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Abstract

Conditions of secular stagnation—low output growth ¢ and low interest rates r—have
counteracting effects on the cost of servicing public debt, » — g. Using data for ad-
vanced economies, we document that r is often less than g, but r — g exhibits substan-
tial variability over the medium-term. We build a continuous-time model in which the
debt-to-GDP ratio is stochastic and r < ¢ on average. We analytically characterize the
distribution of the debt-to-GDP ratio, showing how two candidate explanations for
low interest rates, slower trend growth and higher output risk, can lower the debt-to-
GDP ratio. When the primary surplus is bounded, we characterize a state-dependent
tiscal limit, above which default occurs. Slower trend growth improves debt sustain-
ability, while higher output risk reduces the interest rates for most of the equilibrium
levels of debt but also tightens the fiscal limit. A calibration for the US gives a fiscal
limit of 150-220 percent of GDP.

Keywords: secular stagnation, public debt, debt sustainability, low interest rates
JEL Classification: E43, E62, H68

“The views expressed in this paper are those of the author and do not represent the Federal Reserve
System or the Federal Reserve Bank of New York. This paper subsumes an earlier working paper with the
same title written for the Hutchins Center on Fiscal and Monetary Policy at the Brookings Institution. We
thank Ben Bernanke, Emmanuel Farhi, and Louise Sheiner for discussion on the earlier draft and seminar
and conference participants at Brown University, the Center for Equitable Growth, the European Meetings
of the Econometric Society, the European Central Bank, the Federal Reserve Bank of St. Louis, the IMF, and
the SED (Mexico City). We also thank Manuel Amador, Sushant Acharya, Isaac Baley, Javier Bianchi, Anmol
Bhandari, Olivier Blanchard, Fernando Broner, John Cochrane, Keshav Dogra, Gauti Eggertsson, Francois
Gourio, Kyle Herkenhoff, Guido Lorenzoni, Guido Menzio, Fabrizio Perri, Carmen Reinhart, Tom Sargent,
Christopher Sims, Ludwig Straub, Guido Tabellini, and Pierre-Olivier Weill for helpful discussions. Neil
Mehrotra also gratefully acknowledges the Brookings Institution for financial support.

tFederal Reserve Bank of New York, e-mail: neil. mehrotra@ny.frb.org

tBocconi University, Department of Economics, CEPR, IGIER, e-mail: dmytro.sergeyev@unibocconi.it

1



1 Introduction

A decade after the onset of the Great Recession, trend growth in advanced economies re-
mains historically slow, with economies saddled with increased levels of public debt. The
ongoing coronavirus pandemic is likely to push advanced country debt-to-GDP ratios
rapidly higher. Figure 1 shows the debt-to-GDP ratios for 19 OECD countries in 2000 and
2018. The majority of these countries exhibit a substantial increase in debt-to-GDP ratios
over this period. Japan has almost doubled its debt-to-GDP ratio to over 200 percent. The
increase is similarly stark in the US and UK, where debt-to-GDP ratios have increased
from 51 and 41 percent to 99 and 108 percent of GDP, respectively.! By historical stan-
dards, many advanced economies hold high levels of public debt. For these 19 countries,
the median level of debt has risen from 55 to 84 percent of GDP between 2000 and 2018.
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Figure 1: Core government debt-to-GDP ratio in percent for 19 OECD countries. Data sources: Bank for
International Settlements.

At face value, the combination of high levels of public debt and low GDP growth
would seem to be quite problematic for debt sustainability. However, advanced economies
have also benefited from historically low real interest rates. Before the pandemic, nomi-
nal interest rates lifted off the zero lower bound. Still, short and long-term rates stayed

In the case of the US, these figures include public debt owed to the Social Security Trust Fund. The rise
is similarly sharp if restricted to debt held by the public.
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relatively low, keeping the cost of debt servicing low for most advanced economies. This
combination of low growth and low real interest rates—sometimes labeled the secular
stagnation hypothesis (Summers, 2013; Eggertsson, Mehrotra, and Robbins, 2018)—carry
contradictory implications for debt sustainability.
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Figure 2: The right panel presents the unit public debt servicing costs, while the left panel shows the total
costs. Data sources: the OECD.Stat and the Bank for International Settlements.

A typical metric for judging debt sustainability is the gap between the real interest
rate paid on government debt r and the growth rate of real GDP g. For the US and most
other advanced economies, the cost of servicing public debt r — g is negative. Figure 2
shows both the total cost of servicing the debt and the unit cost of maintaining a stable
debt-to-GDP ratio r — g.2 For the US, real yields on 10-year government bonds averaged
about 0.5 percent between 2015-19, while underlying GDP growth rates have averaged
between 1.5 and 2 percent.

Suppose the interest rate on government debt is permanently below the growth rate
of the economy. In this case, the government can run a primary deficit of any size in
perpetuity or, equivalently, a government running in primary balance would see its debt-
to-GDP ratio shrink to zero. However, interest rates are not constant and, as emphasized
in Ball, Elmendorf, and Mankiw (1998), a Ponzi strategy of continuous rolling over the

2The latter is simply the unit cost multiplied by the debt to GDP ratio; it represents the real resources
needed to keep the debt-to-GDP ratio constant. We will refer to the unit cost of servicing debt as just the
cost of servicing debt.
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public debt is risky. A sudden rise in interest rates relative to growth with a large stock
of debt could quickly result in explosive debt dynamics. This paper aims to provide
a theoretical framework for assessing debt sustainability in an environment when, on
average, r < g.

Empirical facts. We start by summarizing some basic facts about the historical relation-
ship between interest rates on government debt and economic growth. Using the macro-
history database of 17 advanced economies recently assembled in Jorda, Schularick, and
Taylor (2016), we find that cases in which the real interest rate is less than GDP growth
and, hence, the cost of servicing the public debt is negative, are fairly common. Taking
five year averages, for all countries, roughly half the observations carry a negative debt-
servicing cost. These episodes are not driven by the World Wars, the interwar years and
the Great Depression, and, in the case of the US, the cost is negative nearly 70 percent of
the time in the postwar period. While the observation that debt servicing costs are nega-
tive in the US is not new (Ball, Elmendorf, and Mankiw, 1998; Blanchard and Weil, 2001),
this dataset shows that this fact holds for a much wider set of countries and, if anything,
is stronger in the postwar period.’

Despite the fact that » < g in the postwar period, the cost of servicing the debt still
exhibits substantial variability. The interquartile range for r — g is approximately five
percentage points, and the dynamics of r — g are characterized by substantial and rising
persistence in the postwar period. Given the high levels of public debt shown in Figure
1, a sustained reversion of  — g to levels of even 1 or 2 percentage points would require a
large swing in the primary surplus to stabilize debt to GDP ratios.

Model. Next, we study public debt sustainability in a continuous-time general equi-
librium endowment economy that is consistent with the empirical facts above, and that
produces closed-form solutions even with the aggregate risk. In the baseline version of
the model, output is modeled as an exogenous geometric Brownian motion. The govern-
ment is assumed to follow a fiscal rule (e.g., Bohn, 1995), and we separately consider rules
that ensure the safety of public debt at all future dates and rules that result in default in
certain states.

The public debt is considered sustainable if fiscal policy ensures that the household’s
transversality condition is satisfied and the net present value of the government’s pri-
mary surpluses equals the outstanding value of the public debt. We also consider a more
heuristic notion of sustainability (along the lines of official institutions like the IMF and
World Bank) where the public debt is sustainable so long as the debt-to-GDP ratio con-

3Mauro and Zhou (2020) extend this observation to a set of 55 countries over 200 years.
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verges to a stationary distribution. As we show, these notions of debt sustainability do
not neatly overlap; there are fiscal policies that are sustainable under the first definition,
but fail the second definition and vice versa.

No default. The transversality condition and the government budget constraint are sat-
isfied so long as the primary surplus responds at least linearly to the debt-to-GDP ratio.*
This requirement on fiscal policy turns out to be quite mild—the size of the (positive) pri-
mary surplus can be arbitrarily small at any particular debt-to-GDP ratio but must never-
theless scale linearly, implying unboundedly large primary surpluses as the debt-to-GDP
ratio becomes very large. Whether » > ¢ or r < ¢ does not matter for debt sustainability
in this case.

Assuming a particular fiscal rule in which fiscal surplus reacts in a stronger than lin-
ear fashion to the debt-to-GDP ratio, we find that the debt-to-GDP ratio evolves as an
Ornstein-Uhlenbeck process, the continuous-time analogue to a discrete-time AR(1) pro-
cess. In this benchmark case, the stationary distribution of the log debt-to-GDP ratio is
normal, where the mean depends on population growth, productivity growth, and the
variance of the output process in addition to the fiscal parameters. The variance of this
distribution depends only on the variance of the output process and the fiscal parameters.
This result allows us to perform comparative statics analytically.

The mean debt-to-GDP ratio is decreasing in population growth and increasing in pro-
ductivity growth when the elasticity of intertemporal substitution is less than one. Pop-
ulation growth and productivity growth have opposing effects on the debt-to-GDP ratio
due to their opposing effects on the real interest rate. Lower population growth leaves the
borrowing rate unchanged while directly lowering output growth, shifting the average
debt-to-GDP ratio higher. By contrast, when the elasticity of intertemporal substitution is
less than one, a decline in productivity growth has a more than a one-for-one effect on the
real interest rate, lowering the cost of servicing the debt and thereby reducing the average
debt-to-GDP ratio.

To the extent that higher uncertainty accounts for low real interest rates, we find that
the variance of the log debt-to-GDP ratio unambiguously increases with higher output
uncertainty. However, uncertainty also has an effect on the mean debt-to-GDP ratio that
depends on the coefficient of relative risk aversion. Higher uncertainty lowers the real
interest rate but this effect may be outweighed by an Ito’s lemma term due to Jensen’s
inequality that works in the opposite direction. For an elasticity of intertemporal substi-
tution that is close to unity (i.e. log preferences) and a coefficient of relative risk aversion
that rationalizes the equity risk premium, the interest rate effect dominates and higher

4This result has been noted in alternative models in Bohn (1998) and Woodford (1998).
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uncertainty results in a lower average debt-to-GDP ratio.

With a weaker fiscal policy that only scales linearly with the debt-to-GDP ratio, we can
still derive a well-defined stationary distribution if the debt-to-GDP ratio has a negative
drift term (roughly the case of r < g) and a lower reflecting barrier. In this case, the log
debt-to-GDP ratio follows an ordinary Brownian motion. The resulting stationary distri-
bution is an exponential—in levels, the debt-to-GDP ratio follows a Pareto distribution.

