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Abstract

We estimate a New-Keynesian model with heterogeneous agents to study the
impact of level and volatility shocks to fiscal policy on the term structure of in-
terest rates and bond risk premia. We derive three key insights from the theoret-
ical model. First, government spending level shocks generate positive covariance
between marginal utility to consume and inflation, making nominal bonds poor
hedges against consumption risk and result in positive risk premium. Second,
variability in the nominal term premium is caused by variation in the real term
premium while inflation risk premium is remarkably stable over time. Fluctua-
tion of the real term premium is entirely driven by government spending volatility
shocks. Third, at the zero lower bound (ZLB), impact of level and volatility shocks
to government spending are amplified. This is especially pronounced for volatility
shocks producing substantial bond risk premium when the ZLB is binding.
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1 Introduction

Fiscal policy shocks and fiscal volatility shocks have first order effects on economic activ-
ity. Government spending and taxation can impact corporate investment-borrowing choices,
household consumption-saving behavior, and economic aggregates such as inflation. The
study of fiscal policy commands a large area of literature in economics.ﬂ The majority of
papers focuses on optimal taxation or government spending and its impact on the output
multiplier or consumption. Similarly, uncertainty about government spending and tax rates
can alter the decision-making process faced by economic agents and firms. |Bloom| (2009))
finds productivity uncertainty shocks produce large fluctuations in aggregate output and
employment. More recently, Fernandez-Villaverde, Guerron-Quintana, Kuester, and Rubio-
Ramirez (2015) show that unexpected increase in the return on capital tax rate uncertainty

has strong negative impact on outputE]

The link between fiscal policy and policy uncertainty with the term structure of interest
rates, on the other hand, is less well established. |Dai and Philippon| (2005) provide empirical
evidence of fiscal deficits driving nominal yield curve dynamics in a no-arbitrage affine macro-
finance model, but the model does not accommodate endogenous inflation, which |Piazzesi
and Schneider| (2007) document to be the main risk factor in generating bond risk premium.
Furthermore, given that monetary policy is at the zero lower bound (ZLB) and the high
political uncertainty in the U.S., the impact of fiscal level and volatility shocks on bond risk
premia has never been more relevant. In this paper, we estimate a dynamic stochastic general
equilibrium (DSGE) model to investigate the effects of fiscal policy and policy uncertainty on
the term structure of interest rates and bond risk premia. We focus on three specific aspects
of fiscal policy: government spending, taxation on the return of capital, and the systematic
response of the fiscal authority to debt and spending.

Through the lens of the estimated model, we document three main findings in this paper.
First, shocks to government spending generate positive inflation risk premium as inflation
is high precisely when consumption declines. Second, time-series variation of nominal term
premium is largely driven by time varying real term premium, while inflation risk premium is
much more stable. Government spending volatility shock is the primary factor in generating
real term premium fluctuations. Third, when the nominal short rate is at zero, consump-

!Papers in this field is too numerous to list. See [Barro| (1974)), |[Aschauer| (1985)), |Aiyagari, Christiano, and
Eichenbaum, (1992), Baxter and King| (1993)), |[Ramey and Shapiro| (1998), |Gali, Valles, and Lopez-Salido| (2007]),
Christiano, Eichenbaum, and Rebelo| (2011)) for equilibrium examples.

“Following the literature (see e.g., [Fernandez-Villaverde, Guerrén-Quintana, Kuester, and Rubio-Ramirez| (2015)))
we interpret the unexpected changes in the time-varying volatility of the fiscal instrument (e.g. government expenditure
) innovations as a representation of unexpected variations in uncertainty about fiscal policy. We also use the term
“uncertainty” as shorthand for what would more precisely be referred to as “risk”. See also|Bachmann, Bai, Lee, and
Zhang| (2015) where the authors quantify the welfare costs of fiscal uncertainty in a neo-classical stochastic growth
model.



tion, inflation, and interest rate reactions are more pronounced following level and volatility
shocks to government spending, implying larger bond risk premia. This is especially true for
volatility shocks, which account for a non-trivial portion of the average bond risk premium
at the ZLB.

The theoretical analysis is conducted in a general equilibrium model with production.
Ricardian equivalence in the model is disrupted by introducing a class of agents with limited
market participation. The heterogeneity of the consumers follows Mankiw| (2000)), such that
they consist of optimizing households who have the ability to save by purchasing nominal
bonds and invest in capital, as well as rule-of-thumb households who are constrained to
consume their entire after-tax labor income. The households are called savers and spenders,
respectively, and the presence of the spenders leads to fiscal policy non-neutrality such that
debt versus taxes financing by the government is nontrivial. Each period, both types of
households decide the quantity of goods to consume and the hours of labor to supply in
order to maximize their lifetime utilities.

The production sector is in line with the standard New-Keynesian stochastic growth
model. The productive function is Cobb-Douglas employing transitory productivity shocks
and permanent labor productivity shocks. The intermediate-good firms adjust prices ac-
cording to the Calvo (1983) process, under which only a fraction of the firms are allowed to
maximize present value of their expected profits by choosing the optimal price each period.
This mechanism induces monetary policy non-neutrality with respect to the real economy
allowing us to make comparisons between fiscal policy and monetary policy impacts. The
monetary authority sets the nominal short-term interest rate using a simple Taylor rule with
contemporaneous feedbacks from inflation and the output gap plus a monetary policy shock
which represents any unexpected deviations of the nominal short rate. The fiscal author-
ity chooses the amount of current period lump-sum taxes to collect. Government revenue
is a combination of the lump-sum transfer and tax on the return of capital such that the
government budget constraint is satisfied. Government spending is exogenous and shocks to
government spending exhibits stochastic volatility following an autoregressive process.

We solve the model using the standard macroeconomic technique of approximation around
the nonstochastic steady state, or perturbation methods (see Schmitt-Grohe and Uribe
(2004)). A first-order approximation of the model and bond price (i.e., a log-linearization)
eliminates the term premium entirely and a second-order approximation to the solution of
the model and bond price produces a term premium that is nonzero but constant. Since in
this paper we are not only interested in the level of the term premium but also in its volatility
and variation over time, we compute a third-order approximate solution of the model and
bond prices around the non-stochastic steady state using the pruning algorithm suggested by
Andreasen, Fernandez-Villaverde, and Rubio-Ramirez| (2016). Importantly, provided the lin-



earized solution is stable, Andreasen, Fernandez-Villaverde, and Rubio-Ramirez| (2016 pro-
vide closed-form solutions for first and second unconditional moments of the pruned DSGE
model. This allows us to estimate our model, approximated up to third-order, using means,
variances and contemporaneous covariances of macro and financial series within a generalized
method of moments (GMM) setting. Last but not least, the impulse response functions in an
economy approximated to third order depend on the values of the state variables. Motivated
by the situation of the United States in the aftermath of the financial crises, we take advan-
tage of this fact and we analyze the propagation fiscal shocks when our economy is already

at the zero lower bound (ZLB) of the nominal interest rate when it is hit by the innovation.

There are seven economic shocks driving the dynamics of the theoretical model: transitory
and permanent productivity shocks, monetary policy shocks, as well as level and volatility
shocks to government spending (as a share of output) and the tax rate of return on capital.
Since the impact of both productivity shocks and monetary policy shocks have been examined
in the equilibrium term structure literature, our analysis is centered on the four fiscal shocksﬂ
A positive level shock to government spending drives up demand of output, and it also
crowds out consumption of the savers as demand of debt increases. The wealth effect of
lower consumption increases the labor supply and depresses real wage. Investment declines
initially as labor supply increases but quickly rebounds to go higher. Increase in return
on capital generates a spike in inflation immediately after the positive shock is realized,
producing positive average inflation risk premium. On the other hand, a positive shock
to government spending volatility lowers government debt and inflation in our benchmark
model. Increase in spending volatility makes capital investment more attractive over debt
for consumption smoothing because government spending is expected to be high implying
higher future taxes. The oversupply of capital causes the real return on capital to decline,
while increase in labor supply puts downward pressure on real wage. This leads to lower
inflation as marginal cost of production decreases, generating negative average inflation risk
premium. Although the average risk premium is orders of magnitude larger stemming from
the level shock, the volatility shock to government spending generates almost all the time

variation in bond risk premium according to our variance decomposition.

Fernandez-Villaverde, Guerrén-Quintana, Kuester, and Rubio-Ramirez (2015) examine
the impact of fiscal volatility shocks on economic activity in a model without the saver-
spender dichotomy but with distortionary taxation on consumption, labor income, and return
on capital. They document that shocks to the return on capital tax rate volatility are the
dominant fiscal volatility shocks. Without complicating the model for asset pricing purposes,
we add distionary tax on capital return only in the model. However, in our model, level
and volatility shocks to the tax rate on return of capital contribute very minimally to the

3For example, see Rudebusch and Swanson| (2012), [Kung) (2015)), and [Hsu, Li, and Palomino| (2015).



magnitude and volatility of the nominal term premium.

The rest of the paper is structured as follows. The next section reviews the related
literature. Section |3] introduces the model. Section {4 discusses data and presents our solu-
tion method and estimation approach. Section [5| presents our results. Section [7] concludes.
Detailed derivations are deferred to the Appendix.

2 Related Literature

This paper belongs to a growing literature examining the relation between government
policies, economic activity, and asset prices. The joint modeling of the yield curve and
macroeconomic variables has received much attention since |Ang and Piazzesi (2003), where
the authors connect latent term structure factors to inflation and the output gap. More
recently, many term structure studies incorporate monetary policy elements in their models
using the fact that the nominal short rate is the monetary policy instrument. However,
these models are generally silent on the effects of fiscal policy on the term structure despite
evidence suggesting that it has nontrivial effects on interest rates. The primary contribution
of this paper is establishing the link between fiscal policy and risk premia on nominal bonds,
namely the term premium and the inflation risk premium. The model shows loose fiscal
policy and high government spending cause investors to demand higher returns in exchange

for holding Treasury securities.

This paper is most closely related to the literature on term structure and bond risk
premia in equilibrium. |Campbell (1986|) specifies an endowment economy in which utility
maximizing agents trade bonds of different maturities. When the exogenous consumption
growth process is negatively autocorrelated, term premia on long-term bonds are positive,
generating upward sloping yield curves because they are bad hedges against consumption risk
compared to short-term bonds. More recently, |Piazzesi and Schneider| (2007)), using [Epstein
and Zin (1989)) preferences, show that inflation is the driver that generates a positive term
premium on nominal long-term bonds. Negative covariance between consumption growth
and inflation translates into high inflation when consumption growth is low and marginal
utility to consume is high. Wachter| (2006) generates upward sloping nominal and real yield
curves employing habit formation. In her model, bonds are bad hedges for consumption as

agents wish to preserve previous level of consumption as current consumption declines.

Rudebusch and Swanson| (2008) and [Rudebusch and Swanson| (2012)) examine bond risk
premia in general equilibrium where utility-maximizing agents supply labor to profit-maximizing
firms to produce consumption goods. The best-fit model in the latter paper is successful in



matching the basic empirical properties of the term structure using only transitory produc-
tivity shocks. [Palomino| (2010)) studies optimal monetary policy and bond risk premia in
general equilibrium. More specifically, he shows that the welfare-maximizing monetary pol-
icy affects inflation risk premia depending on the credibility of the monetary authority in the
economy as well as the representative agent’s preference. Kung (2015) builds a equilibrium
model with stochastic endogenous growth to explain the impact of monetary policy shocks
on bond risk premium. [Hsu, Li, and Palomino| (2015) examine risk premia on real bonds
in general equilibrium. Calibrated to TIPS data, they find that productivity growth shocks
alone generate negative term premium on real bonds, but the presence of wage rigidities

makes term premium positive.

