_)) =1+ 8V (B(s, B_)) —R(s)+K(s), (54)

where % (s) and k(s) are the Lagrange multipliers on B < B and B > B, and i =

[R(s)R(s)7(ds), & = [ K(s) R(s) m(ds).

Proof of Lemma 2

Proof. The right side of expression (12) can be maximized separately for each s. As the objective
function being additively separable and concave in (Z, B) and the constraint (13) takes the form
Z+B = E(s,B_), we can apply Corollary 2(ii) in Quah (2007) to conclude that optimal values
of Z (s), B (s) are increasing in F (s, B_). We next show that the solution is strictly increasing
when it is interior. Suppose that E(s”, B ) > E(s’,B_) but B(s",B_) = B(s',B_). Then
Z(s",B_)> Z(s',B_) from (13). Strict concavity of ¥(-) and an interior solution to (54) then

implies
—1+8V'(B(s', B_)) = =1+ BV'(B(s", B_)) = 7V'(Z(s", B_)) < 7V'(Z(s', B_)),
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contradicting (54) when solution is interior. Therefore B(s”,B_) > B(s',B_). Strict mono-

tonicty of Z and 7 then follows from (54) and the fact that 7 is an increasing function of Z. [

Proof of Proposition 1

For the proof of Proposition 1 we will use the observation:

Lemma 6. The random variables p(s) and g(s) are perfectly correlated if and only if there exists
a B such that E(s,B_) is independent of s.

Proof. If p and g are perfectly correlated we can write them as p(s) = p+g(s) for some 1 # 0.
Set B = —% and observe that F(s, B) = —% The “only if” part follows immediately from the
definition of E(s, B). O

To show existence of the invariant distribution we consider two cases that depend on whether
or not p(s) and g(s) are perfectly correlated. In cases where they are, the arguments in the proof
of Proposition 2 show lim;_, Bt = B* and thus the (unique) invariant distribution exists with
all mass on B*.

Now we deal with the case p(s) and g(s) are not perfectly correlated. Our strategy is use
to use Theorem 2 in Hopenhayn and Prescott (1992) and a crucial step is to establish that the
probability of reaching B — €, E starting from any B € [ﬁ ,B— e] in a finite number of steps

is bounded from below. To show that we will use the next lemma.

Lemma 7. There are sets S',S” C S of positive measure such that B(s',B_) > B_ for all
s €8 and B_ > B(s",B_) for all s" € S" with at least one inequality strict and both
inequalities strict if B € (ﬁ, E) .

Proof. Suppose B > B > B (s, B_) for almost all s, which by strict concavity of V' implies
V/(B_) < BER()V'(B(,B_)). (55)

From Lemma 2, except when B = B(s,B_) = B for almost all s, the inequality (55) can
hold with an equality only if E(s,B ) is independent of s. This is ruled out when p(s) and
g(s) are not perfectly correlated and thus V' (B_) < BER(:) V' (B (~,B_)>. On the other
hand equation (53) implies that V/(B_) > SER(-) V' (B (~,B_)>, a contradiction. Thus, if
B > B_ then there exists S’ C S with positive measure such that B(s’,B_) > B__ for all
s’ € 8’. Analogous arguments show that if B_ > B then there exits S” with positive measure
such that B(s”,B_) < B_ for all " € §” and that there exist s’ and s” such that B(s', B) = B
and B(s",B) = B. O

Lemma 7 implies that both E [B(s, B )- B_’B(s, B )> B_] and Pr {B(s, B )> B_}

are positive for all B_ € [B,B — €] for any € > 0. As both of these terms are continuous

functions of B, compactness of [B, B — €] implies that there exists d, p > 0 such that

E [B(sjB_) — B_'B(S,B_) > B_] >d (56)
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and
Pr {B(S,Bi) > Bi} >p (57)

forall B_ € [B,B —¢€|. As B(s,B_) — B__is bounded above by D = B — B, we obtain that?*
- 2
Pr{B(s,Bi) B > d/2} > dl/)p

for all B_ € [B, B —¢€]. Therefore, there must exist an integer n and ¢ > 0 that that probability
of reaching B — e,E] starting from any B € [ﬁ,? — e] in n steps is greater than ¢. Analogous
arguments establish that probability of reaching [E,E — e] starting from B € @ — ¢, B in
finite number of steps is finite. Since by Lemma 2 policy functions are monotone in B__, Theorem

2 in Hopenhayn and Prescott (1992) establishes the existence of an unique invariant distribution.

Proof of Proposition 3

Since R(s) = £ 6(;)’ we can assume that R(s) is an exogenous stochastic process given by R(s) =
% [1~+ oeg(s)] for some mear zero random variable ep. Let € = (¢4, €g) and write policy functions
as B(oce,B_;0) and Z(o€,B_;0). Let i(B_;0) = V'(B_;0). When the solution is interior,
the first order condition with respect to Z, equation (54) implies that

-1+ B8 (3 (ce,B_;0) ;a)

Z(ce,B_;0)=0"!
Y

CID(ﬂ (B(ae,Bga);a)) . (58)
Therefore we can write equations (13) and (53) as

B . -
7‘ (14+o0€eg)+g+oe, =2 ([L (B (ce,B_;0) ;O‘)) + B (o€, B_;0) foralle,B_,0 (59)
and
B _;0)=E [(1 + o€R) i (B (ce,B_;0) ;0)] for all B_,o. (60)
We use Bg,BR,BB_,BU to denote derivatives of B(ae,B_;a) with respect to its first,
second, third and fourth argument evaluated at (0, B_;0). All the second derivatives and
derivatives of ji evaluated at (0, B_;0) are defined analogously. Finally we use ® and ¢, to
denote the value and derivative of ®(-) evaluated at i (B_;0). Observe that the optimality
requires that B(0,B_;0) = B_
To calculate these derivatives, differentiate (59) and (60) with respect to €4,eg, B_ and

24 An arbitrary random variable f(s, B_), standing in for the B(s, B_) > B_, that minimizes probability of
Pr {B(s, B )-B> %} while still satisfying equations (56) and (57) is obtained by placing a mass 1) on B—B_

and a mass Pr {B(S»B_) -B_ > 0} —¢on % As B— B_ <D, can be bounded from below by 54_/;/213.
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evaluate them as o — 0 to obtain

B 5 5
7_ = [(I)MIELB_ + 1] BRJ 1= [(:I)/L,&’B_ + 1] Bg7
1 - -

5 [®ufiz +1)Bg , [ =jip Bp .