Following Wachter (2013), we extend the model to feature rare disasters to generate
downward jumps in output and, therefore, upward jumps in the debt-to-GDP ratio; such
jumps are characteristic of debt dynamics in the Great Recession and the 2020 coronavirus
pandemic. When the surplus is linear in the debt-to-GDP ratio and the drift term of the
debt-to-GDP is sufficiently negative, the debt-to-GDP ratio admits a stationary distribu-
tion that is Pareto. A higher probability of a rare disaster (or a larger output loss) have
competing effects on the Pareto tail; the direct effect of a higher probability of a disaster
fattens the Pareto tail, but the effect on the real interest rate reduces r — g thereby thinning
the tail.

We calibrate the baseline version of our model as well as its two extensions to the
US, fitting basic asset-pricing facts including the low safe real interest rate and matching
the size of the equity premium. We show that slow productivity growth can improve
debt sustainability by lowering real interest rates by more than its direct effect on growth.
Interestingly, a rise in output uncertainty that generates a 2 percentage point rise in risk
premia, actually lowers the mean debt-to-GDP ratio by nearly 10 percent in the baseline
model. This substantial quantitative effect comes from the effect of rising uncertainty in
depressing the safe interest rate. While the effects of slower population and productivity
growth on the mean debt-to-GDP ratio are quantitatively modest in the baseline model,
quantitatively realistic increases in risk premia have larger effects on the distribution of
the debt-to-GDP ratio.

Default. The assumption that the primary surplus (as a share of GDP) can be unbound-
edly large is a strong one, thus we consider the case that the primary fiscal surplus is
bounded above, a property that Ghosh, Kim, Mendoza, Ostry, and Qureshi (2013) labeled
as fiscal fatigue. To preserve tractability of the model and to highlight key results, we
assume that the only force that generates negative r — g is aggregate risk due to the risk
of rare disasters. The possibility of a rare disasters can make 7 — g is negative, but once
aggregate uncertainty is realized r — ¢ becomes positive.This time-varying probability of
disasters generates interest rate variation that can force a solvent government into default.

In the presence of a maximum primary surplus over GDP, an endogenous maximum
debt-to-GDP ratio emerges, labeled a fiscal limit. The fiscal limit is state-dependent be-
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cause it depends on the time-varying probability of disasters. Households refuse to pur-
chase government debt beyond this limit. For levels of debt below the limit, the interest
rate on government debt rises with the debt-to-GDP ratio reflecting default risk. As be-
fore, slower productivity growth or higher disaster risk can have counterintuitive effects
on debt sustainability. Lower trend growth relaxes the fiscal limit in all states, while in-
creased disaster risk reduces the fiscal limit but also reduces the drift of the debt-to-GDP
ratio by making government debt a more attractive hedge against disasters. Central to
this result is the competing effects of higher disaster risk on the risk-free rate and the
sovereign default premia.

Our model with default also gives rise to a flipping point level of debt—a debt-to-GDP
ratio above which r becomes greater than g. Elevated disaster risk has opposing effects
on the flipping point and the fiscal limit, raising the former and lowering the latter. In a
world where disaster risk rises, the fiscal limit falls compressing fiscal space. However,
because the flipping point has increased, the policymaker may observe a greater range
over which r < g. Calibrating our model to pre-pandemic (2019) US data and making
somewhat pessimistic assumptions: i) relatively high disaster risk (probability of 6.5 per-
cent annually), ii) zero recovery value in default, and iii) a maximum fiscal surplus of 5
percent of GDP, we nevertheless find substantial fiscal space. The fiscal limit is 222 per-
cent of GDP in low risk state and 144 percent of GDP in high risk state, and the flipping
point is 106 percent of GDP. Furthermore, our calibration highlights the potential benefits
of higher population growth. Reverting back to the postwar average rate of population
growth would push these various thresholds higher by more than 50 percentage points.

It is worth emphasizing that the object » — ¢ is not a sufficient statistic for the optimal
level of debt, and this paper does not attempt to address this issue.” In our model, the
policymaker follows a fixed fiscal rule. In particular, the class of fiscal rules we consider
allows for a fairly weak fiscal response to rising public debt consistent with a policymaker
that narrowly wishes to minimize the direct tax burden for a given level of government
expenditure and prefers to raise revenues via government debt, particularly when r < g.
Policymakers may favor debt financing because they perceive high economic efficiency
costs or political costs to taxes or sharp reductions in government spending. Policymak-
ers preference for debt financing over taxation seems clear for many advanced economies
that have accumulated large debts over the last several decades. US fiscal policy in par-
ticular has shown a clear preference for deficit financing since 2000.

The paper is laid out as follows. Section 2 presents basic statistics on the average
cost of servicing the public debt and its variability. Section 3 analytically characterizes

3See Barro (1979) and Lucas and Stokey (1983) for optimal debt policy with distortionary taxes. See
Bhandari, Evans, Golosov, and Sargent (2017) for optimal debt policy with heterogeneous agents and in-
complete markets.
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the relationship between debt dynamics and productivity and population growth as well
as output risk in the model where fiscal policy prevents default. Section 4 analyzes the
model with fiscal fatigue and sovereign default. Section 5 concludes.

Related Literature. This paper builds on a recent emerging literature on low interest
rates and secular stagnation. In particular, this paper is closely related to theories of low
interest rates that emphasize elevated safety premia. Our work is also related to a smaller
academic literature thinking about debt sustainability and budget deficits in the US.

The secular stagnation hypothesis was resurrected by Summers (2013) and formalized
using an OLG model with downward nominal wage rigidity in Eggertsson and Mehrotra
(2014). Recent work by Eggertsson, Mehrotra, and Robbins (2018) analyzes the sources
of low real interest rates in a quantitative life-cycle model.® While Eggertsson, Mehrotra,
and Robbins (2018) emphasize factors like low population and productivity growth in
accounting for low interest rates, Caballero and Farhi (2017) stress a shortage of safe assets
and an elevated risk premium in accounting for low interest rates. The papers takes a
view that low interest rates on government debt reflect the safety premium—investors
desire for a riskless asset. Thus, this paper is closer to the literature that emphasizes a
rising risk premium as the chief factor behind low interest rate.”

Our paper is also related to a literature that considers the implications of low real in-
terest rates for fiscal policy. Darby (1984) shows that the condition of r < g turns a famous
unpleasant monetarist arithmetic in Sargent and Wallace (1981) into a pleasant one. Abel,
Mankiw, Summers, and Zeckhauser (1989) argue that low interest rates on safe assets are
not inconsistent with dynamic efficiency. Blanchard and Weil (2001) provide a series of
analytical examples to show that even in cases when r < g due to the effects of uncer-
tainty, it may not be feasible for the government to play a debt Ponzi game. Bohn (1995)
shows that empirical tests of debt sustainability that rely on » < g are not appropriate in
stochastic economies—a finding that we build on in our analytical framework. Bassetto
and Cui (2018) and Brunnermeier, Merkel, and Sannikov (2020) analyze the consequences
of the fiscal theory of price level under low interest rates.

This paper is also related to a literature prominent in the late 1980s and 1990s concern-
ing the sustainability of large US deficits and rising US debt. See, for example, Auerbach
(1994) for a discussion of the large US deficits in the late 1980s and early 1990s and its
implications for the medium term fiscal outlook; Elmendorf and Sheiner (2016) assess the

6See Gagnon, Johannsen, and Lopez-Salido (2016) and Jones (2016) for quantitative models of low in-
terest rates due to demographic factors.

’See, for example, Del Negro, Giannone, Giannoni, and Tambalotti (2017) and Farhi and Gourio (2018)
for a quantitative analysis of how risk and liquidity premia account for low interest rates on government
debt.
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US budget outlook due to population aging. Using a stochastic equilibrium model, Hall
(2014) argues that forecasts of continuing increases of US debt-to-GDP ratio must be tem-
porary; otherwise, the government budget constraint does not hold. Hall and Sargent
(2011) analyze whether government debt is paid off, grown out, or inflated away using
a backward decomposition of the government budget constraint applied to the US data,
and Cochrane (2019) applies a forward-decomposition of the budget constrained to an-
swer this question. Using a stochastic discount factor that fits US historical asset prices,
Jiang, Lustig, Van Nieuwerburgh, and Xiaolan (2019) find that the market value of US
public debt exceeds the expected discounted sum of future government surpluses.

Finally, Woodford (1990) showed how high levels of debt may be welfare improving
and may crowd-in capital in the presence of financial frictions, while stressing the empir-
ical fact of low r relative to g for US government debt in the historical record. Angeletos,
Collard, and Dellas (2016) consider optimal policy when interest rates on public debt are
low due to financial frictions.

2 Stylized Factsonr — g

In this section, we briefly summarize some basic facts on the relationship between the
return on government debt and the growth rate of the economy. We show that, for ad-
vanced countries, r is frequently less than g and r — ¢ exhibits substantial variability over
time.’

The importance of r relative to g for debt sustainability can easily be seen by inspecting
the government’s flow budget constraint, expressed here in continuous time and featur-

ing no stochastic disturbances:
dBt = [T’tBt + (Gt — Tt)]di', (1)

where T; is real tax revenue (net of any transfers), G; is real government expenditures,
By is real government debt, and r; is the effective real interest rate paid on government
debt. Y; is gross domestic product (GDP), hence the debt-to-GDP ratio is B; /Y;. Along the
balanced growth path with constant interest rate and output growth, equation (1) gives
an expression for the primary surplus that keeps the debt-to-GDP ratio constant

Ho8 (g3
., VUV 8y;

8Mehrotra (2018) provides further empirical analysis on the risk of reverting to periods of r > g and the
historical relationship of » — g with both productivity and population growth.
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The difference between the return on public debt r and output growth rate g represents
the unit fiscal cost of servicing the public debt. If this difference is negative, then issuing
public debt raises real resources—higher levels of public debt reduce the tax revenues
needed to finance a given level of government spending or, equivalently, any primary
deficit can be sustained with a sufficiently large stock of public debt. However, if r > g as
typically assumed, the government must run a primary surplus to stabilize the debt-to-
GDP ratio.

2.1 Dataset

To analyze the behavior of r — g, we draw on the historical macroeconomic dataset of
Jorda, Schularick, and Taylor (2016).° This dataset provides macroeconomic and financial
variables for seventeen advanced economies including the US from 1870 to 2016.