This paper is also related to the literature on the interaction between fiscal policy and
asset pricing. (Croce, Kung, Nguyen, and Schmid (2012) study the effects of fiscal policies in
a production-based general equilibrium model in which taxation affects corporate decisions.
They find that tax distortions have negative effects on the cost of equity and investment.
Dissanayake| (2016) empirically documents that firms with higher exposure to government
spending shocks earn higher risk premia. Whereas the empirical implications of Dissanayake
(2016) are derived within a two-sector model (similar in spirit to Papanikolaou, 2011) our
modeling approach is different, relying on heterogeneous agents with EZ preferences.

Our interest is different. We analyze the impact of government spending level and uncer-
tainty shocks on the term structure of interest rates. Our interest in fiscal volatility shocks is
motivated by [Fernandez-Villaverde, Guerron-Quintana, Kuester, and Rubio-Ramirez| (2015])
who uncover evidence of time-varying volatility in tax and government spending processes
for the United States and, using both a VAR and a New Keynesian model, document that
these fiscal volatility shocks can have a sizable adverse effect on economic activity. To the
best of our knowledge, our paper is the first attempt to evaluate the dynamic consequences
on the term premium of unexpected changes to fiscal volatility shocks.

Our paper also fits within a large literature that analyzes the importance of fiscal and
monetary policy shocks for explaining US macroeconomic fluctuations. Whereas most of the
existing empirical literature separately considers either monetary policy or fiscal policy (see
Rossi and Zubairy| (2011) for a discussion), our framework allows for a joint analysis of these
two shocks.

Our quantitative exercise relies on a full estimation of the model. In terms of estimation,
we follow the lead of Andreasen, Fernandez-Villaverde, and Rubio-Ramirez (2016) and em-
ploy a GMM method that matches data-driven moments to model-implied moments obtained
upon a third-order perturbation approximation of the policy functions. Closer to our work is
that of Rudebusch and Swanson| (2012)), who also use perturbation methods to solve a DSGE



model with EZ preferences and endogenous inflation to account for the dynamics of the yield
curve. Importantly |[Rudebusch and Swanson| (2012)) approximate the yields on bonds through
a consol. Since |Andreasen and Zabczyk (2015) show that a consol approximation of yields
may introduce approximation biases, this paper solves for the nominal bond yield at each

maturity.

3 The Benchmark Model

The New-Keynesian model is the workhorse of modern monetary economics. The micro-
foundations underlying the New-Keynesian framework generate frictions in the firm’s first
order condition relating its real marginal cost to its marginal product of labor. The resulting
output gap between actual output and output under flexible prices summarizes aggregate
economic activity. Furthermore, the output gap is forward-looking and is driven by the ex-
pectation of future output gap as well as the real short-term interest rate.E] The monetary
authority implements the Taylor rule and sets the nominal short rate as a function of infla-
tion and output gap. The nominal short rate in turn affects the real short rate thus making
monetary policy non-neutral with respect to output gap and the real economy. Finally, we
close the model with a fiscal authority which implements a fiscal policy rule that determines
the fraction of government obligations to be financed through taxes rather than new debt

issuance.

3.1 The Saver’s Problem

There are two types of households in the economy. Following Mankiw| (2000), we will call
them savers and spenders according to their budget constraints[’] The savers have the ability
to save current income in order to smooth future consumption by purchasing government
bonds. In contrast, the spenders are required to consume their entire after tax income. With
Epstein and Zin (1989), the representative agent of the savers maximizes lifetime utility by

solving the following:

max V(CY,NY) =

1—¢ 14w
st.  PC°+ PI 4+ QYB(t+1) + Py
= PWN +(1—1HPRIK? |+ Bi_1(t) + PV,

Col—w Nol+w 14 %
C B om [opa ]

4For a detailed exposition on the New-Keynesian framework, see [Clarida, Gali, and Gertler| (1999).
For the rest of the paper, we will interchangeably refer to savers and spenders as optimizing households and
rule-of-thumb households, respectively.



where the “o” superscript denotes the optimizing household. [ is the time discount factor, 1
is the inverse of the elasticity of intertemporal substitution (EIS), the Epstein-Zin parameter
~ is related to the coefficient of relative risk aversion (we discuss this parameter in detail
in Section , and w is the inverse of the Frisch elasticity of labor supply. A; is the time
varying parameter as a function of the permanent technology shock (Az _¢) in order to achieve

balanced path in the wage demand equation.

Cy and Ny are real consumption and labor, respectively. Iy denotes investment in real
terms. P, is the price level in the economy. By(t 4 1) is the amount of nominal bonds
outstanding at the end of period ¢ and due in period t + 1. W, refers to real labor income,
which is the same across households in the economy. 7; is real lump-sum tax collected by
the fiscal authority to keep the real debt process from exploding, and ¥, is dividend income
coming from the firms. K7 is capital and RF is the return on capital.

V/° is the value function of the dynamic programming problem for the representative saver,
and V%, is the “continuation utility” of the value function. The budget constraint states
that the agent has periodic after-tax income from labor, capital, and dividends as well as
bonds maturing at time ¢. The agent then decides how much to consume after taxes, how
much to invest, and how much to pay for newly issued bonds at time t at price le).

The nominal pricing kernel written in terms of return on consumption and return on labor

income of the savers-spenders economy with distortionary taxes is
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P¢ and P! are prices of the consumption and labor claims, and LI is labor income.

3.2 Wage Rigidities and Saver’s Optimal Wage Setting

Optimal price setting in the presence of wage stickiness is done through the following op-
timization problem. There is a continuum of optimizing households in the economy, indexed
by k. Each period, only a fraction, 1 — 6, of the optimizing households has the ability to



adjust wage demand optimally. The objective function is:
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where VVE’* (-) is the optimal nominal wage chosen at time ¢ and I}, is the wage index in
the case when Wt$’* is not adjusted optimally in following periods. 7, is the wage markup
parameter. M RSy, (k) is the marginal rate of substitution between consumption and labor
dis-utility. W} is the prevailing nominal market-clearing wage at time ¢, and NthrS is the
aggregate labor demand of the savers. The |Calvo| (1983)) style staggered wage setting is

standard in the macroeconomic literature.

The optimal wage demand equation for the savers is:

1
1 W, 1—77w 1—nw
[—1 — {W;—"w —0 (1;”_ “—li 1) }] HY = v, A"V CYY NG,
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In the above formulation, W, is real wage, II; is inflation, and v,, = % is the wage markup.

The equilibrium condition states that the optimal real wage is equal to the marginal cost of

providing an extra unit of labor (A} ~¥C?¥ N¢*) multiplied by a time-varying markup <yw%)
t

stemming from the monopolistic behavior of the savers in the labor market.

3.3 The Saver’s Investment Decision

In the saver-spender economy, the savers are also the owners of capital. They rent out cap-
ital to the firms in exchange for earning the return on capital, R¥. The capital accumulation

0
t+1

] |



equation is standard with convex quadratic adjustment cost, ®:

IO
K= (1— 5>Kfl+<b< i )Kfl,
Ktl

where ¢ is the rate of capital depreciation.

The saver’s optimal investment strategy has to satisfy the following equation :
[O

. [O IO
io= Ky |:Mt,t+1 [(1— ) t+1 1 ﬁﬂl{( 5)+®(;‘})_@ (-;;01> ;:}”7

where Q™ is the shadow price of investment, and @’ is the first derivative of the quadratic

adjustment cost function.

Similar to the standard investment first order condition from Q-theory, we derive here
the intertemporal relationship of investment’s () as a function of the return on capital, the
rate of depreciation, and the marginal rate of investment adjustment cost.

3.4 The Spender’s Problem

Without the ability to save through purchasing government bonds or investing in capital,
the representative agent of the spenders cannot smooth consumption intertemporally and
maximizes the following within-period utility over his/her lifetime:

cr 1—9 NT

y t+ B e
Zﬂ ( ]¢ Atliw)

while following a budget constraint such that

max F;

i

P.C{ + Piry = PW,N/,

(L ”

where the “r” superscript now refers to the rule-of-thumb household. After dividing through
both sides of the equality by the price level P;, this budget constraint says that, every
period, the saver is forced to consume his/her entire after-tax labor income sans the lump-
sum transfer. Notice that the parameters 5, ¥, and w are the same across both types of

households. The first order condition relating wage and labor supply is:

1 c
W, = 1 ki Ttl A;_wC;ngw'

This “intra-temporal” substitution between real consumption and labor supply is the same
across the two households. Therefore, there exists an unique real market wage in the economy.



3.5 Aggregation

The aggregate real consumption, labor supply and taxes in the economy can be expressed
by the following weighted average of the corresponding variables of each type of households:

Ce) Cy B &
log (At) = ,ulog(At)—i—(l ,u)log(At)
log(Ny) = plog(Ny) + (1 — ) log(NY)

where 1 denotes the fraction of rule-of-thumb consumers in the economy. Furthermore, since
investment and capital are unique only to the optimizing households, we differentiate the

aggregate quantities of investment and capital by the weighted averages below:

Invyy, = (1—p)Iy
Ky = (1-p)kKy.

Lastly, tax collection is the weighted average of tax revenue from the savers and the spenders

plus a lump sum transfer, 7,
Tax, = pTax;+ (1 - p)Tazy,
where
Tax] = 7+ 1 RIK;

Tax;, = ;.

3.6 The Firm’s Problem

There is a dispersion of firms, denoted by 7, with identical production technology in the
economy. With nominal price stickiness and monopolistic competition, each firm is faced

with the following optimization problem:

7]7326(15 E, Z asMEHs {Pt*(j)YtJrs(j) — Py [Wt+sNt+s(j) + Rf+sKt+s(j)} } (1)
s.t. Y;f-‘rs(]) = Zt-i-s[(t-i-s—l(j)ﬁ("41%]\/'1?-"-8(j))l_’i (2)
Vieuli) = () e )
p=| [ rtyma] T = [0 antar) o



Using Calvo (1983) pricing, a firm can choose to optimally adjust price to P;(j) with prob-
ability (1 — «) each period independent of the time elapsed between adjustments. The
objective function of the firm is simply profit maximization: revenue minus labor cost and
rent on capital. The within-period profits are discounted by the nominal pricing kernel and
the probability that the firm has not been allowed to adjust its price optimally up to that
period. Each period, with probability «, the firm is stuck with the price from the previous
period. The cash-flow stream is discounted by the nominal stochastic discount factor between
times ¢ and t+ s, M7, . P7(j)Yiss(j) is total sales for firm j at time ¢ + 5. Wy Nyis(j) and
RY ' Ki45(J) are the real labor cost of and the real rental cost of capital, respectively. Notice
real wage and real return on capital are determined in equilibrium with the households and

are common across all firms.

There are three constraints faced by the firm in optimizing its profit. Equation is the
production function of firm j, where Z; is the transitory productivity shock, the parameter « is
the capital share of input in the Cobb-Douglas production function, and A; is the permanent
productivity shock driving growth in the economy. Equation is the demand equation for
firm j’s output as a function of the optimal price it sets at time t. Lastly, equation is
the price aggregator as a weighted average of the optimal price at time ¢ and the sticky price
from time ¢ — 1.

P}(j) is the optimal price the firm j charges for one unit of the consumption good set at
time t. « is the probability in each period ¢+ s that the firm is not allowed to adjust its price
optimal so it has to keep charging P;(j). If a firm is not allowed to adjust its price optimally,
then it charges Pf(j) at time ¢ + s, as the price is not indexed. All variables indexed by
j is firm-specific. For example, Y;;s(j) means output of firm j at time ¢ + s given the last
time firm j was able to set its optimal price was at time ¢t. Without the index j, the variable
is common across all firms, such as the price level P, and the productivity shock Z;..
Finally, n determines the markup charged by the firm when it sets P;(j) due to monopolistic

competition.