These equations can be solved for

- 1 - -
Bo_ =1, @ujip_+1= 5, Br="B_, By= 3. (61)

Using the same steps for the second order derivatives we can show that

BBiBi = Byy = Brr = Bry = 0,

Quuip +@upip_p_=0. (62)

Similarly, differentiating (59) and (60) with respect to o and its cross-partials we get

: ) B0-0)

Boy = —2E |er (erB_ + Peqg W (erB_ + Beg)2 . (63)
o

Using these expressions and after dropping terms that are zero, the second order Taylor

expansion of B (ce,B_;0) gives

2
B(oe,B_;0) = B_ + Byoeg + Broer + %BW + O(c?)
=B_ +Boe;+ B_cep —var (eg) 0> B_ — Beov(er, €5)0* + O(a?, (1 — B)o?). (64)
Substituting oe; = g(s) — g, ceg = R(s) — 7! into this expression we obtain (17). Use the

definition of B* and the fact that 1 — x0? = Hﬁ + O(03) and o = + O(03) for any

constant x we can rewrite (64) as

B(s,B_)=B"+plg(s) — gl + B*[BR(s) — 1] + %

(B_—B")
1+ A2var(R)

(B_—BY)
+ +0(c°, (1 - B)o?),

which immediately gives the mean and the speed of mean-reversion of B in Proposition 3. To
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compute ergodic variance, use the law of total variance.

var(B;) = E (Var [B(oet, Bi 1) — B*]Bt_1]> + var (IE [B(aet, Bi1) — B*|Bt_1D
B%var(R)(By_1 — B*)? (B (B;—1 — BY)

(1 + f2var(R))? > i (B T+ Pvar(R))
Bgvar(R)var(Bt,l) Var(Bt,l)

(1+ B2var(R))* (14 B?var(R))

- (ﬁ2var(RB* ot ) L O, (1- B)o?)

= B*var(RB* + g) +

5 + O(a?, (1 — B)o?).

By definition in the invariant distribution var(B;) = var(B;_1) and replacing WM(R) =
1—B%var(R) +O(a?, (1— B)o?) we get the expression for ergodic variance of B; in Proposition 3.
For Z; we exploit the fact that Z(s,B_) = ® (u (s, B_)) and obtain the second order Taylor
expansion of ® (u (s, B_)) as
1-3 1-3 1-3

o i) =0+ (0 -4 (150 slae) - al+ (F50) o) 11+

<1_66> (B_— B*)[BR(s) = 1]+ S (B_ — B*)var (R) + O (¢°, (1 - B)0?),

where &% = (%) B* 4+ g. The steps to compute the ergodic moments of Z, that are reported

in Proposition 3 are similar to those of By and hence we omit them.

A.2 Proof of Proposition 4

Using strict concavity of U and W, standard arguments show that value function characterizing
the optimal plan with transfers in equation (19) is continuous, strictly concave, and differentiable
on [ﬁ , E]. The steps to show uniqueness of invariant distribution of {Bt, Z, Tt} are identical
to those in the proof of Proposition 1 as in Appendix A.1. They follow from the concavity of
the value function and the properties that optimal policy rules B (), Z (+,-) and —T(-, -) are
continuous and increasing in B for all s and strictly increasing in E in the interior as in Lemma
2.
The first order conditions with respect to Z(s),T(s), B(s) are

YV (Z(s)) = uls), (65)

w T(s) 1 B
1+nUC<1+n>+1+n+'u(8)_07 (66)
—14BV'(B(s)) — & (s) + £(s) = p(s), (67)

where () is the multiplier on constraint (20) and % (s), & (s) are the multipliers on the bound-
aries [B, B]. Equations (65) and (66) allow us to solve for net-tax revenues, I(s) = Z(s) — T'(s)

as a function of p(s)

M) = (2) = aamust (-2 - 50, (69)

vy w w

The equilibrium conditions for an interior solution to the planners problem can then be written
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as

B—ﬁf;(s) +g(s) =1 (7 (B(s,B_))) + B(s. B_), (69)
i(B_)=E [(p” i (B<s,B_>)] | (70)

Note that the system of equations (69) and (70) exactly mirrors the system of equations (59)
and (60) with W replaced with I. The approximation of B, in the proof of Proposition 3 (see
Appendix A.1) does not rely on the properties of ¥, and thus the approximation of the optimal
policies B; and I; that solve (69) and (70) will be identical to the representative agent case.
Importantly, the approximation to the ergodic distribution of B; and I; is independent of the
value of w.

Define the level of transfers when the government has a net tax revenue of I as T'([;w).
Combine the first order conditions, (65) and (66) and substitute Z = I + T to express transfers,
T(I;w) implicitly using

1
14+n’

w T(I;w)
1+n “\ 1+n

> +V (I +T([w)) = —

Differentiating with respect to w we get,

T(lw
87T(Iw)_— H%UC< 1(+n))
O (1:}71,)2 cc (Tl(i:)) + ’Y‘I’/I(I + T(I,w))

Both U, < 0 and ¥” < 0, we can conclude that g%([;w) > 0. Thus T; = T'(I4;w) is increasing
in w and first order stochastic dominance follows immediately.
Finally, when we modify the tax scheme to allow transfers only to unproductive agents, the

first order conditions are unchanged except equation (66) that is modified to

:m<%ﬁ>+i+mg:0

and all the subsequent arguments remain the same.