To compute measures of the cost of servicing the debt r — g, we need a measure of
the ex-ante real interest rate. A three-year moving average of inflation is used as a proxy
for expected inflation in line with the approach in Hamilton, Harris, Hatzius, and West
(2016). The real interest rate is then the nominal measure from Jorda, Schularick, and
Taylor (2016) less the three-year moving average of inflation. When using annual data,
we drop extreme observations of r — g above ten percent and below negative ten percent.
By using a measure of long-term nominal rates, we are adopting a conservative measure
of cost of servicing the public debt; short-term nominal rates are considerably lower and
the effective interest rate on government debt will likely be lower than the long-term
nominal rate.!” The resulting dataset is an unbalanced panel of 2145 observations.

Table 1 provides basic summary statistics for the real interest rate, the population
growth rate and the real GDP per capita growth rate in the dataset. Values are shown
for all countries and for just the US. For all countries, the median nominal long-term rate
is 4.6 percent with a median inflation rate of 2.1 percent. For the US, both interest rates
and inflation rates are slightly lower than the global median. Population growth is some-
what higher in the US, as is per capita real GDP growth. Debt to GDP ratios are, on
average, slightly lower in the US.

Real interest rates (negative in the US) and population growth were in the bottom
quartile of the distribution of historical observations just before the start of COVID-19
pandemic. By contrast, the value of the US public debt-to-GDP ratio before the pandemic
of 80 percent of GDP are in the top quartile. Together, these levels of population growth
and real GDP growth along with high levels of debt-to-GDP seem problematic for debt

9Their data set is available from http: //www.macrohistory.net/data.
1970rda, Schularick, and Taylor (2016) provide a single long-term and short-term nominal rate. Interest
rates for all maturities or an effective interest rate on public debt is not available.
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Table 1: Moments of macro variables

17 Advanced Countries United States

Median 25th perc. 75th perc. =~ Median 25th perc. 75th perc.

Long-term nominal interest rate ~ 4.61 3.62 6.38 3.92 3.32 5.48
Inflation rate 214 0.11 4.39 1.75 0.00 3.51
Real interest rate 271 1.17 4.82 2.66 1.52 4.29
Real GDP per capita growth 2.01 0.28 3.82 1.89 -0.45 3.75
Population growth 0.80 0.44 117 1.39 0.97 1.91
Debt to GDP ratio 442 243 68.6 36.4 15.1 59.0
No. of observations 2145 134

Real interest rate is the long-term nominal interest rate less a three-year moving average of inflation rates. All
variables expressed as percentage points. Statistics based on data set after observations with fiscal cost more
than 10 percent or less than -10 percent are dropped.

sustainability; however, very low real interest rates have kept debt servicing costs quite
low.

2.2 Median Servicing Cost

Figure 3 plots the debt servicing cost for the US—long-term real interest rates less GDP
growth. The solid line shows this measure for the US where the real interest rate is cal-
culated using a three year moving average of inflation. The dashed red line is a five-year
moving average of the solid line to smooth out business cycle fluctuations. As the figure
shows, the cost of servicing the debt has frequently been negative historically and for a
large part of the postwar period. Indeed, the period between 1980 and 2000 is the ex-
ception; one of the few periods where real interest rates on government debt consistently
exceeded real GDP growth. In the postwar period, the fiscal cost measure displays less
volatility and greater persistence than the prewar or interwar periods.

Table 2 presents statistics on the fiscal cost of servicing the debt: r — g. We take aver-
ages over five year periods (non-overlapping) of r — g for the US and 16 other advanced
economies, presenting median values and ranges.!! As the table shows, over the full sam-
ple of advanced economies, the median value of r — g is nearly zero (eight basis points).
In the US, that median value (—16 basis points) has been negative over the past 140 years.
The finding that r — g is close to zero is not a function of historically extreme periods.
Excluding the world wars and the interwar years (including the Great Depression) leaves
the median value slightly higher for all countries and unaffected for the US. Limiting the
sample to only the postwar period, net fiscal cost becomes more negative for both the full

Five-year periods with fiscal cost above ten percent or below minus ten percent are winsorized at these
levels.
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Figure 3: US (unit) debt servicing cost r — g.

sample and the US.

Though the median value is negative, there remains substantial variability in the cost
of servicing the debt. Table 2 provides the interquartile range of » — g for both the full
sample and the US. The 75th percentile is roughly one percent in the US, while the 25th
percentile is substantially negative. These percentiles display the same level shift; » — g
is lower at each quartile than the corresponding figure for the all country sample. An in-
terquartile range of four to five percentage points demonstrates the substantial variability
in net fiscal cost.

Table 2 also shows the fraction of observations with a negative debt servicing cost or
a substantially negative cost (less than negative two percent). In the all-country sample,
half of the observations are negative and between 20 to 35 percent of five-year periods
feature a substantially negative value for the fiscal cost depending on the time period.
In the case of the US, these percentages are somewhat higher than those for the global
sample. Again, the percentage of years with a negative cost for the public debt are not
driven by the interwar years and the Great Depression, or the world wars. If anything,
the postwar period has featured a greater percentage of years with r — ¢ negative. Quite
remarkably, 70 percent of five-year periods in the US and 55 percent of five-year periods
across all advanced countries show negative net fiscal cost in the postwar period.

Nevertheless, values for r — g at the 75th percentile illustrate the perils of carrying
a high public debt level. Sustained periods of even relatively moderate levels of debt
servicing costs would require a substantial primary surplus to stabilize the debt to GDP
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Table 2: Moments of the debt servicing cost.

17 Advanced Countries United States

1870-1914, 1870-1914,
1870-2016 1946-2016 1946-2016  1870-2016 1946-2016 1946-2016

r - g (percent)

25th percentile -2.7 -1.8 -3.0 -2.2 -2.2 -2.2
Median 0.1 0.2 -0.8 -0.3 -0.4 -1.0
75th percentile 2.5 2.4 1.4 1.7 1.7 0.9
Fraction <0 49 47 58 52 55 71
Fraction < -2% 30 24 34 31 27 36
No. of observations 491 373 238 29 22 14

Real interest rate is the long-term nominal interest rate less a three-year moving average of inflation
rates. "Fraction < 0" is the fraction of years experssed in percent with negative debt servicing cost.
"Fraction < -2%" is the fraction of years with the debt servicing cost of less than negative two
percent. Statistics are based on the dataset after observations with the fiscal cost more than 10
percent or less than -10 percent are winsorized at thresholds.

ratio, particularly among countries at or above debt to GDP ratios of 100 percent. Here,
we have just treated r — g as a statistical object; in the next section, we turn to the question
of debt dynamics when r — g is determined endogenously.

3 Debt Sustainability without Default

In this section, we introduce a simple continuous-time general equilibrium model in
which aggregate output follows an exogenous geometric Brownian motion process and
fiscal policy ensures absence of default. We will first derive closed-form expressions for
the real interest rate on government debt, the return on risky assets, and the distribution
of the public debt-to-GDP ratio. Then we will present conditions that guarantee station-
arity of the debt-to-GDP ratio. We establish that stationarity of debt-to-GDP is not cleanly
related to a notion of debt sustainability that we provide below. Finally, we conclude this
section with a numerical exercise that assesses the importance of different forces that we
discuss.

3.1 Households

Time is continuous, infinite, and indexed by t. The economy is populated by a representa-
tive household with a continuum of identical infinitely-lived members whose measure N;
grows deterministically at a constant rate n with the initial value at time zero of one. The
members of the household derive utility from consuming and from holding safe and liq-
uid bonds that can only be supplied by the government. Each member of the household

13



is endowed with a unit of traded Lucas trees that yield dividends that follow geometric
Brownian motion:

@ = gydt + Udety, (2)
Yt
where gy is the growth rate of per capita endowment, 0]3 is the volatility of shocks to the

growth rate, and dZ; is standard Brownian motion. The initial value is yo. Total output Y;
equals to N;y;. We refer to y; as productivity. We draw a distinction between the growth
rate of output g that we have referred to earlier and the growth rate of output per capita
(or productivity), gy. In the model, average output growth ¢ is the sum of population
growth n and productivity growth g.

Financial markets are dynamically complete, i.e., agents have access to government-
issued liquid bonds, safe bonds, which are non-liquid, and a risky seculrity.12 The safe
bonds are assumed to be in zero net supply. Equity—a claim on a Lucas tree that pays
consumption goods at rate y;—is in positive net supply that increases at the rate of pop-
ulation growth. There is no international trade in either goods or assets.'

A typical household chooses paths for consumption {c; }, wealth {w;}, investments in
liquid, safe, and risky assets {b;, s, x;w; }, where x; denotes a fraction of wealth invested
in risky assets, to maximize

[e¥) 1—y
oemt |G 1y by
lEo/O e [ 1o +c, "yiu (yt>] dt, 3)

subject to the flow budget constraint
dw; = (rist + riby — ¢t — Tt — wn)dt + wixidry, 4)
and subject to the wealth breakdown into safe, liquid, and risky assets
wy = $¢ + by + xpwy, )

together with a no-Ponzi game condition that we express below. All the variables in the
above optimization problem represent per member of household quantities: c; is con-
sumption of a member of the household, w; is the financial wealth, b; is the purchases
of government bonds, which are liquid and safe, s; is purchases of safe assets that do

12When the households are free to re-optimize their portfolios at each instant, their access to just three
securities mentioned above and optimal portfolio choice is equivalent to the presence of complete markets,
i.e., the access to state-contingent Arrow-Debreau securities.

131t is potentially important to allow for international trade in assets given a high level of integration
in financial markets. We leave this fruitful avenue of research for future work and focus our analysis on a
closed economy.
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not provide liquidity services, 7; are taxes. Note that the part of the drift in financial
wealth of a member of the household —nw; captures the fact that new members dilute
the household level of wealth. The returns on liquid, safe, and the risky assets over a
short period of time dt are r;dt, r5dt, and drf respectively.'* Finally, ¢; is an economy-wide
average consumption of members of households. It will be equal to c; in equilibrium, but
an individual household does not internalize this fact.

The members of the household derive utility from consumption stream {¢;} and from
holding government bonds {b;}. Formally, the utility function (3) consists of two terms
that capture the utility from consumption and utility from holding government bonds.
The assumption that households have non-pecuniary preferences over government debt
is a non-structural way to represent special features of government debt such as safety
and liquidity."> In our setting with a representative household, these preferences intro-
duce a deviation from the Ricardian equivalence. As a result, changes in the supply of
government bonds affect the interest rate paid on these bonds, and, hence, the cost of
servicing the public debt.