Zy is the economy-wide productivity shock on output. Log productivity is an exogenous
AR(1) process such that
2 =log(Z;) = ¢.z1 + 026y,

with €,; ~ i.i.d. N(0,1). The log growth rate of the permanent productivity shock is ex-
pressed is the following AR(1) process with mean growth rate g,:

Aat = (1 - ¢a)ga + ¢aAat71 + Oa€ast »

with €, ~ i.i.d. AV(0,1).
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The firm’s optimal price setting behavior has to satisfy the following equation in the
presence of nominal price rigidities such that it can only adjust its price optimally each
period with probability a.

(e ()

_n_
n—1

F; and J; are recursively defined as

_1
@=ny b R k)R REF ) g,
¢ Z, A" ’

()

where v = is the frictionless markup and IT* is the inflation target of the central bank.

Y,
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3.7 The Market Clearing Condition

Jt = ]_—’—OZEt

In this economy, total output has to equal to total private consumption and private
investment plus total government spending:

}/t:Ct‘f‘]n'Ut—f—Gt. (6)

3.8 The Monetary Authority

Disengaging monetary policy neutrality by augmenting the saver-spender model with the
New-Keynesian framework, we assess the implications of fiscal policy on bond risk premia
in the presence of an effective monetary authority. The Taylor rule used by the monetary
authority to set the nominal short rate, R,El), in the model is:

ﬁ: R,El,)l pr E (1=pr)px Y, /A, (1=pr)pa »
R R II* Y/A ’

P
Py

target, Y is the steady state output, and u; is the monetary policy shock. The parameter p,

where R is the steady state nominal rate, II; = < > is inflation, IT* is the long-run inflation

is the autoregressive coefficient used for interest rate smoothing. The monetary rule is said
to satisfy the Taylor principle when p, > 1.E| Finally, the monetary policy shock follows an

5In the absence of rule-of-thumb consumers, that condition is necessary and sufficient to guarantee the uniqueness
of equilibrium. |Gali, Lopez-Salido, and Valles| (2004) provide detailed analysis of the conditions that guarantee the
uniqueness of equilibrium for an economy similar to the one considered here. The equilibrium is unique under our

12



autoregressive process of order one
N u
U = GuUs—1 + OuEL,

with € ~ iid AV (0,1).

3.9 The Government’s Budget Constraint

The government’s flow budget constraint balances resources with uses:
PTaz, + Q{"Bi(t + 1) = Bi1(t) + PG,

where G; is consumption by the government or government spending. G is not productive
in the model economy. Government spending as a fraction of output, g, = %, follows the
AR(1) process such that

ge1 = (1— %)99 + gt + €77 g 111

Ogirr = (L= 09)05 + 93001 + 03¢0 111,

where o, is stochastic volatility specific to the government spending shock, €,;, with mean
09. o is the time-invariant volatility-of-volatility.

The lump-sum tax is meant to be collected to keep the borrowing path of the government
from exploding. Following standard procedure in the literature, we specify the lump-sum tax

as a function of real debt.
7 = ppDi1(t) + pgGh,

where D denotes real debt such that D;_4(t) = B“Ti(t).

The capital tax rate is an exogenous AR(1) process with stochastic volatility:

7—tk+1 = (1 - (bﬂ'k)eT"C + (ZSTthk + eUTk’t+1€Tk,t+1

k k k k
Orkg41 = (1 — ¢ )92 + ¢, Orky 1 o, €ott+1 -

3.10 Equilibrium

The competitive equilibrium is characterized by the set of market clearing conditions:
composite labor, capital stock, bonds, and final goods. Furthermore, given prices and wages

baseline calibration of (u = 0.5, = 0.66).
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of other households, each optimizing household chooses the optimal allocation to solve his/her
utility maximization problem. Finally, given wages and prices of other firms, each firm
chooses the optimal production input to solve its profit maximization problem. In equilib-
rium, N = N;.

4 Inference and the observable variables

To estimate the deep structural parameters of our dynamic, stochastic general equilib-
rium model (DSGE) we rely on the generalized method of moments (GMM) using first and
second unconditional moments of macroeconomic and financial data. This section provides
a detailed description of the estimation method and discusses the data used to evaluate the

unconditional moments.

4.1 Data and Moments for GMM

The time unit is defined to be one quarter. We estimate the model using the following
quarterly time series: (i) log output growth, Ay, (henceforth, A denotes the temporal dif-
ference operator); (ii) log investment growth, Ainvy; (iii) log consumption growth, Ac; (iv)
the 1-quarter nominal interest rate, ry; (v) inflation, m; (vi) the slope of the term structure
proxied by the difference between the 10-year nominal interest rate, y§40), and the 1-quarter
nominal interest rate; (vii) the 10-year term premium from |[Adrian, Crump, and Moench
(2013). The appendix [A| provides more detailed information about the data used in the es-
timation of the model.

Our sample goes from 1970.Q1 to 2007.Q4. The starting date follows [Fernandez-Villaverde,
Guerron-Quintana, Kuester, and Rubio-Ramirez (2015)[] The end date is set to avoid the
complications created by the zero lower bound of the nominal interest rate. We devote Sec-
tion [6] to analyze the impact of fiscal innovations under the assumption that the economy is

already at the zero lower bound (ZLB) of the nominal interest rateﬁ

To estimate model parameters we use the mean, the variance and the contemporaneous

"We have also repeated our estimation exercise with moments computed from a longer sample period, from
1961.Q3 to 2007.Q4, and find that the results remain qualitatively the same.

8For an analysis of fiscal policy tools during the specific period covering the financial crisis and Great Recession
see |[Faria e Castro| (2016).
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covariances in the data as momentsﬂ Hence, we let

data,
¢ = | diag (data;data))
vech (data;data))

Letting 0 contain the structural parameters, our GMM estimator is given by

T ! T
. 1 1
Ocvv = argmingeg T Z @ — Elq (0)] | W T Z q — E'lq (0)]
t=1 t=1

Here, W is a positive definite weighting matrix and FE[g; (f)] contains the model-implied
moments computed as described in the following subsection. We use the conventional two-

step implementation of GMM by letting W = diag (§_1> in a preliminary first step to

obtain @5tp 1 where S denotes the long-run variance of %Zle ¢; when re-centered around
its sample mean. Our final estimates 65t°P 2 are obtained using the optimal weighting matrix

Wy = diag (S,;stlep 1), where Sy, 1 denotes the long-run variance of our moments re-centered

around F [qt (Hstep 1)] The long-run variances in both steps are estimated by the Newey-
West estimator using 10 lags, but our results are robust to using more lags.

4.2 Inducing Stationarity and Solution Method

The exogenous forcing processes A; displays a stochastic trend. This random trend is
inherited by the endogenous variables of the model. We focus our attention on equilibrium
fluctuations around this stochastic trend. To this end, we perform a stationarity-inducing
transformation of the endogenous variables by dividing them by their trend component.
Appendix describes this transformation and presents the complete set of equilibrium

conditions in stationary form.

To analyze the role of fiscal shocks and the implications for time-varying risk premia, we
solve our DSGE model using perturbation method (see [Schmitt-Grohe and Uribe (2004))/
Perturbation method approximates the solution of DSGE models by higher-order Taylor se-
ries expansions around the steady state. Given our interest in analyzing time-varying risk

premia, we employ a third-order Taylor approximation of the policy functions that charac-

9We have also repeated our procedure adding to the first and second moments used in the baseline estimation the
first and fifth autocovariances to capture the persistence in the data. Our point estimates do not significantly change
and the conclusion from model-implied moments remain qualitatively the same. Results are available upon request.

00ur model has a relatively large number of state variables and seven shocks. Because of this high dimensionality,
discretization and projection methods are computationally infeasible, so we solve the model using the standard
macroeconomic technique of approximation around the nonstochastic steady state — so-called perturbation methods.

15



terize the equilibrium dynamics of the model (see propositions 3 and 4 in |Andreasen| (2012])
for how stochastic volatility affects any type of risk premia in a wide class of DSGE mod-
els). However, higher-order terms may generate explosive sample paths thus precluding any
estimation method that, like GMM, relies on finite moments from stationary and ergodic
probability distribution (see e.g. Sims, Kim, Kim, and Schaumburg| (2008) for a discussion of
this issue within the context of second-order approximations). To ensure stable sample paths
(and existence of finite unconditional moments) we adopt the pruned state-space system for
non-linear DSGE models suggested by |/Andreasen, Fernandez-Villaverde, and Rubio-Ramirez
(2016). Intuitively, pruning means we are going to omit terms of higher-order effects than
the considered approximation order (third-order, in our case) when the system is iterated for-
ward in time.E] Provided the linearized solution is stable, |[Andreasen, Fernandez-Villaverde,
and Rubio-Ramirez (2016 derive closed-form solutions for first and second unconditional
moments of the pruned state-space of the DSGE. This is important since it allows us to
compute in a reasonable amount of time the unconditional moments for our DSGE model
solved up to third-order.

Since in our estimation we use bond prices for short-term and long-term maturities we
need to compute the yield curve implied by our DSGE model. To do so we exploit the
fact that bond prices beyond the policy rate, r;, do not affect allocations and prices (i.e.,
consumption, inflation, etc). Taking advantage of this property, we follow |Andreasen and
Zabczyk| (2015)) and we approximate our model by a two-step procedure, where we first solve
the model without bond prices exceeding one period and second recursively compute all

remaining bond prices based on
k i k—1
Qg ) = Et |: tsftJrl E—i—l ):| )

where Mtsft 1= Mt,t+17rt1ﬁ denotes the nominal stochastic discount factor, and M, ,.; denotes
the real stochastic discount factor. We let k£ = 2,...,40 quarters. The nominal yield curve
with continuous compounding is then given by y]fk) = —% log ng). We also compute the real
term structure based on

teat = Bi | My QU7

tyreal — +1,real

Finally, we define the 10-year nominal term premium to be the difference between the 10-year
interest rate and the yield-to-maturity on the corresponding bond under risk-neutrality. The

latter is computed by discounting payments by RED instead of the stochastic discount factor.

"For details on the pruning method, see|Sims, Kim, Kim, and Schaumburg| (2008) for second-order and |Andreasen,
Fernandez-Villaverde, and Rubio-Ramirez| (2016|) for higher-order approximations to the solutions of DSGE models.
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5 Estimation results

This section presents our main results in terms of parameter estimates, model’s fit and

impulse responses.

5.1 Parameter estimates

Given that we are dealing with a large model, we fix a small number of parameters to
values commonly used in the literature, see Table[I}Panel A. In particular, we set the average
fraction of spenders in the model to 50%, which is consistent with the value used by Mankiw
(2000) and |Gali, Valles, and Lopez-Salido (2007) and empirically verified by others. The
rate of depreciation on capital is 0.021 as employed by Kaltenbrunner and Lochstoer| (2010)
in the LRR I model with transitory productivity shocks. This value implies a steady-state
investment-output ratio of 21 percent. The capital share of intermediate output, &, is 0.33.
The following parameter values are standard in New-Keynesian models. The price rigidity
parameter, «, is 0.66. This means every period, two thirds of the firms in the economy are
not able to adjust their prices to the optimal level. The higher the «, the stickier the nominal
prices are. We also set the wage rigidity parameter, 6, to 0.66. The price markup parameter
resulting from monopolistic competition, 1, and the wage markup parameter in union wage
setting, n,, are both equal to 6. Hence, steady-state price and wage markup are both equal
to 20%. Consistent with previous studies, our calibrated parameters imply a steady-state
capital-output ratio, 4—};,, of about 2. Finally, according to the data, we set the government
spending-output ratio, ,, to 20.2%, and the mean of the tax rate, ., to 40%H

We estimate offline the processes for capital tax rate and for government spending. This
procedure has the benefit of ensuring that the latent fiscal (tax and government spending)
volatility factors maintain their intended economic interpretationﬂ Below we report again

the dynamics of our two policy instruments for reader’s convenience:

Tiy1 = (]_ — ¢x>0x + quxt + 601’t+1€z7t+1 (7)
Or i1 = (1= ¢5)05 + @oors + 0g€s 111 (8)

for € {g,7"} where g is government spending as a share of output, and 7% is the tax

12The unconditional mean of a model solved with third-order approximation generally differs from the the steady-
state value. The unconditional mean of investment-output and capital-output ratios are 26% and 2.3, respectively.