A.3 Proofs for Section 3.2
Proof for Lemma 3

Problem (22) maintains the structure of a concave objective function and linear constraints so
using the same arguments as in the single asset case we can conclude that V(B ) is differentiable
and strictly concave on the domain [Q, B] and consequently the optimal policies B (s,B_) and

Z(s,B_) are unique. The next lemma shows that there is a unique optimal portfolio choice
B(B ).

Lemma 8. If the random variables R are linearly independent, then there exists a unique port-
folio associated with policy rules B(s,B_) and Z(s,B_).
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Proof. Suppose that there exists two optimal portfolio rules { BM"*(B_)} # {B** _(B_)} such
that >, BM¥(B_) = >, B**(B_) = B_. Substituting in budget constraint (23) and taking

differences we obtain that for all states s € S
S BB} - {B_(B)}| B s) =0,
k

This contradicts the assumption that R are linearly independent. ]

The gross government expenditures, E(s, B_ ) with multiple assets are
E(s,B_) =R (s)B(B_) + g(s).

Lemma 2 extends to the policy rules for total assets B(s, B_) and tax revenues Z(s,B_). To
show uniqueness of the invariant distribution we will split the problem into two cases depending
on whether ¢(s) is in the span of R.

We begin when ¢(s) is not in the span of R. Then var(E(-,B_)) > 0 for all B_, and is
uniformly bounded from below by a positive constant. We can then immediately apply our
results from the single asset case to show that there exists a unique invariant distribution using
Theorem 2 in Hopenhayn and Prescott (1992).

When g(s) is in the span of R, the mixing condition required by Hopenhayn and Prescott
(1992) fails. Instead, we shall prove the existence of unique invariant distribution along the lines
of Proposition 2 by showing that B; — B* almost surely. Without loss of generality assume
that

RY(s) = ; g+ vg(s)

for some non zero ¢ and that the remaining R* satisfy the orthogonality condition E(R¥|R™7) =
% for all j and k where R/ refers to the vector of returns with out the j** return.?® E(s, B )

can then be written as

E(s,B_) =Y R's)B"(B_)+ B'(B_) (1 - wg) +9(s)L+wBY(B_)).  (71)

k>2 p

Since g(s) is in the span of R we set C[R, R] to be non-singular. From equation (21), B* = —%
and set BY(B*) = B*, B¥(B*) = 0 for k > 2 to get that B(s, B*) = B* for all s. Thus B* is a
steady state, it remains to be shown that B, — B* almost surely.

The Euler equation for each of the k security

V'(B_) = BE[R*()V'(B(-,B_))| = E[V'(B(-, B_))] + cov(R*(), V'(B(~, B_))
—E[V'(B(-,B_))] +E [cov (Rk(-),v'(é(-,B_)m—k)] .
In the last equality we used the law of total covariance combined with E(RF|R7) = % for k,j # 1.

Let B_ < B* and suppose that B'(B_) > B*. Equation (71) tells us that, conditional on
R~!, E(-,B_) is perfectly positively correlated with R'(s). As B is increasing in F and V is

25Tn effect we choose an orthogonal basis of the space spanned by the returns.
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a decreasing function we can immediately conclude that E [cov (Rl(-), V/(B(-,B _)\Rfl)} <0.
However, BY(B_) > B* implies that B¥ < 0 for some k > 2. As conditioning on
R* implies conditioning on ¢,26 we can immediately conclude that, conditional on R™*
E(-,B_) is perfectly negatively correlated with R¥. The logic from above then implies
that E {cov (RW-),V’(B(-,B_)]R*)} > 0, a contradiction as all K Euler equations must
hold. We can therefore conclude that for B_ < B* that B_(B_) < B*, and hence,
E [cov (Rl(-), V/(B(, B_)\RA)} > 0. Applying this to the Euler equation allows us to con-
clude that if B_1 < B* then Bt < B* for all t and

V'(By) > EV'(Byy1).

Using the same steps as the proof of Proposition 2 we can apply the martingale convergence
theorem to conclude that B; — B* almost surely. The case when B_; > B* is symmetric.
Lastly we show that g(s) in the span of R and C(R,R) singular characterizes an optimal

policy where tax revenues are constant and total debt is equal to its initial value for all dates.

Lemma 9. ¢(s) is in the span of R and C(R,R) is singular if and only if the optimal rule for
total debt satisfies B(s,B_)=B_ for B_ € (B, B|.

Proof. In the proof we will use the observation that in absence of redundant securities, the
matrix C[R,R] is singular, if and only if there exists a linear combination of R that yields a
risk free return. Now if g(s) is in the span of R then there exist a non-zero vector 1 such that
g(s) = Y, ¥¥R*(s) and with singular C[R, R] there exists a exist a non-zero vector 1, such
that >, WA RF(s) = % For any initial assets B_; € [B, B], consider the portfolio that allocates

B k
B (P2 ) -
k72

in security k. It is easy to check that Y, B¥ = B_ and now we verify that R”(s)B + g(s) is

independent of s:

R )B+g(5) = 3R [(W} R IRTCRE (W) .