The preferences over holding government bonds, the second term in equation (3), are
additive over time. The instantaneous utility over liquid bonds depends on average con-
sumption ¢;, the exogenous endowment, and liquid debt holdings relative to this endow-
ment. This way of modeling liquidity preferences will result in demand for liquid debt
over aggregate output that is a function of liquidity yield only. We choose the following
structural form for tractability of the model:

be) _ bt _ bt
(3) -3 nom )

where a, are B, are non-negative real numbers. Equation (6) implies that the marginal
preferences from holding government debt, i.e., u/(b;/y:) = ay — Bulog(bi/y:), is de-
creasing in debt holdings. The fact that the marginal utility turns negative after a certain
level of debt-to-GDP can be thought of as a reduced form way of capturing the idea that
people may worry about government debt when it is too large. Finally, it is worth em-
phasizing that most of our results do not depend on government debt providing liquidity
services; that is, most of our findings hold when we set coefficients «,, and B, to zero.
The equity price g; is assumed to follow the process dq:/q: = (pt — y¢/qi)dt + ordZ],

14 All equalities featuring random variables hold “a.s.”, and all stochastic differential equations are as-
sumed to have solutions.

15This assumption has been used, for example, to improve asset-pricing properties of the standard fi-
nance models (Krishnamurthy and Vissing-Jorgensen, 2012), explain business cycles (Fisher, 2015), solve
for optimal government debt maturity (Greenwood, Hanson, and Stein, 2015), resolve New Keynesian
puzzles (Michaillat and Saez, 2018), and fit the consumption response to income shocks (Auclert, Rognlie,
and Straub, 2018).
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where yet unknown processes y; and o; are determined in equilibrium. The return on

risky equity is

_ g+ yedt
qt

so that y; and o} are interpreted as the drift and volatility of the risky equity return. We

drf pdt + UtdZty, (7)

next turn the flow budget constraint in equation (4) into an intertemporal budget con-
straint. To do this we assume (and verify in the proof of Proposition 3) that there exists
a unique continuous-time stochastic discount factor ¢; that follows a diffusion process of

the form

d — 7S
g — _pidt — ”fat Laz?, )

with some initial value &,.'® The no-Ponzi game condition can be expressed using this

stochastic discount factor as
lim Eole"T&rwr] > 0. )
T—o0

The following lemma presents the intertemporal budget constraint of the household.

Lemma 1. The flow budget constraint (4) together with the no-Ponzi game condition imply the
intertemporal budget constraint
ent

Gt
7l (10)

wo > IEO/O et + T + (5 — 1) br]

The proof is in Appendix A.1. The inequality (10) states that the value of initial wealth,
comprised of the value of Lucas trees and the stock of government debt, does not exceed
an expected integral of future discounted spending on consumption, taxes, and govern-
ment debt holding costs. Note that the last term in the square brackets on the right-hand
side of the inequality (10) is like the costs of renting a durable good, e.g., housing. How-
ever, in our model, this durable good is government bonds that provide liquidity services.
The inequality reflects the imposed no-Ponzi game condition. The number of members
in the household, i.e., ¢!, on the right-hand side of the inequality (10) reflects the fact that
all expenditure terms are expressed per household member.

16 A stochastic discount factor is usually defined as M; 1 = Bu’(c;41)/u’(ct) in discrete-time models. By
contrast, the term stochastic discount factor is usually used to denote the following object & = e **u/(c;) in
continuous-time models. This will also be the case here. As the proof of Proposition 3 shows, the stochastic
discount factor defined as & = e P'u’(c;) satisfied equation (8).
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3.2 Government

The government issues instantaneous riskless debt. The flow budget constraint is
dBt = T’tBtdt + Dtdt, (11)

where B; is total outstanding government debt and D; = N; (g: — T¢) is the drift of the
primary deficit of the government with g; and 7; representing per capita government
spending and revenues. The primary deficit drift D; follows a fiscal rule of the form

De _ ocDB—; — [Spﬁlog (&) , (12)

where ap is a real number and Bp is a non-negative real number.!” This fiscal rule has
two important properties. First, the deficit reacts proportionally to the level of debt as
captured by the first term in equation (12). Second, when B is strictly positive, the gov-
ernment reacts to increases in the debt-to-GDP ratio by strongly (i.e., more than one-for-
one) reducing the primary deficit-to-GDP ratio. The presence of each of these two terms
has distinct implications for debt dynamics and sustainability that we characterize below.
Equation (12) represents a relatively strong response of fiscal policy to variations in debt-
to-GDP ratio; in Section 4, we investigate weaker fiscal rules that are characterized by a
maximum primary surplus.

The fiscal rule (12) only specifies the behavior of the primary fiscal deficit. To com-
plete the description of fiscal policy, we assume that the government engages in wasteful
spending which is a constant fraction of total output:

St = YGVYt- (13)

Public debt dynamics in equation (11) can be re-expressed in terms of the log debt-to-GDP
ratio denoted as Et. We summarize this useful intermediate result in the next lemma.

Lemma 2. Given the productivity process (2) and the fiscal policy (11)-(13), the log debt-to-GDP
ratio follows
dB; = (1 — gy — n+ap — PpBy + 02/2)dt — 0,dZ]. (14)

See Appendix A.2 for details. Equation (14) states that the drift of the log of debt-to-
GDP ratio depends positively on the interest rate, the deficit-to-debt ratio ap — Bp B, and
the volatility of productivity process; and negatively on the growth rate of total output

17We assumed that the rule does not explicitly respond to changes in the interest rate on public debt.
Nevertheless, our rule implicitly depends on the interest rate because the interest rate is related to the
debt-to-GDP ratio in equilibrium.
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gy +n. A convenient property of expression (14) is that the diffusion is constant, which

we use to derive a closed-form solution.

3.3 Equilibrium Characterization

In this section, we first define equilibrium and then characterize its properties.

Definition 1 (Equilibrium). An equilibrium is a collection of interest rates {r;dt, ridt,dr} }
and allocations {ct, wy, by, ¢, Xt, §t, T, ¢+ } such that households solve (3)-(5), (9), the gov-
ernment acts according to (11)-(13), average consumption equals per member consump-
tion, i.e., ¢; = ¢, and the markets clear: (i) Ny = B; (government bonds), N;s; = 0 (safe
bonds), ¢t + gt = y: (goods).

A combination of the no-Ponzi game condition (9) and the household transversality
condition limy_, IEg [e”T(;‘TwT] < 0 (a necessary condition of optimal behavior), imply

lim Eg[e"T ¢rwr] = 0. (15)
T—o00

In equilibrium, total financial wealth of the household is a sum of the value of Lucas trees
and the government debt, i.e., w; = g; + b;. Because g; and b; are always non-negative,
the condition (15) necessarily implies that in equilibrium:

lim Eole"T&rbr] = 0. (16)
T—o0
We will call the limit in equation (16) the government transversality condition (TVC).
The household intertemporal budget constraint (10), equation (15), and the market
clearing conditions yield

bo = ]E()/O [’L’t — 9 + (1’? — rt)bt]e”t%dt, (17)

which we call the intertemporal budget constraint of the government. Equations (16) and (17)
place equilibrium restrictions on the set of feasible fiscal policies. Intuitively, fiscal policy
must satisfy these equations if the households purchase government debt in equilibrium.

Definition 2 (Sustainable fiscal policy). Government fiscal policy is sustainable if it satis-
ties equations (16) and (17).

Following the consumption asset pricing literature, we derive the returns on the assets
in the model. We illustrate these steps in Appendix C and summarize asset returns in the
following lemma.
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Lemma 3 (Asset pricing). The equilibrium interest rate on safe assets and liquid government

bonds are:
+1
re = 1° — &y + BuBi, (19)

and the risky asset return is characterized by the drift y; = r° + 'yaj and the diffusion oy = oy,.

The safe real interest rate is constant while the return on government bonds varies
with the debt-to-GDP ratio so long as f, is not equal zero. This lemma shows how can-
didate explanations for secular stagnation affect the safe and liquid rates. A lower rate of
trend output growth (equivalently, productivity growth) or an increase in the variance of
the output process lower the safe rate of return. The elasticity of the real interest rate with
respect to trend growth is governed solely by the intertemporal elasticity of substitution
1/~y—for a coefficient smaller than unity, the real interest rate responds more than one-
for-one with a change in trend growth. A rise in volatility of endowment process lowers
the safe interest rate and raises the risk premium with the strength of the effect rising with
the coefficient of risk aversion . Importantly, neither the risk premium nor the safe inter-
est rate depend on population growth. Lower population growth—modeled as a slower
rate of birth of new members of the representative household—leaves the real interest
rate unaffected. Equation (19) shows that as the debt-to-GDP ratio rises, the marginal
benefit of liquid wealth decreases, raising the rate of return on government debt.

3.4 Dynamics of the Debt-to-GDP Ratio

Using the law of motion for the debt-to-GDP ratio in Lemma 2 together with the expres-
sion for the return on liquid government bonds in Lemma 3, we have:

Proposition 1. In equilibrium, the log debt-to-GDP ratio follows an Ornstein-Uhlenbeck process:
B, = (zx _ ,BE) dt — o,dZY,

wherea = ap — oy +p+ (y—=1)g—n—[y(y+1) = 1] o7 /2and p = fp — Bu.

The parameter « is a sufficient statistic for all of the forces that increase the drift of
the debt-to-GDP ratio and that are independent of the level of debt-to-GDP, while B is a
net effect of the forces that reduce the drift and that are proportional to the level of the
debt-to-GDP ratio.

As a geometric Brownian motion, the output process has an ever increasing variance
as the time horizon expands. However, the log debt-to-GDP ratio is mean-reverting when
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B > 0 with finite stationary variance. The law of motion is an Ornstein-Uhlenbeck (OU)
process, which is the continuous-time analogue of an auto-regressive process of order
one, i.e.,, an AR(1) process. As with an AR(1) process, it is straightforward to derive
the evolution of the distribution of the log of debt-to-GDP ratio as well as its stationary
distribution by solving the Kolmogorov forward equation (see, e.g., Stokey, 2009). The
following lemma presents the stationary distribution.

Proposition 2 (Stationary debt-to-GDP). If B > 0, then in equilibrium, the stationary dis-
tribution of the log debt-to-GDP ratio exists and it is a normal distribution with mean « /B and
variance (75 /2. In levels, the stationary distribution of the debt-to-GDP ratio is log-normal with
mean exp|(« + oy )/ B] and variance [exp(oy /2B) — 1] exp(2a/ B + 07 /2P).

Proposition 2 provides a sufficient condition for existence of a stationary distribution and
expresses the key parameters of the distributions in terms of the parameters « and  from
the law of motion for public debt and the underlying volatility of the endowment shocks.