13 Alternatively we could have used macro and financial variables (bond yields) to estimate the full fledged model
and to smooth out the time-varying volatility in fiscal rules. This approach has two drawbacks. First, the size of the
state space in that exercise makes this strategy too onerous. Second, bond yields may potentially compromising the
interpretation of the filtered volatility in government spending and capital tax rate. On the other hand, our approach
disciplines the stochastic volatility to fit the observed government spending and capital tax rate data only.
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rate on capital income. These equations incorporate time-varying volatility in the form of
stochastic volatility. Namely, the log of the standard deviation, o,;, of the innovation to
each policy instrument is random, and not a constant, as traditionally assumed. The param-
eter 02 determines the average standard deviation of a fiscal shock to the policy instrument
x, m is the unconditional standard deviation of the fiscal volatility shock to instru-
ment z, and ¢? controls the shock’s persistence. Following Fernandez-Villaverde, Guerron-
Quintana, Kuester, and Rubio-Ramirez| (2015)), we estimate Eqs. and for each fiscal
instrument separately, and we set the means in equation to each instrument’s average
value (see Table [[}Panel A). We estimate the rest of the parameters following a Bayesian ap-
proach by combining the likelihood function with uninformative priors and sampling from the
posterior with a Markov Chain Monte Carlo.@ Table Panel B reports the posterior median
for the parameters along with 95 percent probability intervals. Both tax rates and govern-
ment spending as a share of output are persistent. E.g., the half-life of government spending
is around —log(2)/1og(0.97) = 22.75 quarters. Deviations from average volatility last also
for some time. The ¢,,s have an average standard deviation of 100 x exp(—4.987) = 0.68
and 100 x exp(—6.172) = 0.21 percentage point for tax and government spending, respec-
tively. A positive one-standard-deviation innovation e, increases the standard deviation
of the innovation to the fiscal shock to about 100 x (exp(—4.987 + 0.230)) = 0.86 and
(100 x exp(—6.172 4+ 0.112)) = 0.23 percentage point for tax and government spending, re-
spectively. These results are in line with |Fernandez-Villaverde, Guerron-Quintana, Kuester,
and Rubio-Ramirez (2015)) (see in particular their Table 1).

Table [[}-Panel C reports the estimates of the structural parameters in our model.
[Insert Table |1j about here.]

The estimation assign a relatively high value of 0.999 to . This value is needed in order to
obtain a sufficiently low mean value for the one-period nominal interest rate. The parameter
v is estimated to be 150. Since the representative agent in the model can earn labor income
as a mean to smooth consumption, his/her attitude toward risk is different than those who do
not supply labor. Following Swanson| (2012)), we adjust the risk aversion parameter by taking

into account the labor margin using the closed-form formula —%- + 274 with v = % The

1
1+ 1-1=2

representative saver’s true coefficient of relative risk aversion is therefore ~ 52. This may

wv

seem like a high value; however, other studies using Epstein-Zin preferences also typically

estimate a high coefficient of relative risk aversion: Piazzesi and Schneider| (2007)) estimate

Qpecifically, for government spending we adopt a beta distribution for ¢ and ¢, with mean 0.8 and 0.85 re-

spectively, a uniform distribution between —11 and —3 for 8, and an inverse gamma for ¢ with mean 0.1. Corre-
k

spondingly, for capital tax we use a beta distribution for ¢, and ¢, » with mean 0.85 and 0.8 respectively, a uniform

k k
distribution between —8 and —3 for 6] , and an inverse gamma for o, with mean 0.2.
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a value of 57, van Binsbergen, Fernandez-Villaverde, Koijen, and Rubio-Ramirez (2012) a
value of about 66, and [Rudebusch and Swanson| (2010)) a value near 110/

The estimation procedure picks a low value for the IES, 1/¢ =~ 0.23. The low value for the
IES helps to make consumption less volatile and real interest rates more volatile, both of
which improve the fit to the macro moments in the data. The higher interest rate volatility
also increases bond price volatility and improves the model’s fit to the finance moments. The
monetary policy rule coefficients on inflation, p,, is slightly higher than the typical value
of 1.5 used in the literature but still consistent with the estimates in [Smets and Wouters
(2007). The shock persistence and variance for transitory productivity, ¢, and o, are also
in line with, e.g., the estimates in Smets and Wouters| (2007)). Finally, our estimates imply
a substantial degree of adjustment costs in investment, in line with previous studies (e.g.
Del Negro, Schorfheide, Smets, and Wouters| (2007)) and [Smets and Wouters| (2007))).

5.2 Model’s fit

Given our GMM estimates, how well does the model fit the data? We address this
question by comparing a set of statistics implied by the model to those measured in the data.
In particular, we study the mean and standard deviation of the seven observable variables
included in the estimation, as well as of the long-term, 10-year yield. We also look at the
autocorrelations of these set of variables.

Table [2| report various model-implied moments, along with the corresponding empirical
moments for quarterly US data from 1970.Q1 to 2007.Q3. Panel A displays results for our
baseline model with fiscal uncertainty. Panel B displays results for the model where we shut
down the stochastic volatility channel. The table reports the median and the 90 percent
probability intervals that account for both parameter and small-sample uncertaintym

[Insert Table [2{ about here.]

Our benchmark model matches the mean and variability of the short-term rate and the
slope for the nominal term structure (all values fall within the 90% confidence interval). In
particular, the model is able to produce a sizable slope of 1.6%, a value almost identical to the

'5Andreasen and Jorgensen| (2016)) propose a slightly modified utility kernel for Epstein-Zin preferences to address
the puzzlingly high relative risk-aversion in DSGE models. We leave the analysis of such a utility kernel in our setting
to future research.

16We draw the structural parameters from a Normal distribution with a variance-covariance matrix obtained from
our second step GMM estimation procedure. The parameters governing the processes for the fiscal instruments are
obtained from the posterior distribution reported in Table [[}Panel B. For each parameter draw, we generate an
artificial sample of the observable variables with same length as our data-set (152 observations) after discarding 50
initial observations.
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empirical one. The model also fits the mean of the long-term 10-year rate, but it falls short
when it comes to explain its variation. The good fit on the financial side is obtained while
simultaneously matching key moments for standard real macro variables. In particular, the
model slightly over-predicts the volatility of output but it matches fairly well the standard
deviation of consumption and investment as well as the mean of all the macro variables

(output, investment, consumption and inflation).

It is important at this point to recall that the unconditional mean of a model solved with
higher-order terms generally differs from its steady-state value. Our results for unconditional
mean in Table [2| correct for third-order effects and, thus, account for the non-linearity in the
model. The contribution of second-order effects to the mean of the variables in the pruned
approximation is particularly important for financial variables, and only to a lesser extent for
macroeconomic quantities[’] As an example, the median short rate as implied by our 2nd-
step GMM parameter estimates when we approximate the policy functions with first-order
terms only, is about 15.5% (with 90% confidence bands at 10% and 18%); this is a much
higher value than the one obtained in the pruned approximation that accounts for second-
and third-order effects (see again Table [2 - Panel A)[T

With respect to term premium, the model is overall quite successful in reproducing the
mean 10-year term premium of about 2%. In terms of second moments, the model is able to
account for up to .210/.544 =~ 39% of the term premium unconditional standard deviation.

It is important to observe that the good properties of the model with respect to the
volatility of the short rate, slope, and term premium are generated by stochastic volatility
in fiscal instruments and not by a higher variance in the shocks to the policy instruments.
To further substantiate this statement and to explore the effects of stochastic volatility,
Table [2}-Panel B considers the benchmark model without time-varying volatilities in fiscal

policies. In particular we set the unconditional variance in shocks to government spending

€T
o)

and capital tax rate 0,41 = 0, = 02 + 0%, with x € {g,7%}. In this way the unconditional
variance in fiscal instruments is comparable to the specification of our benchmark model with
stochastic volatility. Comparing Panel B with Panel A, we see that many of the moments
are not affected by the presence of stochastic volatility: e.g., the mean level of the term
premium and the slope of the term structure are almost unchanged by stochastic volatility.
A key difference, however, is a sizable decrease in the standard deviation of the short-rate,
the slope for the nominal term structure, and the term premium. Quantitatively, a model
without fiscal uncertainty is not able to match the variability in the short-rate and the slope

for the nominal term structure (the model-implied 90% confidence intervals do not include the

"The unconditional mean of the state vector is not further corrected by the third-order effects when, as in our
case, all innovations have zero third moments.

8The results for the moments of the baseline model approximated to the first- and second-order are available upon
request.
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data values). With respect to bond risk premium, a model without time-varying uncertainty
induces a decrease in term premium volatility from 9 basis points (see benchmark model,
Panel A) to 2 basis points, and it is able to account for at most .073/.544 ~ 13% of the
overall term premium volatility. Finally, not only a slightly higher variance in fiscal shocks
does not generate good properties in terms of second moments for the financial variables but
also it generates a too volatile investment series. Overall, time-varying volatility in fiscal

shocks seem to be an important driver for variation in the U.S. yield curve and term premia.

Returning to our benchmark case with fiscal uncertainty, we observe that, in terms of
autocovariances, the model strikes a balance between matching the high persistence of fi-
nancial variables and the low persistence of macroeconomic quantitiesEg] Table |2| reports
the numerical value of the first-order autocorrelation coefficient for all the quantities in the
model while Figure (1| displays the entire autocovariance function of the data (black line)
and the model (red line), along with the 90 percent intervals that account for parameter and
small-sample uncertainty within the model. The Figure includes all the observable quantities
used to estimate the model, as well as the long-term, 10-year yield. We see that the model
captures the decaying autocorrelation structure of these eight variables reasonably well. The
success is particularly impressive for the long-term rate and the term premium, for which the
data and model-implied autocorrelations lie virtually on top of each other. The model does
a fairly good job for output, consumption, and inflation, but does not capture the full extent
of the persistence in investment growth, and to a lesser extent, in the nominal short-term

interest rate.
[Insert Figure [1] about here.|

The model also generates a reasonable cross-correlation for consumption and term premia.
Figure [2| displays the cross-correlation function between the term premium and Ac; g, a
function of the lag k. For negative values of k, this is the correlation of the financial indicator
with future economic growth. If these correlations are nonzero, we say the financial indicator
leads the business cycle. The correlations on the left show that, in the data, the term premia
is positively correlated with future economic growth up to five year in the future. This cross-
correlation is positive and quite persistent in our model as well. The correlations on the right
are generally smaller, i.e. the data also suggest essentially zero values for the correlations of
the term premia with past economic growth. Consistently with this fact, our model assigns
a higher degree of uncertainty (i.e. the confidence bands widen) to the correlations on the
right (i.e. the relation between the term premia and past consumption growth) as compared

to the ones on the left (i.e. the relation between term premia with future economic growth) ]

19These moments are not used in the estimation and constitute an out-of-sample test of the model’s fit.
2OWe could have replaced consumption with output or the term-premium with slope and little changes. The
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[Insert Figure [2 about here.|

5.3 Impulse responses

A large literature in financial economics finds that bond risk premia are substantial and
vary significantly over time (see Campbell and Shiller| (1991) and (Cochrane and Piazzesi
(2005))); however, the economic forces that can justify such large and variable term premium
are less clear. In this section, we shed some light on this issue by examining the model’s
impulse responses to shocks. Importantly for our analysis, the pruned method applied to
higher-order approximations of DSGE models yields closed-form expressions not only for first
and second unconditional moments but also for impulse response functions (see Andreasen
et al. , [2016).