Thus the policy rule B(s,B_) = B_ and Z(s,B_) = (%) B+ g is satisfy the budget
constraint (23). As our setting with K securities and returns R is a restricted version of a
complete markets problem?” where policies B(s,B_) = B_ and Z(s,B_) = (%) B +g are
optimal, we can conclude that the same policies are optimal for (22) too.
Now we show the converse. Suppose B(s,B_) = B_ for all B_ . The budget constraint
implies that
g(s)=B_+2Z"(B_)—-> B"Rf(s) (72)
k

Now set B_ = —fEg and equation (72) gives

26As R! is perfectly correlated with g
2"By this we mean a market setting with a complete set of Arrow securities as in Lucas and Stokey (1983)
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g(s) = ZBk—kl_ﬂﬁZBkJrEg—ZBkRk(s)
k k k
g(s) = Y B"RMs)

k

This shows that g(s) is in the span of R. For B’ # B” and respective optimal portfolios
{B/k}, {B”k} equation (72) again implies that

0=B_-B"_+2B_)-2B"_)-Y ( k) R¥(s) (73)
k

Since (B/k - B”k) cannot be a zero vector, we see from (73) that a linear combination of R
yields a constant. Thus a risk free bond is in the space spanned by the returns R and C[R, R]

is singular. O

Proof of Lemma 4 and Proposition 5

Let € = (ey,er) and functions B (o€, B_;0), B(B_;0) and ji(B_;0) solve the optimality

conditions for Problem (22) with K assets:
B '1+0er]"B(B_;0)=a (ﬂ (B (ce,B_; 0))) —§—oe,+B(oe,B_;0), (74)

a(B_)=E [(1 + oepk) i (B (ce,B_; a))] for all k, (75)

1"B(B_;0)=B (76)

The proof will follow the similar steps and notation convention as used in Appendix A.l.
With K > 1 equation (74)-(76) has multiple solutions for B(B_;0) at o = 0. However unique-
ness of policy rules as asserted in Lemma 3 implies that lim,_B(B_;0) exists, which for
now we denote by B¥(B ), and then show below that the existence of second derivatives of
B (o€, B_;0) along with equations (74)-(76) implies that this limiting portfolio is given by
B*(B_) as required by Lemma 4.

Many of the first order and second order terms including the the steps to obtain them are

very similar to the single asset case. We get?®

Bpe(B_)=B"B_)
By(B_) = ji,(B_)=By(B_)=0.

28The derivatives Bﬁ_(B _ ) are undetermined, but this does not affect any future calculations or the approxi-
mated policy rules for total assets B.
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For the second order terms,

By o (BL)=0.iin o (B_) =~ 455 (oo ()"

BRkRk:ng:Bng:O Vk‘

The calculations for the second derivative with respect to ¢ is key to show Lemma 4. Differen-

tiating (75) twice with respect to o, we obtain

floo(B_) = E|jigo(B_) + /jLB_(B_)BUJ(B_) =+ 2€RkﬂB_ (B_) Z BRJ' (B_)epi + Bg(B_)fg
J

+iip B (B_) Z Bri(B_)ep; + By(B_)eg
J
(77)
We can eliminate fi,o(B_) from (77), substitute for Bg;(B_) and solve out for B,,(B_). For

all k we obtain,

2

ZeRij_(B_) + Pey

J

) - . o(B_)(1-B)
Byo(B_) = —2E |epk g:GRJBJ_(B_)‘F,BEg +W
(7%)

System (78) has K equations, one for each security k. To satisfy all of them, there must exist a

constant § and portfolio B such that

Elege | > erB' (B_)+Pe || =0 Yk, (79)
J

1"B=B_. (80)

Equations (79) corresponds exactly to the first order conditions of the Problem 24 when we set
the Lagrange multiplier on the constraint 1B = B to be é—g. This shows B¥(B_) = B**(B )
as stated by Lemma 4.

Now we derive an expression for B*(B ) in terms of the primitives and B . Write equations

(79) and (80) as a linear system of equations of the following form

BCR,R) 1
17 0

B*
-0

(81)

_BQC(Ra g)
B_

where 1 is a K dimensional vector of ones. There are two possible types of solutions to (81). If
C(R,R) is not of full rank, the minimization problem (24) has multiple solutions and further
the minimum is independent of B_. In these cases 6(B_) = 0 for all B_. The other case, when
C(R,R) is invertible, we can express §(B_) and B*(B_) as functions of B . Define a scalar
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n=pF"21"C(R,R) "1, and using equation (81) we have

5B )= 717 (B_ +17C(R,R)"'C(R.g)), (82)

1 B7C(R,R)"11TC(R,R) ! B2C(R,R)" 1B _

« (a2
B (B_) = <6 C(R.R) :

; > B°C(R,g) +

which after simplification gives us formula (26) in the text.
After substituting for B,(B ), {B re (B _)} and By (B ) in the second order Taylor ex-

pansion we obtain

B(s,B_s0) = B_+Blg(s) — gl + >_ B*_(B_) [R"s) ~ 87| = 8(B_) + O(c*, (1 = B)o),
k

which after substituting for 6(B_) yields (25). Taking unconditional means of equation (25),
we see that B* satisfies §(B*) = 0 and from equation (82) we can verify the expression for the
mean of Bt asserted in Proposition 5. Next taking the mean conditional on Bt on both sides of
equation (25) we can verify that the speed of mean reversion equals

1

1
l—-—=——4+0(*
n 14—77’1+ (o)

_ pACR,R)
1+ B721'C(R,R)!1°

The steps to compute the ergodic variance of B and the ergodic moments of Z are exactly same

as in the proof of Proposition 3 and are omitted.