Propositions 1 and 2 allow us to characterize how the distribution of the debt-to-GDP
ratio changes with the possible explanations for secular stagnation. A decline in popula-
tion growth 7 increases a shifting the mean of the log debt to GDP ratio to the right while
leaving the variance unchanged. In levels, both the mean and variance of the debt-to-
GDP ratio increase. Slower population growth has a direct effect on GDP growth while
leaving the real interest rate unchanged.'® The cost of servicing a given stock of public
debt is spread over a smaller population, raising the debt-to-GDP ratio.

By contrast, a decline in the trend productivity growth ¢, can decrease a, thereby
lowering the mean debt-to-GDP ratio. Whether a decline in productivity growth raises
or lowers parameter « depends crucially on the intertemporal elasticity of substitution
(IES) 1/+. If this parameter is less than one, a decline in productivity growth lowers both
the mean and variance of the debt-to-GDP ratio in levels. An extensive literature has
attempted to measure the elasticity of substitution by examining how household’s con-
sumption growth responds to changes in the real interest rate faced by these households.
The IES is commonly assumed to be less than one in macroeconomics literature, with
some estimates suggesting that it is in fact substantially less than one (e.g., Hall, 1988;
Campbell, 1999). Paradoxically, a lower trend growth rate g, actually shifts the debt-to-
GDP ratio lower by exerting a stronger downward pressure on real interest rates relative
to its direct effects on growth.

8The finding that population growth does not affect the interest rates is specific to this model. As Eg-
gertsson, Mehrotra, and Robbins (2018) show, in a quantitative life-cycle model, slower population growth
generally lowers the real interest rate. However, this effect in unlikely to be strong enough in standard
quantitative life-cycle models (Carvalho, Ferrero, and Nechio, 2016) to overturn a rightward shift in debt-
to-GDP distribution.
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Lower real interest rates could also be due to an increase in the volatility of shocks
in the output process. Greater volatility raises the risk premium and lowers real interest
rates. This puts downward pressure on the debt-to-GDP ratio. However, higher volatil-
ity of shocks to output also tends to increase the debt-to-GDP ratio because the “Jensen’s
inequality effect”—the debt-to-GDP ratio is a convex function of output. Overall, an in-
crease in volatility will decrease the mean debt-to-GDP ratio only if its effect through the
interest rate dominates the Jensen’s inequality effect. A higher coefficient of risk aversion
and a lower endogenous response to debt via fiscal policy (lower Sp) make this more
likely. Similarly, in principle, higher volatility may raise or lower the variance of the debt
to GDP ratio depending on the strength of the effect on the real interest rate.

Fiscal policy and the liquidity parameters also effect the stationary distribution of the
debt-to-GDP ratio. A stronger fiscal response to changes in public debt is necessary to
ensure that a stationary distribution exists—as the fiscal response weakens, i.e., Bp ap-
proaches B, from above, both the mean and variance of the debt-to-GDP ratio grow un-
boundedly. The constant component of the liquidity premium «, lowers the real interest
rate on government debt, decreasing the mean and variance of the debt-to-GDP ratio in
much the same way as lower productivity growth when the IES is less than one.

So far, we consider a situation in which the fiscal authority chooses a rule that ensures
mean-reverting dynamics of the of debt-to-GDP ratio by guaranteeing B to be positive.
However, we can characterize the behavior of the debt-to-GDP ratio when f is not pos-
itive. It is clear that when p is strictly negative, the interest rate on government debt
increases faster than the primary surplus and the transversality condition of the govern-
ment, equation (16), is not satisfied, making fiscal policy unsustainable in the sense of
Definition 2. The easiest way to see why the transversality condition fails is to note that
mean of the log of debt-to-GDP ratio increases exponentially, as can be seen by solving
the differential equation in Proposition 1. At the same time, the log of the discount factor
decreases only linearly with time according to equation (8). The following proposition

summarizes this observation.

Proposition 3 (Unsustainable fiscal policy). When B < 0, the fiscal policy defined by equations
(12)-(13) is unsustainable in the sense of Definition 2.

When B is zero, the level of debt-to-GDP either shrinks to zero when « is below zero
or grows to infinity when « is greater than zero. In the latter case, the debt-to-GDP is
exponential in time. Importantly, the transversality condition (16) can fail in the former
case, but still hold in the latter case. The following lemma summarizes the necessary and
sufficient conditions for debt sustainability in this case.

Proposition 4 (Non-stationary debt-to-GDP). When B = 0, the fiscal policy defined by equa-
tions (12)-(13) is sustainable if and only if a,, — ap > 0.
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The proof is in Appendix A.4. Crucially, Proposition 4 shows that debt sustainabil-
ity is not tightly linked to the debt dynamics in an environment with no default. First,
even when the debt-to-GDP ratio grows without limit over time, i.e., a is positive, debt
is sustainable when &, — ap is above zero. The reason why this scenario is sustainable is
that the growth rate of debt is lower than the growth rate of the discount factor so that
the transversality condition of the government is satisfied. In this case, the intertemporal
budget constraint of the government is satisfied automatically. A key parameter that en-
sures sustainability is the sum of the sensitivity of the primary fiscal surplus to the stock
of government debt —ap and the the constant part of the liquidity yield «,. Note that
it is sufficient for this object to be positive; it does not have to be large. Furthermore, if
the government surplus does not respond to the level of debt at all, i.e., ap is zero, then
it is still possible for the debt to be sustainable because of the remaining term «,,, which
reflects profits that the government collects due of its ability to issue liquid debt that
households value for their non-pecuniary return. This profit is analogous to seigniorage
that the central bank receives on printing money that provides liquidity services.

At the same time, even if the debt-to-GDP ratio is shrinking over time on average, («
is negative), it is not necessarily true that debt is sustainable. For example, it is possible
that « is negative (because, for example, the interest rate is low due to high volatility
of shocks to output growth (75) and the key parameter that governs the sustainability of
debt a, — ap is also negative, making debt unsustainable in the sense of violating the
transversality condition of the government.

3.5 Extensions

We present two extensions of the model. First, we analyze a modified fiscal rule that
allows for a lower bound on the debt-to-GDP ratio. Then, we add disaster shocks to the
endowment process. The model with these extensions still admits a closed-form solution
for stationary debt-to-GDP ratio when it exists allowing us to generalize our results.

Lower-reflecting barrier. When « is negative, the debt-to-GDP ratio is trending to zero.
If we impose a lower reflecting barrier (a minimum level of public debt), it is straightfor-
ward to show that the debt-to-GDP ratio admits a stationary distribution:

Proposition 5 (Lower reflecting barrier). If p = 0, a < 0, and Et > Emin, then there is a sta-
tionary distribution of log debt-to-GDP ratio which is a negative exponential with rate parameter
¢ = —2u/ (75. In levels, the stationary distribution of the debt-to-GDP ratio is a Pareto distri-
bution with shape parameter ¢. Moreover, the transversality condition (16) holds if and only if
ay, —ap > 0.
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That the stationary distribution of the log debt-to-GDP ratio is an exponential distri-
bution is a standard result in the analysis of continuous-time stochastic processes (e.g.,
Dixit, 1994). Given that the debt-to-GDP ratio has a Pareto distribution, its mean and
variance depends crucially on the shape parameter. The mean and variance of a Pareto
distribution only exist when the shape parameter is larger than two. Importantly, a higher
negative drift « or a lower volatility shocks to output raise the shape parameter, lowering
both the mean and variance. Again, sustainability is not closely tied to the existence of
a stationary distribution. Debt may be sustainable even if the mean and/or variance do
not exist because the Pareto tail is too fat.

Comparative statics in this case are similar to what was shown in Proposition 2. Specif-
ically, lower population growth lowers the shape parameter thereby increasing the mean
and variance of the debt-to-GDP ratio. By contrast, when the elasticity of intertemporal
substitution is less than unity, lower productivity growth raises the shape parameter and
lowers the mean and variance of debt. The effect of higher volatility of output shocks on
the mean and variance of the debt-to-GDP ratio depends again on the relative strengths
of its effect on the drift (via lower interest rates) versus the Jensen’s inequality effect and
the direct effects on the shape parameter (since 0, appears in the denominator).

Disasters. Anticipating our analysis in Section 4, we discuss the consequences of adding
rare disaster shocks to the above setup with a lower reflecting barrier. Now the output
process is a jump-diffusion. Formally, we assume the output process, which was previ-
ously defined by equation (2), is

% = gydt + Udei/ + <e_Zf — 1) dJs, (20)
t

where J; is a Poisson process with constant intensity A > 0. Z; are positive, independent,
and identically distributed random variables that describe an instantaneous change in log
output when a disaster occurs.

Following Wachter (2013), we compute the interest rate when the endowment experi-
ences jumps. This allows us to derive the law of motion and the corresponding stationary
distribution of the debt-to-GDP ratio. We present all details in Appendix A.6 and sum-
marize the results in the following proposition:

Proposition 6 (Disasters). If B = 0 and there is a lower reflecting barrier By, then the law of
motion of the log of the debt-to-GDP ratio for By > By is

dB; = &dt — 0, dZ] + Z:d];,
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where ® = o — A(Bz[e"?] —1). If& < —AEz[Z], then there is a stationary distribution of the
log debt-to-GDP ratio which is exponential with the rate parameter ¢ that solves

2
GG+ L8 = A1~ Bz o)), @)

In levels, the stationary distribution of the debt-to-GDP ratio is a Pareto distribution with shape
parameter . Moreover, when & > —AEz[Z], the transversality condition (16) holds if and only
if oy —ap > 0; when & < —AEz[Z], it holds if & > 1.

The shape parameter ¢ solves equation (21), which depends on the disaster intensity
A, the distribution of disasters, the drift a, and the diffusion oy of the debt-to-GDP ra-
tio. Thus our model can accommodate an output process where rare disasters lead to
intermittent jumps in the debt-to-GDP ratio.

3.6 Calibration

In this section, we quantify effects of various secular stagnation forces on the stationary
distribution of the debt-to-GDP ratio. There are three distinct calibrations corresponding
to the model in Sections 3.1-3.4 and its two extensions in Section 3.5. Considering three
calibrations, allows us to analyze the effects of different fiscal policies and different kinds
of shocks. In each of these calibrations, we will use a richer version of the model just
presented. In particular, we use Epstein-Zin-Weil (EZW) preferences to separate the IES
coefficient and the coefficient of relative risk aversion, and we add shocks to the fiscal
policy rule to dampen the covariance between the interest rates and productivity growth.
The detailed description of this richer model is in Appendix B.