To understand the role of shocks for the term premium Figure [3| shows the impulse
responses of consumption, inflation, long-term bond yield, and the term premium to a positive
one-standard-deviation shock to government spending level (column 1) and volatility (column
2), and to capital tax rate level (column 3) and volatility (column 4); Figure [4] shows the
impulse responses to monetary policy (column 1), transitory and permanent productivity
shocks (columns 2 and 3, respectively). Each panel reports the impulse responses obtained by
considering only the linear terms (solid black line) as well as the impulse responses including
second- and third-order terms (red line). At the outset, it is interesting to observe that first-
order terms are the dominant ones for the impulse responses of macroeconomic quantities (i.e.
consumption and inflation) to transitory and permanent productivity shocks (see columns
3 and 4 in Figure : the solid black line shows that the first order terms provide a very
good approximation, indeed. However this is not anymore the case for government spending
level, capital tax rate, and, to a lesser extent, for monetary shocks: in this case the linear
terms often touch or even lie outside the confidence bands for the third-order approximation.
Also, for the term premium, the impulse response is zero to first and second order, so the
third-order terms are dominant. Similarly, non-linear terms are necessary to study impulse

responses to fiscal uncertainty shocks (see columns 2 and 4 in Figure |3)).

[Insert Figures |3 and [4] about here.]

consumption/term premium figure is a bit sharper and output/slope less so. Also, although the correlations in the
data are modest individually (the largest is about 0.23) they exhibit a clear pattern. See also [Backus, Routledge, and:
Zin| (2010)) for further evidence that a variety of equity and bond portfolios lead the business cycle. Finally, following
Backus, Routledge, and Zin| (2010)), Figure [1| displays the cross correlation of quarterly year-on-year growth rates and
term premia; this is a crude approximations to the Hodrick-Prescott filter often used in business cycle analysis. The
correlations are larger and smoother if we use year-on-year growth rates. However, the raw data would not change
the conclusion.
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There are two main takeaways from Figures 3| and [dl First, government spending volatility
shocks are the main driver of variability in the nominal term premium. By looking at the last
row, we see that government spending volatility shocks induce the largest fluctuations in term
premium; fluctuations induced by capital tax (level and volatility) as well as monetary shocks
are puny. Both government spending level and volatility shocks demand a positive, and quite
persistent risk premium. To understand the behavior of the overall term premium we look at
the covariance between the stochastic discount factor and the long-term bond price (i.e. the
first and third rows in Figure [3). Both level and volatility shocks to government spending
imply a negative covariance between the stochastic discount factor and the long-term bond

price, and hence a positive term premium.

It is important to recall that the overall term premium can be decomposed into inflation
risk premium and real term premium. Next, we investigate the behavior of inflation risk
premium in our model. To understand the sign of inflation risk premium, we analyze the be-
havior of consumption and inflation in response to a shock. The second key and novel result
conveyed by Figure [3| is that the relationship between consumption and inflation depends
critically on the nature of the underlying fiscal shocks: government spending level shocks
imply a negative correlation between consumption and inflation; government spending un-
certainty shocks imply exactly the opposite relation. Therefore, in our model, an increase in
government level spending implies that inflation is high exactly when savers wish to consume
more; but high inflation makes payoffs on nominal bonds low in real terms, and the positive
covariance between marginal utility of consumption and inflation generates positive inflation
risk premia. On the other hand, following a positive government uncertainty shock, consump-
tion and inflation move in the same direction, which in turn delivers a negative inflation risk
premia. The fact that fiscal volatility shocks command a positive nominal term premium
despite the negative inflation risk premium suggests that the real term premia account for

the bulk of variations of nominal term premia. This finding is consistent with Abrahams,
Adrian, Crump, and Moench (2015).@ We will return to this fact in Section .

Figure 4] shows the impulses responses to monetary, transitory and permanent produc-
tivity shocks. In short, these responses are in line with the literature. Column 1 shows the
impact of a one-standard deviation positive shock to monetary policy. The monetary policy
shocks cause consumption and inflation to fall, generating negative inflation risk premium.
However, the monetary policy shock generates minimal fluctuations in the nominal term
premium, see the fourth subplot in column 1. Column 2 of Figure |3| shows that an increase

in the transitory technology shock causes consumption to rise while causing inflation to fall,

2 Abrahams, Adrian, Crump, and Moench| (2015 present an affine term structure model for the joint pricing
of Treasury Inflation-Protected Securities (TIPS) and Treasury yield curves. Their baseline specification with six
principal components extracted from Treasury and TIPS yields, in combination with a liquidity factor, generates
negligibly small pricing errors for both real and nominal yields. For the contribution of real term and inflation risk
premia to the overall term premium see Figure 7 in their paper.
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generating positive inflation risk premium. The fall in inflation pushes up nominal bond
prices. Nominal bonds are risky because they lose value at exactly those times when the
marginal utility is the highest. This mechanism has been highlighted by |Piazzesi and Schnei-
der| (2007), and our results for transitory technology shocks are consistent with the finding
of [Rudebusch and Swanson| (2008). Finally, the bottom panels in columns 2 and 3 show the
time variation in term premium due to productivity shocks. A positive transitory productiv-
ity shock decreases the overall term premium while a positive permanent productivity shock

elevates the term premium.

We conclude this section by quantifying the relative contribution of each shock to the mo-
ments of macroeconomic and financial variables. To this end, Table[3reports the (generalized)
forecast error variance decomposition (see Lanne and Nyberg| (2016)) for a formalization of
generalized FEVD) obtained from our model@@ Similar to Table , we account for both
parameter and small-sample uncertainty.

[Insert Table [3[ about here.]

Table |3| shows that transitory productivity shocks are a key determinant of the volatilities
for macroeconomic quantities; shocks to the level of government spending and capital tax
rate represent an important important driver for output and investment standard deviation,
respectively. Turning to the term premium it is shocks to the volatility of government spend-
ing that drive the variation in the model, however. This result differs from [Rudebusch and
Swanson| (2008) who instead argue for a key role of transitory technology shocks. The Table
also shows the importance of computing term premium as the difference between the observed
yield to maturity on the bond and the risk-neutral yield to maturity. Had we approximated
the term premium with the slope of the yield curve, i.e. with the difference between the
yield to maturity on the long-term bond and the one-period risk-free rate, we would have
attributed a more prominent role to productivity, monetary and fiscal policy level shocks at
the expense of government spending volatility ones. The reason for this is that the slope is
an imperfect measure of the riskiness of the long-term bond because it can vary in response
to shocks even if all investors in the model are risk-neutral.

The results so far support the view that shocks to government spending volatility are the

main source of variation in term premium. With respect to the level of the slope and term

22We report the GFEVDs for a forecast horizon h = 20 quarters. Our conclusions do not qualitatively change
when we consider horizons h = 4, or h = 12 quarters.

23The task of measuring the contribution of each of the seven shocks in our model to aggregate fluctuations is
complicated because, with a third-order approximation to the policy function and its associated nonlinear terms, we
cannot neatly divide total variance among the seven shocks as we would do in the linear case. We follow |Fernandez-
Villaverde, Guerron-Quintana, Rubio-Ramirez, and Uribe| (2011)) and set the realizations of six of the shocks to zero
and measure the volatility of the economy with the remaining shock. We then compute the variance contribution of
each of the shock relative to the sum of the seven combinations explored.
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premium, in untabulated results, we observe that permanent productivity shocks counteract
the effect of transitory productivity shocks, consistent with Hsu, Li, and Palomino (2015).
Shocks to transitory productivity and government spending are the key drivers of the average
term-premium in our model. The contribution of monetary and capital tax rate shocks to

the average slope and term premium are puny.

To summarize, we find that stochastic volatility in government spending shocks can gen-
erate sizable variation in the term premium without distorting the ability of the model to

match key macroeconomic moments.

5.4 Inspecting the mechanism

We expand on the importance of fiscal shocks in our model by examining the impulse
responses of other endogenous variables. They are presented in Figures [f| and [6] for govern-
ment spending level and volatility shocks, and in Figures [7] and [§] for capital tax rate level
and volatility, respectively.

In Figure [f] following a positive government spending level shock, output rises but con-
sumption falls as the optimizing households saves more via government debt while anticipat-
ing higher taxes in the future. The negative wealth effect causes labor supply to increase
for both savers and spenders immediately after the positive spending shock is realized. Real
wage declines due to stronger labor supply. The precautionary savings motive also pushes
returns on capital higher as households save more. Firm’s marginal cost increases which leads
to higher inflation, as seen in Figure [3| column (1). At the same time, the positive spending

shock drives up demand for final goods, and firms increase labor input and investment.
[Insert Figures [5{about here.]

Volatility shocks to government spending, on the other hand, have different effects on eco-
nomic aggregates than the level shocks. In Figure [0 following a positive volatility shock,
consumption declines, but debt level also drops. Increased uncertainty about future govern-
ment spending makes debt less attractive than capital investment for consumption smoothing.
This is because volatility shocks raise the expectation of spending tomorrow, which implies
higher expected taxes. In this scenario, saving through government debt further increases
expected taxes through the fiscal policy rule. Unlike a positive level shock, a positive volatil-
ity shock causes returns on capital to fall, making capital input relatively cheap for firms in
producing final goods. This puts downward pressure on real wages via the capital-labor ratio
equation. As both marginal costs of capital and labor diminish, inflation declines.
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[Insert Figure [6] about here.]

The impulse response functions to a volatility shock of the capital income tax rate are
broadly in line with the findings of |Fernandez-Villaverde, Guerron-Quintana, Kuester, and
Rubio-Ramirez| (2015)): output, consumption, investment, hours, the real wage, and the short
rate (not reported) significantly fall after a positive standard-deviation innovation to tax rate
volatility.

[Insert Figures [7| and |8 about here.|

Next, we investigate the role played by rigidities in our model. In particular, Table
reports the median of the moments implied by a model without price rigidities (column (3)),
a model without wage rigidities (column (4)), and a fully flexible model (column (5)). The
value of the structural parameters is fixed at our GMM estimates in all cases.

[Insert Table |4f about here.]

We first focus on the trade-off implied by wage rigidities. Compared with our baseline model
(see column (2)), a model without wage rigidities (see column (4)) would increase the mean
of the term premium (see Panel A), and it would allow for a lower level of risk aversion. A
model without wage rigidities would also achieve a better fit in terms of financial variables
volatility. In particular, a lower degree of wage rigidities increases the volatility of short-
and long-rates, as well as that of term premium (see Panel B). However, the presence of
wage rigidities is necessary to achieve a good fit in terms of mean and standard deviation
of the slope, as well as a good fit for the investment volatility. Wage rigidities are also key
to generate a persistent series for inflation, short rate, and slope (see Panel C). In terms of
first moment (see Panel A), the models with and without rigidities (columns 3 to 5) have all
very similar implications for output, consumption and investment, as well as for long rates.
Also, rigidities do not significantly influence the persistence of long-term rates and of the
term premium. Comparing price and wage rigidities, we see that they mostly act in opposite
direction: absence of wage rigidities increases the volatility of macroeconomic and financial
variables, whereas absence of price rigidities dampens the standard deviations. Analogously,
when we look at the first moment, the presence of wage rigidities decreases the average term
premium and slope, whereas price rigidities (together with risk aversion) helps to increase

the term premium and the slope.
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5.5 The Importance of Fiscal Shocks for the Term Premium

Ex ante, productivity, fiscal and monetary policy shocks could all be very important
drivers of the term premium. Table |3| has already highlighted that, ex post, government
spending volatility shocks turn out to be the key driver of variation in term premium within
our model. To further substantiate our claim that government spending shocks represent a
key determinant of the term premium, we feed our model with the filtered shocks from the
estimated government spending dynamics, see Egs. and . Figure @presents the model’s
prediction for the term premium, together with the actual term premium. The left Panel
presents the term premium implied by our model fed with only shocks to the government
spending level, whereas the right Panel presents the premium implied by our model fed with
level and volatility shocks to the government Spending.@

[Insert Figure [9 about here.]