A.4 Proof of Proposition 6

The proof proceeds along the lines in Proposition 3 and for brevity we will focus on the steps
that different. The PV operator defined in the text satisfies the recursion

PV (z;s) = x(s) + BE (PV(x;8');s) Vs €S. (83)

Without loss of generality, we parametrize the exogenous shock process by defining three mean

zero (under the ergodic measure induced by 7) random variables € = (¢4, €g, €Rr) as

1 _
g(s) = g+oes), R(s_,s)= 3 (14 0er(s,s_)), ©O(s) =0 (1+ocea(s)),
where the definition of returns implies that additionally E (eg;s )=0 for all s . The policy rule
for debt B(ce, B_,s ;o) and u(B_,s ;o) =V'(B_;0) satisfy

Bﬁ—mamwg o, = 6 (1+0co) D(i(Bloe, B s :0)i0) + Bloe, B_,s ;0), (84)

=
oy

+
(B_,s ;0)=E [(1 + o€R) [ (B (ce,B_,s ;o) ;O‘) ;s_] . (85)
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We use the same convention as in Appendix A.1 for denoting the derivatives which are now
evaluated at (0,B_,s ;0) and

First order terms

Differentiating equation (84) and (85) with respect to B_, € we obtain

. 1-8
BB = 1) ﬂB = Sox A0
—~ - p,0
Br=B_, B,=0, and Bg = —3600. (86)

We show the calculation of the derivatives with respect to o as they are different with Markov
shocks. First differentiate (84) and (85) with respect to o to obtain??

_ . . _ 1 -~
0=0%9,(fic + fip_Bs) + By = O®,fi, + EBG (87)
[, =E |:[LU +erfi+ fip_ (BU + Brer + Bgeg + B@é@) ;s_} . (88)

Equation (87) implies ji, = — ?EB B, and using E (eg; s ) = 0 and Bp, Bg and Bg from equation

(86) we get

By =B (8B, — (1= 8)Be, + (1 - §)30%co ) 55_|

Now apply the recursive characterization of PV operator from (83) to obtain
B, = —(1 - B)BE [PV (ey) — OPPV (eo);s_] . (89)

Second order terms

Differentiating equation (84) with respect to B and € we can show that

BB_B_ :ng :BRQ :BRR: BB_g =0 and BB_R: 1.

The cross-partial with respect to TFP shock B@@,B@p,B@w and B@B_ end up contributing
O((1 — B)o?) in the Taylor expansion. As in the i.i.d case, except B, all the cross-partials
with respect to o are zero. Differentiating equation (84) and (85) twice with respect to o we

have
Bye = —2(1 — B) [B_PV (C®*R) + BPV (C®"Vs) — BODPV (ChTVee)] + O(1 - B) (90)

Taylor expansion
Combining all the first order and second order terms, we obtain the the approxima-

tion to B as in equation (34). Let var(z) and cov(z) denote the variance and covariance

2The terms associated with e, eo and €, drop out after we substitute for Bg, B, and Be from equation (86).
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with respect to the ergodic measure induced by m. We will now show that terms (1 —
B) [BiPV (CR’R; s) + PV (CR’PV(Q); s) — ®PV (CR’PV(G); 3)] can be expressed as

B_var(R) 4 cov (R, PV (g)) — ®cov (R, PV(0)) + O(c3, (1 — B)c?). (91)
Consider the first term (1 — 5)B_ PV (CRvR; 5). Its easy to see that we can express

(1-B)B_PV (C*%;s) = (1 - B)B_PV (C™F —var(R); s) + B_var(R).

Our assumptions on 7 imply that the (linear) operator E has a spectral representation’ i.e.,

there exists a sequence of scalars (eigenvalues) {\;} with 1 =Xo > Ay > ... > X\ > A\jp0 > ..,

and sequence of orthonormal®! family of random variables (eigenfunctions) {1} such that

E(x;s) = Z)\j <y, x > P;(s), (92)

J=0

where < z,y >= Ezy is the inner product of random variables x and y with respect to the
ergodic measure induced by m. It is straightforward to verify that eigenfunction associated with

the unit eigenvalue i.e., ¥(s) = 1 and this allows us to express (92) as

E(x;s) =Ex + Z)\j <y, x> (s).

J=1

Note that the eigenvalues of the h period ahead conditional expectation operator, E*(x;s) =
E(x(st1n);s) are {)\?} and the eigenfunctions {¢;} remain the same as those of E. So for any

random variable z,

PV(x;s) = > BE'(x;s) = 1E—$B +) B N <y > (s).
t t =1
Thus (1 — B)PV(z —Ex;s) = (1—8)>., 5 PO NS < 4,2 > 1pj(s) and it follows that
o0 1 _
1-8)PV(e-Eo)| < (-9 T (B0 1Y < vy (0~ 2) > 45l = £ L (@~ )| € O(1-5).
t j=1

For the last equality we use the fact Ay < 1. The same arguments can be applied to the other
terms in equation (34) to obtain equation (35).

To compute the ergodic moments of B, define B : S — R as
B(s)=B*—B[E(PV(9—5;5);s) — ®(B)E (PV(O — 6;5);5)]

and adjusting terms that are of order O(¢3) using 1—z0? = 1+ﬁ—I—O((f‘g) and o = 1gﬁ—k(’)((f‘g)

30The argument is standard and follows from the fact that E is both compact and self-adjoint. See Dunford
and Schwartz (1963, 1966) for more details.
31 This means < 1p;,1; >=1 and < 9, ¢ >=0for all 0 < k < j.
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for any constant x equation (35) can be expressed as
B(s,B_,s_;0) =B(s) + B[PV(g;s) — E(PV(g;s);s_)] — BB [PV(6;s) — E(PV(6;5);5_)]

B6)3R(s:50) = 1+ (15 g ) (B~ B R =11+ (1
+0(0%, (1 - B)o?)

Its immediate to verify the mean and speed of mean reversion reported in Proposition 6. We
omit the steps to obtain the ergodic variance of By and the moments for Z; as they are same as

in the proof of Proposition 3.