We proceed under the assumption that fiscal policy takes a particular form in (12)
extended with shocks so that the law of motion of public debt is

dBt = (T’tBt + Dt) dt + Bt(J'dezB

Calibrated parameters. The parameters in Table 3 are fixed across the three calibrations.
We set the intertemporal elasticity of substitution to 1/6 to 0.75. The average growth rate
of annual GDP per capita since 1950 of 0.02 is used to set g, while annual postwar popu-
lation growth of 0.0115 determines 7. The diffusion term on output growth ¢y is 0.025 to
match the standard deviation of annual output growth in the US since 1950. The differ-
ence between AAA corporate debt and the US 10-year Treasury yield and its elasticity to
the debt-to-GDP ratio pins down both &, and B, (Krishnamurthy and Vissing-Jorgensen,
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Parameter Description Value Source/target

Sy Productivity growth rate 0.02 US data

oy Output per capita std 0.025 US data

n Population growth rate 0.0115 US data
1/6 Intertemporal elasticity of substitution = 0.75 Standard in macro lit.
Ky Liquidity yield independent of debt ~ 0.0052 AAA bonds & gov. yield
Bu Semi elasticity of liquidity yield 0.0028 AAA bonds & gov. yield
0B Public bonds growth rate shocks std 0.45 cor(dy:/ys, re) = —0.056

Table 3: Parameters common across the three calibrations.

2012)." As mentioned above, we introduce a fiscal policy shock ¢p to match the correla-
tion of the real interest rate and output growth for the 17 countries in our dataset since
1950. This correlation is —0.055, meaning that our model requires the relative variance
of the fiscal policy shocks to be higher than that for productivity growth to dampen the
correlation between r; and dy; / yt.zo

The remaining parameters, presented in Table 4, differ across the three calibrations.
Calibration 1 assumes that all shocks are Brownian and the fiscal policy strongly reacts
to the level of debt-to-GDP ratio so that the stationary distribution is log-normal as de-
scribed in Proposition 2. Calibration 2 changes a fiscal response relative to calibration
1 by introducing a lower reflecting barrier and by setting fp — B to zero for levels of
debt-to-GDP above the reflecting barrier as in the first extension in Section 3.5. Finally,
calibration 3 adds disaster shocks to calibration 2, which allows us to lower the coefficient
of relative risk aversion required to match the equity premium.

We now describe calibration-specific parameters in detail. The average postwar real
return on long-term government bonds of 0.025 in the US is used to pin down the rate
of time preference p. The equity premium of 0.052 in the US is used to determine the

Parameter Description Cal.1 Cal.2 Cal 3 Source/target
0% CRRA 83 83 3.47 Equity premium
0 Subjective disc. factor = 0.07 0.07 0.06  Mean 10-year Treasury yield
Ba Fiscal rule parameter = 0.16 —Bu —Bu Debt-to-GDP distribution
oy Fiscal rule parameter =~ 0.01 -0.02  -0.03 Debt-to-GDP distribution
min(B;/Y;)  Reflecting boundary - 0.24 0.18 Debt-to-GDP distribution
A Disaster’s arrival rate - - 0.02 Barro (2006)
z Mean log disaster size - - 0.23 Barro (2006)

Table 4: Calibration-specific parameters. Columns Cal. 1, Cal. 2, and Cal. 3 refer to our calibrations 1-3.

19 A regression of the AAA-10 year Treasury spread on the log debt-to-GDP ratio determines f, and a,
which is the constant from this regression plus .

20 An alternative way to dampen correlation between the interest rate r; and the growth rate of produc-
tivity without setting a high variance of instantaneous shocks to the fiscal rule oy is to assume that the
fiscal rule parameter ap is not constant but rather a mean-reverting Ornstein-Uhlenbeck process with a
sufficiently high persistence.
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coefficient of relative risk aversion given the size of the shocks.?! In calibration 1, the
tiscal response parameters ap and Bp are set to match the mean log debt-to-GDP ratio
in the US postwar period and match the variance of the log debt-to-GDP ratio across the
tull set of 17 countries in the Jorda, Schularick, and Taylor (2016) data set. We use the full
set of 17 countries given the high degree persistence in the debt-to-GDP ratio and absent
strong evidence on how systematically fiscal policy responds to the debt-to-GDP ratio. In
calibrations 2 and 3, the same empirical moments for the debt-to-GDP ratio determine ap
and the position of a lower reflecting barrier min(B;/Y;). Bp is just set to offset the effect
of liquidity parameter B, so that B is 0 in calibrations 2 and 3. Finally, in calibration 3, we
assume that productivity follows the stochastic process with disasters in equation (20).
Following Barro and Jin (2011) and Rebelo, Wang, and Yang (2018), we assume that sizes
of disasters (a log change in productivity) are distributed exponentially with the lowest
value of zero and the mean of z > 0. We set the values of A and z to their empirical
counterparts in Barro (2006). Importantly, due to the presence of disasters, calibration 3
requires a coefficient of relative risk aversion of around 4 to match the equity premium
relative to its value of 84 in calibrations 1 and 2.

Results. Table 5 presents several moments from our three calibrations. “Baseline” shows
the moment for baseline parameters where the three calibrations are split into the three
panels. Columns “Ex. 1,” “Ex. 2,” and “Ex. 3” contain the moments of three compara-
tive statics. We see an important difference across the three calibrations in the baseline
column. The stationary distribution of debt-to-GDP ratio is log-normal in calibration 1
and Pareto with the shape parameter between one and two in calibrations 2 and 3. As a
result, the second moment of the stationary distribution does not exist in the letter two
calibrations.

In column Ex. 1, we show the effect of a decline in population growth rate to 0.7
percent—a projected US population growth over the next decade. Slower population
growth directly lowers GDP growth while leaving the real interest rate unchanged thereby
worsening debt dynamics. All rates of return are left unaffected by changes in population
growth, so the effects on the debt-to-GDP ratio come solely through the effects on GDP.
Calibration 1 shows a modest increase in the mean of the debt-to-GDP ratio relative to
calibrations 2 and 3. This is because a change in population growth affects a tail of Pareto
distribution with a stronger effect on the means in calibrations 2 and 3, while this effect
is limited under calibration 1 when the stationary distribution is log-normal. Quantita-
tively, the decline in population growth raises the mean debt-to-GDP ratio by 2, 23, and

21Both the bonds return and equity premium are from Jorda, Knoll, Kuvshinov, Schularick, and Taylor
(2018).
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Variable Description Baseline Ex.1:n] Ex.2:¢] Ex.3:E[u]—r1
Panel A: calibration 1

E[B:/Y;]  Mean of debt-to-GDP 0.75 0.77 0.73 0.65
std(B;/Y;)  Std of debt-to-GDP 0.72 0.74 0.70 0.62
r Safe rate 0.032 0.032 0.014 0.009
E[r] Average liquid rate 0.025 0.025 0.007 0.002
E[us] —r*  Equity risk premium 0.052 0.052 0.052 0.072
Panel B: calibration 2
E[B:/Y:] Mean of debt-to-GDP 1.25 1.48 1.09 0.76
std(B/Yy)  Std of debt-to-GDP - - - -
7 Safe rate 0.032 0.032 0.014 0.009
Elr] Average liquid rate 0.025 0.025 0.007 0.002
Elu¢] —r°  Equity risk premium 0.052 0.052 0.052 0.072
Panel C: calibration 3
E[B;/Y;]  Mean of debt-to-GDP 0.93 1.10 0.82 0.86
std(Bt/Yr) Std of debt-to-GDP - - - -
7 Safe rate 0.032 0.032 0.014 0.009
E[r] Average liquid rate 0.025 0.025 0.006 0.001
Elu¢] —r°  Equity risk premium 0.052 0.052 0.052 0.072

Table 5: Moments generated under Calibrations 1-3. Column “Baseline” shows the moments under the
baseline version of a calibration, while columns “Ex. 1,” “Ex. 2,” and “Ex. 3” shows the moments for
the three experiments that correspond to a decline in the population growth rate (Ex. 1), a decline in
productivity growth rate (Ex. 2), and an increase in equity premium (Ex. 3).

17 percentage points in calibrations 1, 2, and 3, respectively.

Column Ex. 2 in the table presents the effects of a decline in productivity growth to
0.7 percent—in line with the post-2008 productivity growth. Slower productivity growth
is beneficial for debt sustainability, shifting the debt-to-GDP ratio downward as the fall
in r; outpaces the decline in GDP growth when the IES is below one. Under calibration
1, the mean debt to GDP ratio falls by 2 percentage points. A decline in productivity
reduces the government interest rate to 0.7 percent. As before, the quantitative effects on
the debt-to-GDP ratio are modest under calibration 1. Calibrations 2 and 3 feature 16 and
11 percentage points decline in the mean debt-to-GDP ratio. This again results from the
fact that the mean is quite sensitive to the changes in the tail of the Pareto distribution.

Finally, column “Ex. 3” presents the model moments after an increase in volatility of
GDP such that the equity premium rises by 2 percentage points. In calibrations 1 and 2,
we achieve this by increasing the value of 0, from 0.025 to 0.029, while in calibration 3, we
change the arrival rate of disasters A from 0.02 to 0.028. A rise in volatility shifts the debt-
to-GDP distribution leftward in all of the cases. The real rate of return on government
debt falls to 0.2 percent under calibrations 1 and 2, and to 0.1 percent in calibration 3. The
mean debt to GDP ratio falls by 10, 49, and 7 percentage points in the three calibrations,
respectively. Overall, our findings show that the indirect effects of output volatility on
the interest rate and consequently the drift of the debt-to-GDP ratio dominate the direct
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effects of spreading out the distribution of output.

4 Debt Sustainability with Default

In this section, we analyze debt dynamics in an environment where the primary surplus
(as a share of GDP) is bounded above. In this case, public debt becomes risky and carries
a sovereign default premium. We highlight two main results in this section. First, there
are threshold levels of debt-to-GDP ratio, which we label as fiscal limits with and with-
out risk, after which the government defaults in the presence of uncertainty and after its
resolution. Second, these fiscal limits react to secular stagnation forces in counterintuitive
ways.