The figure shows how the government spending level shocks make the model able to track the
average term premium whereas the volatility shocks helps in capturing the variability of the
term premium. Also, the interaction of shocks to level and volatility captures the trending
down in the late 90s. To our eyes, (the fiscal shocks in) the model provides a tantalizing
account of the cyclical and longer-term fluctuations in the term premium.

We also quantify the relative contribution of real and inflation risk premia to the overall
nominal compensation. Figure (10| shows the result. The Figure superimposes the nominal

and real term premium, as well as their difference, the inflation risk premium.
[Insert Figure [10[ about here.]

The right chart shows that (at low and intermediate frequencies) real term premia account
for the bulk of variations of nominal term premia. The estimated real term premium declined
from about 1.5 percent to around one percent in 2007. Instead, inflation risk premia mostly
capture a level effect in nominal term premia. Hence, the compensation investors require for
bearing real interest rate risk — the risk that real short rates don’t evolve as they expected —

is the main driving force behind movements in nominal term premia according to our model.

24We estimate the parameters in Eqs. and following a Bayesian approach. The particle filter delivers draws
for the shocks. We feed each draw into the model; then, we compute the median and 95 percent probability intervals
for the model-implied premium.
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5.6 Policy Experiment

In this section, we perform policy analysis to examine the impact of fiscal and monetary
policy rules on the first and second moments of the nominal term premium. Specifically, we
focus on three parameters: the fiscal policy response to debt (py), the fiscal policy response
to government spending (p,), and the monetary policy response to inflation (pr). We plot
the comparative statics of these three parameters in Figure [[I} where the top subplot is for
Py, the middle subplot is for p,, and the bottom subplot is for p,.

[Insert Figure [11] about here.]

We make the following observations in Figure First, when the fiscal authority responds
aggressively to repay real debt by increasing p,, tax collection goes up and new debt issuance
declines. As a result, the unconditional mean and volatility of term premium decrease as bond
supply drops. Second, stronger fiscal policy response to government spending by increasing pg
leads to higher average term premium but negligibly lower variability of said term premium.
Financing of government spending through taxes as opposed to debt affects the intertemporal
consumption substitution of the savers. Because they are Ricardian, the savers would expect
lower taxes and higher consumption in the future under rational expectations. Thus, they
would want to consume more now and demand less Treasury debt, resulting in higher average

term premium.

Third, consistent with the findings of [Hsu, Li, and Palomino| (2015), robust inflation
response by the monetary authority, with higher p, in the Taylor rule, generates greater level
of average term premium while making inflation and inflation risk premium more stable.
The stability of inflation risk premium is reflected in the decline of nominal term premium
volatility with p, in the bottom subplot in Figure [11 On the other hand, stronger inflation
response also signals higher expected consumption growth for a given realization of shocks,
ceteris paribus. Therefore, households have the incentive to consume now rather than later,
causing real and nominal yield curves to be more upward-sloping and term premia to be
higher.

6 Government Spending Shocks at the ZLB

In this section we study the propagation of fiscal shocks when the economy is already at
the zero lower bound (ZLB) such that the nominal interest rate is zero. We examine the

response of selected endogenous variables to a positive one-standard-deviation innovation to
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the level and volatility of our fiscal policy instruments, namely government spending and

capital tax rate, while at the ZLB. We compute these IRFs as follows.

First, let’s denote the Generalized Impulse Response Function (GIRF) for any variable in
the model, call it var, in period t 4+ h following a disturbance to the i-th shock of size o; in
period t 4+ 1 as

GIRF s (h7 04, fft) =FE [Vart+h | Tty Ejt41 = Uz‘] - F [Val"t+h | Ty, €41 = 0]

where x; denotes the state variables in period ¢. |Andreasen, Fernandez-Villaverde, and
Rubio-Ramirez| (2016]) shows that the content of x; depends on the approximation order.
In particular, in a first order approximation, the GIRF are independent of the state of the
economy because the state vector x; enters symmetrically in the two conditional expectations
for computing each of these GIRFs. However, the GIRFs of an economy approximated to the
second- or third-order do depend on the values of the state variables. Thus, a key advantage
of computing second- and third-order approximations is that we can analyze the effects of
different shocks conditional on the state of the economy. The analysis that follows exploits
exactly this feature. More concretely, we simulate a long sample path of the pruned state-
space system. From this long simulated path, we obtain the states which implies that the
nominal interest rate is zero. Let’s call A the set of states that satisfy the ZLB criterion.
We then compute the GIRF,,, (h,0;,z;) for all z, € A and, finally, average the so obtained

responses 7|

Figure (12| shows the results under a first-order approximation and a third-order approx-
imation. Since in the former case the GIRFs are independent of the state of the economy,
responses under a first order approximation are identical to those in Figure[3] Responses un-
der a third order approximation, however, capture state dependence. It should be interpreted
as the difference between two paths: (i) a path (with no shock to the policy instrument under
analysis) that brings the economy to the ZLB, and (ii) a path with the same state variables
evolution, plus a one-standard-deviation shock to the policy instrument. The difference gives
us the effect of a fiscal shock at the ZLB.

[Insert Figure [12[ about here.]

We contrast the reactions in Figure [I2] with those in Figure [3] The first observation that
stands out is that when the economy is at the ZLB, impulse responses are stronger, especially

25Other approaches to analyze the behavior at the ZLB have been proposed, e.g., in |[Ferndndez- Villaverde, Guerrén-
Quintana, Kuester, and Rubio-Ramirez| (2015) and |Gourio and Ngo| (2016). We verify that our results are robust
to these alternative way to compute impulse response function conditional on the state of the economy. Results are
available upon request.
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for volatility shocks. Level shocks to government spending for example, induce a larger decline
in consumption and larger rises in inflation and long-term yields in the first column of Figure
consistent with the findings of |(Christiano, Eichenbaum, and Rebelo (2011)@ However,
for volatility shocks to government spending in the second column of Figure [12] impulse
responses are orders of magnitude stronger than their counterparts in Figure 3 At the zero
lower bound, government spending volatility shocks become as significant as level shocks in

driving economic dynamics.

Recall the term premium is defined as the covariance between marginal utility and long-
term yields. If yields are high when consumption is low, bond payoffs are low in bad states of
the world causing risk compensation to be positive. This is precisely what we observe in the
first column for level shocks to government spending in Figure [, and in more pronounced
fashion in Figure[12] When the economy is not at the zero lower bound, government spending
level shocks and transitory productivity shocks are the dominant drivers behind term pre-
mium, but when the ZLB is binding as shown in Figure [12, government spending volatility
shocks generate as much variation in consumption, inflation, and yields as level shocks. This
implies that volatility shocks to government spending is responsible for a substantial term
premium at the ZLB.

In the second column of Figure [12] consumption climbs while inflation and yields fall
after a positive government spending volatility shock is realized. When government spending
uncertainty is heightened, consumption smoothing through purchasing of government debt
is not desirable at the ZLB because bonds are expensive. Savers consume more and invest
more when the nominal short rate is zero. Higher consumption leads to lower labor supply
and higher real wage, but more investment results in lower return on capital. Inflation reacts
negatively to positive uncertainty shocks to government spending as firm’s marginal cost
declines. Expected consumption growth is low at the long horizon when the ZLB is binding
and long-term yields fall. Combining the effect of the uncertainty shock on consumption and
yields, we reach the conclusion that bond risk premium induced by government spending

uncertainty is positive.

7 Conclusion

We document that our DSGE model is successful in matching both basic macroeconomic
and financial moments in the data. Importantly for our purpose, the model is quite suc-

cessful in reproducing the average 10-year term premium, as well as its dynamic properties

26GIRF of output at the zero lower bound following a positive spending shock is not shown, but the fiscal multiplier
is larger than when the ZLB is not binding.
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as captured by the autocorrelation function. Stochastic volatility in government spending
allows to capture up to 39% of the overall term premium variability, whereas a model with no
stochastic volatility would account for at most 13% of the term premium volatility. Not only
fiscal level and volatility shocks produce a large and variable term premium; fiscal shocks
also emerge within the model as the largest source of term premium fluctuations, and drive

away other potential drivers of the term premium such as productivity and monetary shocks.

We also show that the relationship between consumption and inflation depends critically
on the nature of the underlying fiscal shocks: government spending level shocks imply a
negative correlation between consumption and inflation; government spending uncertainty
shocks imply exactly the opposite relation. Since the empirical relation between consumption
and inflation was large and negative in the 1970s and early 1980s, but much smaller in the
1990s and 2000s (see Piazzesi and Schneider| (2007)) and |Benigno| (2007))), our finding suggests
that the relative importance of transitory technology and government level shocks may have
been larger in the 1970s and early 1980s than over the rest of the sample where monetary

and government spending uncertainty shocks may have become dominant.

Finally, our analysis at the zero lower bound (ZLB) of the nominal interest rate reveals the
following two points. First, effects of fiscal shocks on macroeconomic variables are amplified
when the ZLB is binding. Second, this amplification is particularly sharp for fiscal volatility
shocks such that government spending uncertainty shocks produce substantial bond risk pre-
mium at the ZLB, on par with government spending level shocks and transitory productivity
shocks.

In all, we view our estimated DSGE model as an important step forward to understand
what state variables drive variation over time in bond risk premia. Our finding speak to the
key role played by shocks to the level and the uncertainty about fiscal policy.
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Figure 1: Autocorrelation Functions

Autocorrelation function of the observable variables in the baseline model and the data. The black line is the data. The solid red line is the
model’s median and the dashed lines are the model’s 5th and 95th percentiles. The sample period for the data runs from 1970.Q1 to 2007.Q4.
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Figure 2: Cross-Correlation Function - Consumption Growth and Term Premium

This figure plots the cross-correlation function between the term premium and Ac;_g, a function
of the lag k, in the baseline model and the data. The black line is the data. The solid line is the
model’s median and the dashed lines are the model’s 5th and 95th percentiles. The sample period
for the data runs from 1970.Q1 to 2007.QA4.
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Figure 3: Unconditional Impulse Responses to Structural Shocks

This figure plots the impulse responses of consumption, inflation, long-term bond yields and
the term premium to positive one standard deviation shocks to government spending level (g;),

government spending volatility (o7 ), capital income tax level (1) and capital income tax volatility
(o7).
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Figure 4: Unconditional Impulse Responses to Structural Shocks

This figure plots the impulse responses of consumption, inflation, long-term bond yields and
the term premium to positive one standard deviation shocks to monetary policy (u;), transitory
productivity to a one standard deviation transitory productivity (z;) and permanent productivity

(Aat).
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Figure 5: Unconditional Impulse Response Function - Government Spending Shock

This figure plots the impulse responses to a one standard deviation government spending level shock. The solid line is the median, while the
dotted lines are the 5th and 95th percentiles.
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Figure 6: Unconditional Impulse Response Function - Government Spending Uncertainty Shock

This figure plots the impulse responses to a one standard deviation government spending uncertainty shock. The solid line is the median, while
the dotted lines are the 5th and 95th percentiles.
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Figure 7: Unconditional Impulse Response Function - Capital Income Tax Shock

This figure plots the impulse responses to a one standard deviation Capital Income Tax level shock. The solid line is the median, while the
dotted lines are the 5th and 95th percentiles.
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Figure 8: Unconditional Impulse Response Function - Capital Income Tax Uncertainty Shock

This figure plots the impulse responses to a one standard deviation Capital Income Tax uncertainty shock. The solid line is the median, while
the dotted lines are the 5th and 95th percentiles.
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Figure 9: Term Premium - Counterfactual Analysis

This figure plots the model-implied term premium against the actual term premium for the period from 1970.Q1 to 2007.Q4. The solid red line
is the median, while the dotted lines are the 5th and 95th percentiles. The correlation between the data and the model-implied term premium
is 0.50 in the left panel and 0.54 in the right panel.
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Figure 10: Nominal vs Real Term Premium - Counterfactual Analysis

This figure plots the model-implied nominal and real term premium as well as the inflation risk premium from 1970.Q1 to 2007.Q4. The solid
lines correspond to the median, while the dotted lines are the 5th and 95th percentiles. The dotted blue line is the difference between the
median nominal and median real term premium.
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This figure plots comparative statics for term premium in the benchmark model. The responses of
term premium are shown by varying the fiscal policy response to maturing real debt (py), the fiscal
policy response to government spending (py), and the monetary policy response to inflation (pr).
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Figure 12: Impulse Responses to Structural Shocks at ZLB

This figure plots the impulse responses of consumption, inflation, long-term bond yields and
the term premium to positive one standard deviation shocks to government spending level (g;),
government spending volatility (o7 ), capital income tax level (1) and capital income tax volatility
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Tables

Table 1: Calibrated and Estimated Parameters

This table reports the parameter values for the baseline model.