A.5 Proof of Proposition 7

We prove the case when s is i.i.d. The details of the more general case when s is Markov are in

an online appendix. The first order conditions of problem (42) with B and 7 yield

E[V/(B(s))Ue(s)p(s)]
E[Uc(s)p(s)] ~
B (1():5) = () G (7(9), ) = G2 5),9) g

V(B_) =

(1(s) =) =0. (93)

where = BV'(B_). Let € = (€g,€p,€9) be the mean zero innovations to the stochastic
processes (g, p,0) and £ = E[U,.p|. Equation (93) implicitly defines the function 7(u, u_, &, B, o€)
U ( i, ji & B ,0€)(1+ oe,) and

and using 7 (-) we can define functions U (u, p_, &, B, ae) =
X(p, &, B,0€). The optimal policy functlons i(B_;0), &(B_;0) and B(oe, B_; o) satisfy

B_Uji,ji_,&,B_,0€) i . i

52 +X(g,p_, &, B _,0€) =B, (94)
0=E[(i—f_)Ul, (95)
¢ =EU,]. (96)

For brevity we have dropped the arguments of the ~ functions and /i represents ji( B(ce, B_;0);0)
while i represents i(B_; o). The steady state associated with B and after setting o = 0 has
u(s) =p_ = p??

As in proof of Proposition 3, we now proceed to compute the terms needed for the second
order Taylor expansion of B (0e,B_;0) at 0 = 0. At the outset we derive some properties of 7(-)
that will be useful in simplifying terms as we go along. Differentiating (93) with respect to B, &
and p and evaluating them at o = 0 where u(s) = p_, we obtain that the following derivatives

are zero:

32In particular for a given B_ the steady state [i, £ solve
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In addition,
9%t n 0%t — 0 and 9%t 9%r
oBou  OBOu

ocon " aton_
These properties extend to Ue(u, pu_, &, B,0€) and X (u, pu_, &, B, o€).
We begin by obtaining the first order terms. Differentiate (94)-(96) of w.r.t B_ to obtain

- B 1-p ~ - — .
i, = —————, & =Uepiiz_+Uep fi5 . 97
- - 5(_XM_XM ) N MR- Sl ( )

Next differentiate with respect to € to obtain

. B U, N\ /1 - B U, . \*
BEZ< — 76+Xe> (IB+XHMB—_ %E’MMB_) .

Using iz = O(1 — ) from (97) it follows that

_ B U,. \ '
(;—FXM/]B_ — jBLg "u,uB_> =B+0(1-p)

and thus

B = (B—u” 4 ﬁxe) +01-B) (98)

Finally differentiating with respect to o and some algebra yields ji, = B, = §~U =0.
Next we compute the the second order terms. Differentiating twice with respect to B and
simplifying we find that
(‘)EMM +2X + Xy ) 2

Bs g =0, jpp = S =[5 - (99)
pt X

It is easy to show that the cross-partials with o are zero. Next differentiatiating equation (95)

twice with respect to ¢ we can show that

- u - -

B,s = —2E [(fe) (Bee)} — E[€ Bec€] + O(1 — ). (100)
C

We are left with Bee which, in principle, can be quite complicated with risk aversion. However,

we show that for computing the ergodic mean of effective debt and the speed of mean reversion

we do not need the second derivatives with respect to €. To see this note that the Taylor

expansion of B after dropping terms that we have already shown to be zero is

. 1 - 1 .
B(oe,B_;0) =B_ + Bee + —€'Becear® — iE[G/BEEE]UQ

B 2
~E [(L; e> (Bee)] o2+ O((1 — B)o?, o).

Taking expectations we then have that

E (B(ae,zs_; a)|3_) -B -E [( f%) (5’56)] o2+ O((1 - B)o2, o%). (101)

C
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Now substituting for B, from equation (98) in equation (101) and noting that for any B we have

IR () (0€;0)
Oe

IXrB)(0€ )
0

RT(B) (O-E; U) - RT(B) (0» 0) = o€+ 0(0-2)7

Xr(8)(0€ ) — Xr(3)(0;0) = oe+ O(0?),

we get

E <B(oe, B_; 0)\8_) =B — B*var (R ) B_— B2cov (RT(BJ, XT(Bi)) +O((1 - B)o?,03).
(102)
As 7(B) satisfies the implicit equation (45), we can differentiate (45) with respect to B to see

that

or(B)_, 0 1-5 B

As f— 1, 7(B) — 7(0) and thus E (8g;3) limits to a constant as 8 — 1 which implies that

or(B) 9

0
9B %‘XT(E) and — R, 5 = O(1 - B).

oB

After taking fist order conditions with respect to B of the variance minimization problem
(44) we find that B* satisfies

* . 0 0
E (Rr(5)B" + Xr(5+)) (RT(B*) + B R — %XT(B*)> =0.

Rearranging terms and using our expressions from above®? we get

Ccov (RT(B*) , XT(B*))

B =—
var (RT(B*))

+O@1-4).

Finally 7(B*) — 7(B) = O(1 — ) and thus

B cov (RT(B*)7 XT(B*)) _ _COV (RT(B), XT(B))
var (RT(B*)) var (R’T(B))

B* = + 01 - B). (103)

Using (103) and 1 — 202 = ﬁ + O(0?) we then can rewrite (102) as

1 * 2 3
1+ Bzvar (RT(B*)) (B_ - B ) + O((l - 5)0 y O )

E <B(o—e, B_; 0)|B_> =B"+

The expressions for the ergodic mean of B and speed of mean reversion reported in Proposition 7

follow immediately.

333* that solves the the risk minimizing level of debt that solves (44) is implicitly as a function of 8. It can be
verified that limg_,1 73+ (8);s = 7(0). For the remainder of this proof we will drop the implicit dependence on f.
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B Discount Factor Shocks

Quasilinear preferences

Following the specification in Albuquerque et al. (2016 forthcoming), we modify agent’s prefer-

ences over consumption and labor in equation to

= (g
E B | et — . 104
0; e | ct T+~ (104)

We maintain the rest of the assumptions of Section 3.3.