41 Model

The model is nearly identical to the previous section, so we only outline the differences.
Household preferences are the same as in equation (3) except that we dispense with non-
pecuniary benefits of holding government bonds to focus solely on the riskiness of public
debt as the level of debt varies. Second, productivity grows stochastically over time ac-
cording to equation (20) that allows for jumps. We assume that the Brownian motion term
is absent (0, = 0) and that after a single realization of a disaster, there are no further dis-
asters or any other sources of uncertainty. These assumptions allow us to solve the model
in closed form. Third, the government’s flow budget constraint follows equation (11) as
before, but we assume that the primary deficit D; takes the form:

Dt = —YtS (&> . (22)

Y}
Importantly, unlike in Section 3, we assume that the surplus function s(-) is bounded
above by a positive maximum primary fiscal surplus 5. For example, this limit would
emerge in a production economy with distortionary labor taxation; the government would
not be able to raise additional revenue beyond the peak of the Laffer curve. Ghosh, Kim,
Mendoza, Ostry, and Qureshi (2013) label this property of the surplus function fiscal fa-
tigue. The solid curve in Figure 4 presents a typical sigmoid function shape of a surplus
function with such a property. The primary surplus is low or even negative at low lev-
els of the debt-to-GDP ratio, rises with the debt-to-GDP ratio, but never exceeds s. The
dashed line demonstrates a step-function approximation of the surplus function. It is
positive and equals 5 for positive values of debt-to-GDDP, is zero when debt is zero, and it
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Figure 4: Primary fiscal surplus with fiscal fatigue (solid line) and its piece-wise approximation (dashed
line).

equals s, which we assume to be large and negative, when debt is negative. Formally,

S, B,}/Yt > 0,
s(Bt/Y:) =<0, B;/Y;=0,
s, Bi/Y: <O.

We will use this step-function to obtain closed-form solutions. However, the qualitative
results that we highlight below hold for the solid function in Figure 4 as well, which
can be verified by redrawing the phase diagrams in Figures 5 and 6 below for a sigmoid
surplus function.

Combining the flow budget constraint of the government and the endowment process,
we get the law of motion for the debt-to-GDP ratio:

B B B B
d (YI) = [(rt — 8y — n)?: -5 (?z)} dat + Y;(EZt —1)dJ:. (23)

The first term on the right-hand side is the standard law of motion of debt-to-GDP ratio
in a deterministic setting. The second term incorporates the effect of uncertainty; when
a rare disaster decreases output by Z; in log terms, the debt-to-GDP ratio jumps by Z; in
log terms.

4.2 Equilibrium Characterization

The structure of uncertainty assumed above allows us to solve the model via backward
induction. In particular, we first solve the model after uncertainty has realized. We then
describe the evolution of the economy before disaster shock hits the economy.
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Figure 5: Debt-to-GDP dynamics after the resolution of uncertainty.

After the disaster. The interest rate on a risk-free security absent uncertainty is stan-
dard: r = p + 7gy. To understand the dynamics of the debt-to-GDP ratio after the res-
olution of uncertainty, we plot the two forces affecting debt in equation (23) in Figure
5. The upward-sloping straight black line shows the difference between the interest rate
and GDP growth rate times the debt-to-GDP ratio, while the green step-function is the
primary surplus over GDP. Dynamic efficiency requires that the black line is upward
sloping. Were this not the case, the present value of output is unbounded.
Without uncertainty, equation (23) admits two steady states: a stable steady state at

zero debt-to-GDP and an unstable steady state, the fiscal limit without risk (denoted as

1), where the black and green lines intersect at a positive debt-to-GDP ratio.”? The
arrows on the horizontal axis show the dynamics of the debt-to-GDP ratio on either side
of this fiscal limit. It is evident that debt-to-GDP grows without bound to the right of
unstable steady state. Specifically, at a sufficiently high level of debt-to-GDP ratio where
the presence of constant surplus does not materially matter anymore, debt-to-GDP grows
exponentially. Importantly, this path does not satisfy the transversality condition of the
government in equation (16). To see this, it is enough to observe that the government
TVC in the no uncertainty case becomes

lim lEo[e”TCTbT] =(1—7g)" 7 lim 6_(p_n)Ty%~_7ﬁ.
T—o0 T—o0 YT

If the government starts with a positive level of debt, the last expression is not equal to
zero because the product of the exponent, GDP per capita that grows at the rate of g,
and the debt-to-GDP ratio that grows at rate r — ¢, — n when debt is sufficiently high is
constant over time.

22There is a third steady state with a negative value of debt-to-GDP ratio if we do not impose that
s = —oo. The presence of this steady state is, however, inconsequential for our analysis because debt-to-
GDP can never become negative with only positive disasters and a positive initial level of debt.
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Before the disaster. Before the shock occurs, the interest rate on a riskless asset must
reflect the fact that the discount factor jumps by yZ percent whenever the disaster occurs.
Moreover, if the shock is large enough and the debt-to-GDP level jumps over the fiscal
limit B}, the government defaults. For simplicity, we assume a complete default, but
it is straightforward to relax this assumption as in Yue (2010).> The following Lemma
presents the expressions for the interest rates on completely safe debt and defaultable
government debt.

Lemma 4. The riskless interest and the interest rate on public debt are
1 =p+78y — AEz[e"] - 1), (24)

re :p+'ygy—A{lEZ {eVZI[ (%ez < ng)} —1}. (25)

The derivation is in Appendix A.7. Equation (24) states that, in the presence of disaster
shocks, households willingness to save is higher which reduces the safe interest rate. The
interest rate falls when the intensity of disasters A is higher, risk aversion vy is greater, or
the distribution of disasters has a fatter right tail.

Equation (25) shows that government debt features an endogenous credit spread. For-
mally, the random variable inside the expectations operator is positive only when shocks
do not trigger default. The interest rate on government debt depends on the arrival rate
of disasters A, the probability of crossing the fiscal limit By}, and the output decline con-
ditional on a disaster. The default premium rises as the debt-to-GDP ratio approaches the
fiscal limit. Notice that a rise in the arrival rate of disasters A has an ambiguous effect on
the interest rate on government debt. On the one hand, higher disaster risk increases the
likelihood of default. On the other hand, elevated disaster risk reduces the safe interest
rate 7;.

Figure 6 extends the diagram in Figure 5 by adding the dynamics of the debt-to-GDP
ratio before the arrival of a disaster shock. There are three new curves. The two red
dashed lines show the debt-servicing cost, the interest rate net of GDP growth rate multi-
plied by the debt-to-GDP ratio, in two cases. First, a downward sloping line corresponds
to riskless debt that pays interest rate r;, where we assumed that the risk of disasters is
sufficiently high to make r — g negative. Second, the upward sloping line shows the case
of the debt that always defaults when a disaster arrives.?* The actual debt-servicing cost
curve, a solid red line, lies between these two extremes.

23Under the assumption of partial recovery, debt dynamics are subject to a tipping point as in Lorenzoni
and Werning (2019) where the public debt is on an unsustainable path (default occurs in finite time) but
default does not occur immediately.

24Tt is easy to see that the interest rate on debt that always defaults when disaster occurs is r

Y8y + A.

f=p+
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Figure 6: Debt-to-GDP dynamics before (red arrows) and after (black arrows) resolution of uncertainty. The
shaded areas represent the regions where government defaults absent uncertainty (darker gray region) and
with uncertainty (lighter gray region).

The unstable steady state of this system—a point in which the solid red debt-servicing
cost curve intersects the surplus line—is By, which we label the fiscal limit with risk. This
fiscal limit is an unstable steady state and it is distinct from the fiscal limit without risk

1 - Debt-to-GDP levels to the right of the fiscal limit with risk cannot be an equilibrium
when risk is still present in the economy. This is because points to the right of 5;; do not
satisfy standard backward induction.”> Hence, if the economy is pushed to the right of
this fiscal limit with risk, the government defaults even at levels of debt-to-GDP below
the fiscal limit without risk.?® This observation underscores that there is no single fiscal
limit in our environment.

The debt-servicing cost changes its sign at the point Brp shown in Figure 6, which we
label the flipping point. Although this point does not change the dynamics of the debt-to-
GDP ratio, it has received a considerable attention from policymakers given the conven-
tion of focusing on r — ¢ in evaluating debt sustainability.

2To see this formally, start with the debt-to-GDP level of B and the situation when uncertainty has
not been resolved yet. In the next instant, the debt-to-GDP will exceed B}} because the debt servicing cost
is larger than the surplus. Because the government defaults after disaster of any size in this region, the
interest rate on public debt is 1 = p + 78y + A. The highest level of debt-to-GDP that the government can
sustain at this interest rate is 5/ (r? — g, — n), which is smaller than B, =35/ (p+ 7gy — gy —n). As aresult,
the households refuse to purchase government bonds leading to immediate default. However, predictable
defaults with capital losses are not possible in our model where agents are forward looking. This means
that By} could not be an equilibrium level of debt-to-GDP in the first place. Continuing this logic all the
way from By} to Bf;, we deduce that when risk is still present, all point to the right of By, are not an
equilibrium. We thank Fernando Broner, who pointed out that this logic was absent from the previous
version of our paper.

26Note that when we compute the interest rate in equation (25), we use the fiscal limit without risk to
evaluate the default probability. This is because after the arrival of disaster, there is no more risk and the
interest rate on public debt is p + ygy, which defines the no-risk fiscal limit.
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Multiplicity of equilibria. We close the characterization of equilibrium by noting that
the sovereign debt literature (see Aguiar and Amador, 2014 for a recent review) highlights
a possibility of equilibria multiplicity in models with public debt. Two prominent exam-
ples are rollover crises models that emphasize the contemporaneous interaction between
the interest rate and a decision to default (e.g., Cole and Kehoe, 2000) and sovereign de-
fault models in the tradition of Calvo (1988) that focus on the link between the interest
rate today and a choice to default tomorrow. The model presented in this section also
features rollover crises that imply a possibility of default at any level of debt. However,
we focus on more gradual debt dynamics generated by a possibility of future default,
which is also the approach taken in Ghosh, Kim, Mendoza, Ostry, and Qureshi (2013)
and Lorenzoni and Werning (2019). Formally, we assume that the government does not
default if it can roll over its debt at a finite interest rate. At the same time, our setup does
not have a Calvo-style multiplicity because we assume that the government first chooses
the amount of bonds it sells to investors and then the investors determine the interest rate
on these bonds (Eaton and Gersovitz, 1981).

4.3 Secular Stagnation Forces

In this section, we investigate how the fiscal limits introduced above vary with the prob-
ability and size of disasters and changes in productivity and population growth.

A higher arrival rate of disasters. Figure 7 illustrates the dynamics of the debt-to-GDP
ratio with a higher probability of disasters A. The figure copies the curves presented in
Figure 6 in pale red and adds the comparative statics of higher A in blue.