Panel A: Calibrated Parameters

Coefficient = Description Value

m share of spenders 0.5

1 capital depreciation 0.021

K capital share of production 0.33

« share of firms with rigid prices 0.66

0 share of households that cannot set wage optimally 0.66

n markup parameter 6

Nw markup parameter 6

04 steady-state of government spending level 0.2022

0.« steady-state of capital tax rate 0.3737

Panel B: Separately Estimated Parameters

Coefficient  Description Value

bg autocorrelation of government spending level 0.975
[0.955;0.995]

oy autocorrelation of government spending volatility 0.916
[0.829;0.973]

03 steady-state of government spending volatility -6.172

[-6.435; -5.905]

ol volatility of government spending volatility shock 0.112
[0.049;0.236]

Gk autocorrelation of capital income tax level 0.948
[0.902;0.993]

qb;k autocorrelation of capital income tax volatility 0.867
[0.781;0.933]

9§k steady-state of capital income tax volatility -4.987

[-5.281; -4.669]

O’;k volatility of capital income tax volatility 0.230

[0.124;0.376]
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Table 1 (continued): Calibrated and Estimated Parameters

This table reports the parameter values for the baseline model.

Panel C: Estimated Parameters

Coefficient  Description 1. Step GMM 2. Step GMM
153 time discount parameter 0.9997 0.9999
(0.046) (0.006)
P inverse of the elasticity of intertemporal substitution 4.5573 4.3581
(8.664) (1.243)
ol risk aversion 148.2430 149.9470
(133.773) (19.212)
w inverse of Frisch labor supply elasticity 0.8162 0.8160
(1.621) (0.207)
¢ capital adjustment cost 3.3265 3.2255
(8.875) (0.342)
T inflation target 1.0080 1.0090
(0.013) (0.001)
P Taylor rule coefficient on inflation 1.9612 1.9933
(0.669) (0.085)
Pa Taylor rule coefficient on output gap 0.0138 0.0142
(0.062) (0.006)
Pb fiscal response to debt 0.9823 0.9801
(0.801) (0.452)
Pg fiscal response to government spending 0.4043 0.4326
(0.925) (0.093)
b2 autocorrelation of transitory productivity shock 0.9943 0.9985
(0.040) (0.002)
O volatility of transitory productivity shock 0.0079 0.0079
(0.011) (0.001)
Ga autocorrelation of permanent productivity shock 0.1969 0.1702
(1.812) (0.179)
Ja steady-state of permanent productivity shock 0.0050 0.0050
(0.001) (0.001)
Oa volatility of permanent productivity shock 0.0025 0.0025
(0.026) (0.003)
bu autocorrelation of monetary policy shock 0.2482 0.2617
(0.472) (0.205)
Ou volatility of monetary policy shock 0.0015 0.0016
(0.010) (0.001)
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Table 2: Baseline Model Moments

This table reports the mean, standard deviations and correlations for observable variables in the baseline model. The sample period for the data is 1970.Q1 to 2007.Q4.
Mean are annualized.

Series Mean Standard deviation First autocorrelation
Baseline model Baseline model Baseline model
Data  Median 5th 95th Data  Median 5th 95th Data  Median 5th 95th
Output growth 1.655 2.035 1.446  2.540 1.671 2.017 1.575  3.960 0.244  -0.045 -0.183 0.103

Investment growth 1.992 2.024 1.341  2.632 4.071 4.853 3.166 6.646 0.539 -0.109 -0.243 0.048
Consumption growth 2.016 2.046 1.749 2344 0.972 0.978 0.838 1.559 0.335 0.102 -0.060  0.248

Short rate 5.908 5.451 2.817  7.707 1.446 0.916 0.696 1.605 0.910 0.633 0.488  0.824
Long rate 7.545 7.108 4.097  9.000 1.175 0.246 0.112 0.612 0.960 0.943 0.829  0.980
Inflation 2.007 2.089 0.620 3.716 0.429 0.521 0.361  1.189 0.734 0.682 0.494  0.878
Slope 1.637 1.633 0.010 2.616 0.927 0.791 0.619 1.171 0.706 0.583 0.431  0.740
Term Premium 2.064 1.685 0.011  2.375 0.544 0.086 0.022 0.210 0.924 0.908 0.824  0.962

Panel B: GMM 2.Step without SV

Series Mean Standard deviation First autocorrelation
Baseline model Baseline model Baseline model
Data  Median 5th 95th Data  Median 5th 95th Data  Median 5th 95th
Output growth 1.655 2.044 1.713 2.385 1.671 1.772 1.555 2.174 0.244  -0.047  -0.169 0.088
Investment growth 1.992 2.030 1.604 2.428 4.071 4.413 3.978 4.903 0.539 -0.176  -0.287 -0.053
Consumption growth 2.016 2.045 1.773  2.303 0.972 0.915 0.804 1.073 0.335 0.102 -0.046  0.237
Short rate 5.908 4.989 2.770  6.729 1.446 0.793 0.650 1.198 0.910 0.579 0.441 0.790
Long rate 7.545 6.789 4.362 8.204 1.175 0.177 0.095 0.452 0.960 0.931 0.816 0.975
Inflation 2.007 1.717 0.388 2.976 0.429 0.438 0.349 1.046 0.734 0.621 0.484 0.874
Slope 1.637 1.782 0.013  2.480 0.927 0.710 0.591 0.879 0.706 0.541 0.417  0.689

Term Premium 2.064 1.814 0.018 2.603 0.544 0.024 0.009 0.073 0.924 0.958 0.911  0.986
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This table reports the variance decomposition for the different structural shocks in the baseline model.

Table 3: Variance Decomposition - The Effect of Structural Shocks

Output growth
Investment growth
Consumption growth
Short rate

Long rate

Inflation

Slope

Term Premium

(1)
Only z
75.68
[70.94,78.71]
76.78
[71.09,81.48]
49.96
40.63,60.63)]
67.45
[60.49,72.00]
41.16
[11.31,76.02]
78.33
[73.85,82.48]
68.91
[61.05,74.31]
0.29
[0.09,1.06]

(2)
Only Aa
0.90
[0.50, 1.40]
4.49
[1.74,8.60]
31.07
[17.07,43.69]
1.08
[0.53,2.00]
14.39
8.29,21.30]
1.25
(0.62,2.26]
0.48
[0.09,1.96]
0.12
[0.06,0.22]

(3)
Only u
0.02
[0.01, 0.06]
8.13
[4.36,14.03]
0.47
0.24,0.97]
9.12
[5.03,16.61]
0.27
[0.16,0.44]
1.65
(0.48,6.00]
10.62
[5.63,19.30]
0.00
[0.00,0.00]

(4)
Only g
23.30
[20.38, 27.53]
1.25
[1.10,1.43]
17.77
[14.91,21.67]
16.12
[13.80,18.18]
40.88
[9.45,72.61]
12.10
[9.42,15.41]
12.31
[11.06,13.69]
9.31
[7.84,10.34]

()
Only o4
0.02
[0.02, 0.03]
0.62
[0.43,0.81]
0.10
0.08,0.13]
2.78
[2.11,3.67]
0.28
[0.12,0.50]
3.03
[2.28,3.95]
3.47
[2.66,4.51]
90.23
[89.40,91.16]

(6)
Only 7
0.08
[0.07, 0.09]
8.27
[7.62,9.04]
0.25
0.17,0.40]
2.96
[2.47,3.53]
1.83
[1.27,2.27]
2.81
2.35,3.42]
3.49
[2.97,4.06]
0.04
[0.03,0.05]

(7)
Only o,
0.00
[0.00,0.01]
0.24
[0.00,0.54]
0.00
0.00,0.01]
0.00
[0.00,0.00]
0.00
[0.00,0.01]
0.00
0.00,0.02]
0.01
[0.00,0.07]
0.00
[0.00,0.01]




Table 4: Data and Baseline Model Implied Statistics - The Effect of Rigidities

This table reports the mean, standard deviations and first auto-correlations for observable variables in the
baseline model.

Panel A: Mean

Rigidities

G @ @ G

Data Baseline No PR No WR NoR

Output growth 1.655 2.035 2.052 2.026 2.032
Investment growth 1.992 2.024 2.017 2.022 2.036
Consumption growth 2.016 2.046 2.048 2.025 2.043

Short rate 5.908 5.451 7.842 4.280 7.714
Long rate 7.545 7.108 7.572 7.528 7.543
Inflation 2.007 2.089 3.326 1.048 3.274
Slope 1.637 1.633 -0.140 3.248 0.382
Term Premium 2.064 1.685 -0.053 3.125 0.001

Panel B: Standard Deviation
Rigidities
(1) (2) (3) (4) (5)
Data Baseline No PR No WR NoR
Output growth 1.671 2.017 1.864 2.328 1.757

Investment growth 4.071 4.853 3.117 7.857 3.113
Consumption growth 0.972 0.978 1.057 1.149 1.059

Short rate 1.446 0.916 0.749 1.781 0.781
Long rate 1.175 0.246 0.238 0.415 0.244
Inflation 0.429 0.521 0.484 0.932 0.512
Slope 0.927 0.791 0.620 1.634 0.655
Term Premium 0.544 0.086 0.066 0.118 0.076

Panel C: First Autocorrelation
Rigidities
(1) (2) (3) (4) (5)
Data Baseline No PR No WR NoR
Output growth 0.244 -0.045 -0.004 -0.085 0.055

Investment growth 0.539 -0.109 0.085 -0.320 0.091
Consumption growth  0.335 0.102 0.053 -0.004  0.042

Short rate 0.910 0.633 0.667 0.313 0.622
Long rate 0.960 0.943 0.951 0.974 0.951
Inflation 0.734 0.682 0.653 0.343 0.609
Slope 0.706 0.583 0.587 0.250 0.548
Term Premium 0.924 0.908 0.900 0.938 0.904
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Data for the Estimation

We follow [Schmitt-Grohé and Uribe| (2012) and construct the macroeconomic observable variables used in the

estimation as:

9.
10.
11.
12.

Real Gross Domestic Product, BEA, NIPA table 1.1.6., line 1, billions of chained 2000 dollars seasonally

adjusted at annual rate. Downloaded from www.bea.gov.
Gross Domestic Product, BEA NIPA table 1.1.5., line 1, billions of dollars, seasonally adjusted at annual rates.

Personal Consumption Expenditure on Nondurable Goods, BEA, NIPA table 1.1.5., line 4, billions of dollars,

seasonally adjusted at annual rate. Downloaded from www.bea.gov.

Personal Consumption Expenditure on Services, BEA NIPA table 1.1.5., line 5, billions of dollars, seasonally

adjusted at annual rate. Downloaded from www.bea.gov.