Proposition 8. Suppose preferences satisfy (104). Let {%t,Bt}t be the optimal tazx, debt policy

in an economy with initial debt B_1 and shocks (p,g,0,m) with n(s) =1 for all s. There ezists
an economy with shocks (p',g',0',n"), where p'(s) = 1 and 7'(s) = p(s),qd'(s) = %,9’(8) =
9(8)])(8)_<ﬁ) and initial debt B' | = o/ | B_1 such that the optimal policy {7/, Bj}; for such
economy satisfies 7 (s') = 7(s') and Bl(s') = n.(st)B(s") for histories s'.

pene—1
BEt—1mept
implementability constraint (9) by 7, the optimal allocation maximizes (104) subject to

Proof. Allowing for 7; modifies the Ry = Define B; = n:B; and multiplying the

DTt

mlgt—l + nege = e (Oely — l,}—w) + B;, (105a)

ct+ gy = Qtlt. (105}3)
Let g, & be the multipliers on (105a) and (105b). The first order conditions with respect to ¢

and [; are

&t = M,
—ﬁtl? + Ntnt(gt - (1 + ’Y)lz) + Htft =0.

Substituting for & we obtain,

14+~

Ttlt = gtlt — ltl+’y = Gt v CD(,ut), (106)

where ®(-) is defined in equation (58). Combining (106) with (105a) the optimal allocation

satisfies

P p e B 107
m t—1 + Ntge = MYy (pt) + By, (107)
pe—1 = Ep_1mepepir. (108)

The solutions {B;, p} that solve (107) and (108) are invariant across economies that differ
iy

in {p¢, g¢, 0, i }¢ as long they have the same values for pyn., n:9; and nthT. O

47



Risk aversion

We show that the level of risk minimizing debt upto O(c, (1 — 8)) terms is the same if we use
discount factor shocks 7(s) in place of payoff shocks p(s). The counterpart of problem (42) with
discount factor shocks can be also expressed recursively with the state variable B, = nU.B;.

The implementability constraint then becomes

B_Uc(s)n(s)

m + 77(8))((8) = B(S)

In comparison to the same expression with payoff shocks

B_Uc(s)p(s)

BE(s)p(s) T %) = Bl

both 7(s) and p(s) appear in a similar fashion in the effective returns term. However, the deficits

are adjusted by the discount factor shocks and not by the payoff shocks. Let Ry = #ﬁ:{}“

and X = Ugcr + Upgly. Augmenting problem (44), the risk minimizing level B* with discount

factor shocks is then given by

B* = arg mBin var (R,g B+ PV (nX.(s))) - (109)

Proposition 9. Let B* and B* be solutions to minimization problems (44) and (109) respectively,

we have

B* = B* + 0(0,1 - B).

Proof. Arguments on the lines in Appendix A.5 shows that

B* = arg mBinvar [(RT(O)B + PV(nXT(O)))] +0O(1-p).

The first order condition with respect to B gives

O (i P

A little algebra shows that, under the normalization of En = 1,
PV(nXr ) = PV(Xo0)) + PV ()EX, () + O(0°) = PV (X)) + O(0”, (1 = B)o).

Thus
var(R, 0))B* + cov(R (o), PV (X)) + O(c®, (1 — B)o?) = 0,

and after dividing by var(R,)) we recover

5 COV(RT(O)a PV(XT(O)))
B* = — + O(0,1 - ).
var(Foo)) (@1-5)
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C Numerical Appendix

To obtain the optimal allocation we approximate functions

{eas (los () (Dopls Bs ()]

for s,s €5 xS, all defined on a compact interval [fmin, fmaz], that satisfy the following set
of equations

H(S)ls,si(,u) - Cs,sf(“) - g(s)

Be pUeleae 6D 1 (errs_(n))ens (1) Utllois_(1))los_ (1) — By (s )
fbs,s  — min {/Lma:vv max {/’L{S,57 (1), Hmin}}

Uil () = e (1) (Ul (1)l (1) + Uillere_ (1)) +O6e_(1)
p=Be [0 (5]

Be (0p(s)Uec(csis (1)
Ue(cs,s_ (1) = s (1) (Uee(es,s_(m))es,s_ (1) + Ueles,s_ () + =5 wotaguyr— (Hows_ (1) = 1) = &s,s_ ()

These equations are the resource constraints, implementability constraints, and the first order
necessary conditions with respect to [(s), B(s) and ¢(s) for the ¢ > 1 recursive Bellman

equation stated in (42). We describe our numerical procedure below:

1. Domain: The functions are defined on domain that has a mix of discrete states, i.e., s,s

and continuous states pu € [,umm, umax] .

(a) To obtain S, and m(s|s_), we follow Kopecky and Suen (2010) to obtain a 5 state
discrete approximation for the shock processes. For the shocks €,, €, we use a 5 state

Gaussian quadrature.

(b) The bounds on domain for x indirectly impose bounds on B. 3* We use 30 points on

the p grid, with more points near both the end points.

2. All functions are indexed with s, s and for the y dimension we use cubic splines as basis
functions with the knot points placed on the 30 grid points that we chose in the previous

step.

3. Next we iterate on the functions {Bs(-)},cg

(a) Start with a guess for {Bﬁ()}
ses

(b) For ecach point p,s  we use the Bl for evaluating B (fis,s ) with
fls,s = min {,umm,max {M;,s (M),Mmm}} in first equation in the sys-
tem of equations above. Then wusing a non-linear root solver get
c(sipys_)sl(sspys_),E(sspy8_ )i/ (sspy8_), B(p,s_) as 48 + 1 unknowns in
45 + 1 equations.

(c) Lastly we update {Bg“(-)} by interpolating the B(u, s) that we solved in the pre-

S

vious step.

34Gince the natural debt limit implies that a pimaez = 00, our p grid, [Mmim umaz] ensures that the implied debt
limits are tighter than the natural debt limit
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(d) Iterate until sup,, , [|BI"! (1) — BL ()] < 1le—5

4. To check that our solution to the first order conditions is a global maximum, we compute
the value function for the government using the policy rules solved in steps 1-4 and use
a numerical global optimizer to confirm that the solution to the first order condition also

achieve the maximum value for the government.
5. The time-0 problem is solved using the time 0 first order conditions and our approximation
of the solution ¢ > 1 policy rules.
Competitive Equilibrium

Here we detail the methodology used to solve for the competitive equilibrium under the tax rule

in equation (51). Given the tax rule in equation (51)3° a competitive equilibrium satisfies

e “(1—m)0(se) =17,

(St) C?

qt—1

ct + g(st) = 0(st)ls.

c; 1 = PEi1

)

To compute the competitive equilibrium we begin by noting that, conditional on the shocks
g(st),0(s¢), the combination of labor leisure choice and the aggregate resource constraint pin
down ¢ and [ for any choice of 7. This implicitly defines the functions ¢(7,s) and I(7, s). The
lagged variables in equation (51) imply that the state variable for this problem will be at least
21 = (Te—1, Re—1,By1, 5¢-1).3 Our goal is to determine the 7(s;) that satisfy (51) conditional
on z;_1, however we face the immediate problem that many of the variables on the R.H.S. of (51)
are endogenous objects. Fortunately this reduces to solving a system of S non-linear equations
and S unknowns.

Begin with a guess of the equilibrium 7(s) given the previous state z . Output for each

realization of the aggregate shock s is given by y(s) = 6(s)l(7(s), s), while the return is

o —gls ) ")
R) = 55 15,5 )e(r (o), 5)

From equation (51) the prescribed tax policy can be computed as

7(s) = (1=pr)T+p-7_+pylogy(s)+py logy +pyg(s)+py g(s_)+prR(s)+pr R_+pp logB _

The competitive equilibrium is found by solving for the vector 7(s) such that 7(s) = 7(s) for
all s. For a given realization of the shock s the current state z is determined by using the

government budget constraint to solve for B(s) (as y(s) and R(s) were determined above).

35We additionally impose that government debt to GDP cannot exit the region [.1,3.]. The government will
only violate (51) if its debt level would exit this region and would set tax policy to ensure issued government debt
was set at the boundary of this admissible region. This event never occurs in our simulations and the numerical
procedure to do this follows identically to what is described below.

36yt_1 is not required as 7:—1 and s;—1 jointly determine y;_;.
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Figure I: Using the quadratic approximation (red line) and a more accurate global approximation
(black line), the top, middle, and bottom panels plot smoothed kernel densities (left side) and
decision rules (right side) associated with baseline parameters in Table I, high discount factor
(8 = 0.90) and large shocks (o = 4) settings. The right panel displays policies B(s,B_) — B_
for two values of s that correspond to the smallest and the largest pairs of (g(s),p(s)).
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Figure II: Fitted debt versus (H.P. filtered) average marginal tax rates
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1.2 Effective Debt

= Mean Path
== Formula
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Figure III: The solid line is the conditional mean path for effective debt, EqB; after averaging
across 10000 simulated paths. The dashed line is computed using the formula 52.
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Figure IV: Marginal utility weighted holdings of the risk free bond (solid line) and “stock market”
security (dashed line). Negative values implies that the government is shorting the security.
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Parameter Value Moments Values

g 0.25 mean government expenditure relative to output 25%
std. €4 0.01  std. of log government expenditures 2.6%
std. € 0.05 std. of returns of debt portfolio 5.1%
X 0.6  correlation of returns and log government expenditures  0.078

Table I: Parameters and moments used for comparing the accuracy of the quadratic approxima-
tions in the quasilinear economy.
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Param Value Moment Model Data

Log Output
oL 0.02 std. dev 1.7%  1.6%
Po 0.35 auto corr 0.23 0.23
Returns
op 0.05 std. dev 52%  5.1%
Xp 0.25 corr with logy, -0.008 -0.004
Log expenditures
g 0.25 mean g /y; 25% 25%
o 0.02 std. dev 2.6%  2.6%
Xg -0.2 corr with logy;  -0.14  -0.15

Table II: Parameters and targeted moments in the competitive equilibrium with fitted U.S. tax
policies.
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Parameter Value
T 0.25 (0.021)

pr 0.19 (0.14)
Pys Py 0.09 (0.08),0.21 (0.08)
Py Py 0.11 (0.06), 0.11 (0.06)
PR> PR 0.04 (0.03), -0.02 (0.03)
PB_ 0.02, (0.05)

Table III: OLS estimates for tax rule. The numbers in brackets are standard errors.
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Moments Baseline 1 yr. yields Risk-free bond

global quadratic VAR  global quadratic global quadratic

solution  approx. solution  approx. solution  approx.

Effective debt, B;

mean -7% -™% -6% -24% -23% -42% -42%

half-life (years) 237 244 249 655 678 1244 1299

std. 18% 20% - 25% 33% 18% 46%
Tax rates, Z;

mean 20% 20% - 20% 20% 20% 20%

half-life (years) 263 244 - 667 678 1234 1299

std. 0.2% 0.4% - 0.3% 0.7% 0.2% 0.9%

Table IV: Ergodic moments for effective debt and tax revenues.
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Parameter Value

ay 20.83
ay 0.50

cov(R,logy)/var(R) 0.063
cov(R, x)/var(R) -0.006
var(R) 0.003

Table V: VAR estimates
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global  quadratic
Portfolio holdings solution  approx
risk-free bond -42.40%  -43.00%
risky asset -0.05% 0.06%

Table VI: Ergodic portfolio using global solution and formula (48)
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