Gross Private Domestic Investment, Fixed Investment, Nonresidential, BEA NIPA table 1.1.5., line 8, billions

of dollars, seasonally adjusted at annual rate. Downloaded from www.bea.gov.

Gross Private Domestic Investment, Fixed Investment, Residential, BEA NIPA table 1.1.5., line 11, billions of

dollars, seasonally adjusted at annual rate. Downloaded from www.bea.gov.
Civilian Noninstitutional Population Over 16, BLS LNU00000000Q. Downloaded from www.bls.gov.
Nonfarm Business Hours Worked, BLS, PRS85006033, seasonally adjusted, index 1992=100. Downloaded from

www.bls.gov.
GDP Deflator = (2) / (1).

Real Per Capita GDP = (1) / (7).

Real Per Capita Consumption = [(3) + (4)] / (9) / (7).
Real Per Capita Investment = [(5) + (6)] / (7) / (9).

Government spending data are from [Fernandez-Villaverde, Guerrén-Quintana, Kuester, and Rubio-Ramirez
(2015).

With regard to the financial variables, the Treasury yield data are from |Gurkaynak, Sack, and Wright| (2007)) (data
are available for download on the website http://www.federalreserve.gov/Pubs/feds/2006/200628/feds200628.
x1s) and the series for the 10-year Term premia is from |[Adrian, Crump, and Moench| (2013) (data available at

https://www.newyorkfed.org/research/data_indicators/term_premia.html). We thank the authors for making

these data available for download.


http://www. federalreserve.gov/Pubs/feds/2006/200628/feds200628.xls
http://www. federalreserve.gov/Pubs/feds/2006/200628/feds200628.xls
https://www.newyorkfed.org/research/data_indicators/term_premia.html

B Solving the Extended Model

B.1 Households with Epstein-Zin Preference

The savers’ optimization problem is:

1—v 11—
max  V(Ci, Ny) = {(1 —BU(Ce, No)' ¥ + BE, [V] T }

s.t. Z M3t+sPt+SCt+5 <E; Z Mgt+s(Wt+SPt+5Nt+S — PitsTivs + PysUits) |,
s=0 s=0
where
721
Ct = |:/ Ct 9 d]:|
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v, 1 ]t _
so. 1oy VT a-mert =0 (9)
oV 1 ] Tt o
o T )T - ACAT N S AME WP = 0 (10)
Vi 1 1—1 1%1/1’1 1-—49 1y -1 —y Vi $
Cr ) % [Vt } B ﬁ Ey [Vt+17] o _’Y)VH’IBCEH — AMg 1Py = 0. (11)
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Combining @D and (|10), I have the household’s intratemporal consumption and labor supply optimality condition:

Al-v) G/ _ ATVNY
via-g R WP

=W, = A, YCUNY.

Finally, combining @ ,(11)) and (12), I obtain the intertemporal consumption optimality condition:

- - — =
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To get the nominal pricing kernel, I solve for MfiH_l,
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B.2 Monopolistic Producers and Price Rigidities

There is a dispersion of firms, denoted by j, with identical production technology in the economy. With nominal

price stickiness and monopolistic competition, each firm is faced with the following optimization problem:

n}aax FEy |:Za Mt its (Pt () Yoy oo () — Wt+st(j)Pt+sNt+st(j)):| (14)

st Vi (J) = Zt+sNt+s|t(J (15)
—0

Y;ﬁ+5|t(]) ( Pt+s ) Y:f+s (16)

P = UO Pt(j)lfgdj] R (1= )P (P ] 7 (17)

Using Calvo (1983) pricing, a firm can choose to optimally adjust price to Py with probability (1 — «) each period
independent of the time elapsed between adjustments. Furthermore, t + s|t denotes the value in period ¢ + s given
that the firm last adjusted price in period ¢t. IT* is the natural level of inflation that firms use to adjust their prices
to from period to period if they cannot optimally set the price, and Z; is the productivity shock on output. Log

productivity is an exogenous AR(1) process such that
241 = In(Zeq1) = P2t + 0262 141.

The first order condition for firm j is:

= s . * *\5 W, s ]
2 {ZO‘ Moy Yoy (4) (Pz ()" - ’/Pt+st+t(])>] =0, (18)

s—0 Zt+s

where v = % is the frictionless markup in the absence of price adjustment constraint. Utilizing (16)) and the fact

that Wi s¢(4) = Wigs, can be rewritten as:

pPr _ W
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or after manipulating :
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F}; can be recursively expressed as:
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Similarly, J; has the following recursive formulation:
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B.3 The System of Equations for the Model with Growth

The full model presented in this section has thirty-three endogenous variables:
{M, R, R, R", share, P°, P',C°, LI, N°, W,7,D,C",N",C, N, K, Inv, K°, Inv°,Y,®, & R! R Q, P 1, F,J M™™, yD},
I have a system of thirty-three equations resulting from equilibrium conditions, first order conditions and policy rules:

Pricing kernel,

Co — i—;;{; " T:J
My 1y = |B <Cot ) [Rf} (20)
t—1
R = (1—share;,_1)R{ + share; 1R, (21)
1
e = Gwmery =
(1—y)PILI,
c (1+P7)cy
Ri = “HoGe (23)
¢ Pt—lCt—l
1 = E¢Mis11Ri) (24)
1+ PHLIL
R = (71 25
t PtlflLIt—l ( )
1 = E¢[Myi1Rig4] (26)
Labor income,
LI, = W.N/ (27)
Fiscal rule,
o k pk -0
Tar, = m+7 R K/, (28)
Tax; = T (29)
Tt = ppDi1(t) + pgGy (30)
Wage setting of the saver,
L L
1 B -~ —Nw —Nw -~
—— W}l g Iﬁlt& HY = v, ALY CPV NP GY (31)
1-6 Tl
HY =1+ 0K, | M IY, ™ NEsy 0, Vet " H? 32
¢ =1+ 0k tt+11et+1 N T t+1 (32)

G} =1+ 0E;

- A\ 7Y (2 Y (NE T (NE s Wi \™
Mom pw Nw I, T Gy 33
tt+1de, 41 ( A, ) Co Ne N t+1 W, t+1] (33)

Wage indexing,
L7y =e% (34)
Marginal rate of intratemporal substitution of the spender,
W, = A7YCrYNT© (35)
Rule-of-thumb budget constraint,

Ctr = Wt Ntr — Tt (36)



Aggregation,

log(E) =

log(Ny) =
Tax; =
Kt ==

Inv, =
Production function,
Y:

Capital accumulation,

Capital adjustment cost,

P, =
o, =
Return on investment,
1 =
R{Qi1 =
1 = Q¥
Market clearing condition,
Y:
Government budget constraint,
Di1(t) =
Capital labor ratio,
Wi

Optimal price setting,

1—« Ht

Yip1

Cy cy
ulog(5~) + (1 — wlog()
plog(Nt) + (1 — p)log(NY)
uTax{ + (1 — p)Tax?
(1-pkK;?

(1 — ) Invy

= ZK{ (AN "

(1 —=0) + Pe) KV

o\ 1-1/¢
bl 4+ b2 (Invt)

(1-1/¢) \KP,

o\ —1/¢
b2 (I’f}”f )
thl

E¢[My,s11 Ry 1]

(1—7RE + Q. (1—5+<1>t —@;Im’f)

= Ci+ Inv: + Gy

Taxy — Gy + PU* Dy(t + 1)

(1 - K) Kthl
= R
K t Nt

1
(1—m) [E) k(1 _ o\~ (1—r) pKHr(1=K)
: <1 - (i) >:| Ft = ur (1 K) Rt Wt Jt

Z, AT

Ft =1 =+ aEt [Mgff_ﬁ (7) H?+1Ft+1:|

Y,

Jz:1+OAEt

Zy A" RKH " (Wi (1=r) Yit1 (1+7)
M — —_— ™",
tt+1 (Zt+1> (At+1 RK W, Y, t+1 Je+1

(42)

(44)

(45)

(51)

(52)

(53)

(54)



Nominal pricing kernel,
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where g;, u; and z; are exogenous shocks to government spending, monetary policy and productivity, respectively:
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To make the model stationary, output, consumption, investment, capital stock, real wage, real debt, government

revenue, and government spending need to be detrended by the permanent component of productivity, A:.
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Wage indexing,
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Government budget constraint,
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where ¢:, u; and z; are exogenous shocks to government spending, monetary policy and productivity, respectively:
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B.3.2 The Steady State System of the Model with Growth

The steady state of the pricing kernel block, with the exception of share, can be determined right away by noting

M = Be~%9+: Pricing kernel,
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In steady state, capital cancel out in the capital accumulation equation such that

® = e +6-1.

Given ® = §, the investment-capital ratio and ®' can be found using the adjustment cost functions
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Return on investment is also Be—#‘?a which allows us to find the rental cost of capital,
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To solve for the steady state inflation, we notice the following:
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From the Taylor rule,
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With steady state inflation given, equilibrium wage demand is:
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Capital labor ratio delivers capital in terms of labor input,
RO K Wer (128)
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Combining the production function and the market clearing condition, we can solve for steadying state labor by
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writing consumption, investment, and capital in terms of labor:

C+Inv

(Ke 9°)"N'™" = T8, (129)
1EKREK NN = 1_10g (ngl_u>1/w+{(ega+51bl)(l_bg/or/(U)lf,ig(N (130)
NYte = \;fiu {(1 04) 1ﬁﬁzy—[(69a+6—1—bl)(1_b21/o]</@1)1HH1§£}w (133)

where the second equality uses the fact that W= éwNW\Ill_ Labor is now written in terms of parameters and
known variables. Steady state captial can be calcualted using the capital labor ratio. Steady state investment can be

found using the adjustment cost function relating investment to capital.
Production function delivers the steady state output,

Y = (Ke 9)"N'™", (135)

Market clearing condition pins down the steady state aggregate consumption,

C = (1-6,Y — Inv. (136)

Steady state real debt can be calculated from the fiscal rule and the government budge constraint:

De % = Tax—0,Y +Be ¥9%D (137)

De ™ = pyDe ™% + pyf,Y + (1 — p)r* REKoe ™% — 0,Y + Be™"9*D  (138)
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- _ Ve _ k 17 —Ya

b o~ (1=pg)0gY — 0k R Ke (140)

(Be*w“]a + pbe*ga — efga)

2TCombining W= 577‘”N°“\11 and W = év’TwNW by taking logs and multiplying the former by 1 — u and the latter
by p. The sum of the two equations become:

A= +pw = (1—p)(be® +wn® +1log(¥)) + u(pe” +wn”)
o = Y[ = p)eo + pe] +w[(1 = p)n® + pn'l + (1 — p)log(¥)
W = YP+wn+ (1— p)log(V)
W = CYN“¥*,

where the third equality uses the fact that log(C') = ulog(C")+(1—pu)log(C®) and log(N) = plog(N")+(1—u)log(N°)
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Steady state lump-sum transfer is:

N (1—pg)0,Y — 60 RFKe 9

T P (Be9a + pp — 1) T pbeY (141)
Tax revenues are:
Taze = 7+0,.R°Kee 9% (142)
Tazr = 7 (143)
Tar = /ﬂ%—!—(l—uﬂ% (144)

Substituting the marginal rate of intratemporal substitution between consumption and labor for the constrained

type into the rule-of-thumb budget constraint, steady state consumption of the hand-to-mouth type is:

1
o = W(E;) _7F (145)
CT

which is a nonlinear function of C" and can be solved numerically. Once W and C" are known, steady state N" is

N" = (E)W (146)

~ 0g(C) — plog(C™)
Co = exp 147
an ()
0 log(N) — ulog(NT)}
N® = exp [ 148
a-w (149)
Finally, the following steady states are trivial:
—~ K
Ke = —— 149
e (149)
—~ Inv
Inve = 150
E=n (150)
LI = WN° (151)
share = ﬁ. (152)
Ll
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