Proposition 7 (Disasters arrival rate). A higher disaster intensity A does not change the fiscal
limit without risk By} but unambiguously moves the fiscal limit with risk By, to the left and the
flipping point Brp to the right.

The proof is straightforward. A higher A has two opposing effects on the government
bond interest rate because the interest rate is a weighted average of the riskless rate and
the interest rate on debt that always defaults conditional on a disaster. With higher A, the
riskless interest rate declines since households live in a riskier world. The corresponding
downward-sloping debt-servicing cost rotates clockwise with A as shown with dashed
blue line in Figure 7. At the same time, debt that always defaults conditional on disaster
is riskier with higher A, raising interest rates. The debt-servicing cost curve for this type
of debt rotates counterclockwise with A. These two forces carry an ambiguous effect on
the interest rate on government debt. It turns out that the interest rate declines for low
levels of debt and increases for high levels of debt, as shown with the solid blue line in the
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Figure 7: Debt-to-GDP dynamics before the resolution of uncertainty under different arrival rate of disas-
ters A. The light red solid and dashed lines correspond to a low value of A, while the blue solid and dashed
lines correspond to high levels of A. To avoid cluttering the diagram, we omitted explicit labels that are
similar to those in Figure 6.

tigure. To see this, note that, there is a fixed point O on the debt-servicing curve, which
does not move when the disaster intensity changes. The fixed point O has two important
properties: (i) it lies on the black line representing the debt servicing cost absent risk;
(ii) the debt-to-GDP ratio at this point is lower than the fiscal limit.?” Point O is the point
where the effect of a decline in the safe interest rate exactly balances the higher probability
of default due to a higher arrival rate of disasters. As a result, the blue solid debt-servicing
cost is always higher to the right of point O relative to its analogue under a lower A. The
last observation implies that the new fiscal limit with risk BYT/P is lower than the original
one B7p.

At the same time, the flipping point Brp, where the debt-servicing cost changes its
sign, shifts to the right because the debt servicing cost curve goes down for the levels of
debt-to-GDP between zero and B*. This result shows how periods of elevated disaster
risk can simultaneously cause r < g, while tightening the fiscal limit.

Z/The fact that the point O lies on the black line can be deduced by observing that the only situation in
which the interest rate on government debt does no depend on the intensity A is when the term in brackets
of equation (25) is zero, implying that the interest rate is p + ygy. The equation that defines the debt-to-GDP
level B* that corresponds to this fixed point is

nr
BFL

log =
/ s e"dF(z) = 1.
0

Clearly B* < B}}, otherwise the left-hand side of this equation is negative.
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Figure 8: The three plots of this figure illustrate how the public bonds interest rate changes from r; to 7;
when the distribution of disasters, represented by the exponential distribution with the density of f(z) =
z lexp(—z/z), changes its mean from Z to z > z. The left panel presents the case of ¥ = 0. The middle
panel shows the case for v = 0.5. The right panel plots the interest rate for v = 1. All the other parameters
are kept constant.

An increase in disaster sizes. Next we turn our attention to size of disasters and, more
specifically, to the effects of a rightward shift in their distribution in the first-order stochas-
tic dominance sense.?

This change has two opposing effects on the debt servicing cost curve. First, it reduces
the safe interest rate in equation (24) via the household’s stochastic discount factor. Sec-
ond, it increases the probability of default conditional on a disaster and, as a result, raises
the sovereign default premium. Each of these two forces can dominate at any level of
debt - a contrast to the previous case where a change in A had an unambiguous effects on
the interest rate for debt-to-GDP ratios above or below B*.

To illustrate this point, consider a special case when the distribution F is exponential
with the mean of Z that satisfies zy < 1.2’ Figure 8 presents three examples in which the
net effect of the above two forces is either negative for all levels of debt, positive for all
levels of debt, or negative for some and positive for the other levels of debt. The left panel
presents the case in which the households are risk neutral, i.e., v = 0. In this case, the
effect of larger disasters on the safe interest rate is absent and, hence, a higher probability
of default conditional on a disaster dominates. As can be seen from Figure 8, for all levels
of the debt-to-GDP ratio between 0 and the fiscal limit without risk, the interest rate 7;
under larger disasters rises relative to r; . By contrast, the right panel of Figure 8 draws
the change in the interest rate in the case when the risk aversion is relatively high, such
as v = 1. In this case, a safe interest rate decline is the dominant force that pushes down
the public debt interest rate for all debt-to-GDP levels considered. Next, the middle panel
of Figure 8, presents an intermediate case with the coefficient of relative risk aversion
v = 0.5. In this scenario, there is a cutoff value of the debt-to-GDP ratio below which

281f the distribution F(z) first-order stochastically dominates the distribution F(z), then, for any increas-
ing function, including D(z) = ¢7%, we have that Erg(z) < Ezg(z).

29Without this parameters restriction, which states that either the risk aversion is small enough or the
average disaster is not too large, the demand for safe assets is infinite.
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Figure 9: Debt-to-GDP dynamics before and after the resolution of uncertainty under different productivity
growth rates g,. The light red solid and dashed lines and the gray line correspond to a high value of g,
while the blue solid and dashed lines as well as the black line correspond to low levels of gy.

the decline in the safe interest rate dominates and above which a higher probability of
disasters dominates. Finally, we note that this interest rate behavior directly translates
into the behavior of the debt-servicing costs. As a result, in general, it is impossible to
determine the direction of a change in the fiscal limit without risk and flipping points.

A productivity growth decline. A decline in productivity growth g, has unambiguous
effects on this fiscal limits. To understand the intuition, note first that after uncertainty
has resolved, the lower growth rate lowers the interest rate on bonds. As a result, the
debt-servicing cost after uncertainty resolution, represented by the gray line in Figure 9,
turns clockwise to a new position indicated by the black line (under the assumption of a
low IES, i.e., 7! < 1). As a result, the fiscal limit without risk increases to B}ZZ’/.

Before disaster arrival, the safe interest rate and the interest rate on debt that always
defaults also decline. Moreover, a higher debt limit without risk reduces probability of
default. The last two observations imply that the debt servicing cost, the solid blue curve,
is below the light red curve. Hence the fiscal limit with risk and flipping points move to
the right.

A population growth decline. In our environment, a decline in the population growth
rate is a mirror image of a decline in the growth rate of productivity that we presented in
Figure 9. Lower population growth directly reduces GDP growth but leaves the riskless
interest rates unchanged. Consequently, the fiscal limit with and without risk, and the
flipping points move to the left.
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Variable Baseline Ex.1:n7 Ex.2:¢1 Ex.3:E[u]—r" ]
Panel A:5 = 0.05

Brp 1.06 1.59 1.01 1.04

By 1.44 1.98 1.39 1.45

BEr 2.22 3.12 2.14 2.22
Panel B:s = 0.1

Brp 1.18 1.59 1.13 1.14

By 1.95 2.36 191 1.96

Bi; 2.90 3.58 2.83 2.90

Table 6: Thresholds. Column “Baseline” shows the cutoffs under the baseline version of a calibration,
while columns “Ex. 1,” “Ex. 2,” and “Ex. 3” show the cutoffs for the three experiments that correspond
to an increase in the population growth rate (Ex. 1), an increase in the productivity growth rate (Ex. 2),
and a decline in equity premium through lower probability of disasters A (Ex. 3). The values of subjective
discount factor p are 0.022 in Panel A, and 0.034 in Panel B. The variables Brp, Bf;, and B} denote the
flipping point, the fiscal limits with and without risk, respectively.

4.4 Calibration

We now assess quantitative magnitudes of the effects that we have discussed in this sec-
tion. To do this, we keep the IES parameter 1/6 and the average size of disasters z at the
values used in calibration 3 presented in Section 3.6. We choose the remaining parame-
ters to reflect the recent state of the US economy in 2019 prior to the COVID-19 pandemic.
The growth rate of real GDP per capita g is set to 1.7 percent, population growth 7 is
0.5 percent. We use a higher value for the arrival rate of disasters A of 0.065 based on the
structural estimate in Farhi and Gourio (2018).30 The subjective discount factor p is set
to match the average yield on 10-year inflation-protected Treasury bonds of 0.004. When
computing p, we take into account that government bonds are defaultable in this ver-
sion of the model. Specifically, we match the interest rate at the debt-to-GDP ratio of 80
percent. As a result, the parameter p varies with the maximum fiscal surplus in the cali-
bration. We set the coefficient of relative risk aversion <y to 2.74 to match the equity risk
premium of 5.5 percent. Faced with some uncertainty about the maximum fiscal surplus,
we experiment with two possible values: 5 percent and 10 percent.

Table 6 reports values of the three debt-to-GDP thresholds that we discussed in this
section under the baseline calibration and the three comparative statics experiments.
These experiments are the opposite of those in Section 3.6. Specifically, we investigate
how the fiscal thresholds change if one parameter reverts from its end of 2019 (baseline)
value to its post-WWII average value.

Consider first Panel A in Table 6 where the maximum fiscal surplus to GDP ratio is
5 percent. In the baseline calibration, the fiscal limit without risk is 222 percent of GDP,

301t is difficult to have a precise estimate of a time-varying probability of disasters. However, given that
the first two decades of the twenty first century have already brought us two large disasters, the arrival rate
might have become higher.
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a number nearly three times the current value of US public debt. The fiscal limit with
risk is at 144 percent, above the 90 percent level considered unsustainable in Reinhart and
Rogoff (2009). The flipping point at which r > g is at 106 percent of GDP. A reversion to
post-war rates of population growth (column Ex. 1) leads to a substantial increase in all
of the three cutoffs, while an increase in the growth rate of productivity, column Ex. 2,
somewhat reduces these thresholds. A decline in the arrival rate of disasters, column Ex.
3, does not change the fiscal limit without risk, however, it slightly lowers the flipping
point and somewhat increases the fiscal limit with risk. The small changes in Experiment
3 reflect the fact that the equity premium is only modestly impacted, falling from 5.5
percent to 5.2 percent.

Panel B demonstrates the considerable sensitivity of the thresholds to the maximum
tiscal surplus. If the government can extract a surplus-to-GDP ratio of 10 percent, it can
sustain the level of debt of nearly 300 percent when risk is absent and about 200 percent in
the presence of risk. It is worth emphasizing that the numerical values that we presented
here are likely to represent lower bounds because i) we have not included a liquidity
yield or seigniorage revenue, ii) we assumed a zero recovery value of the public debt
after default ignoring substantial physical assets held by the US government, iii) we have
modeled US debt as exclusively short-term debt.

5 Conclusion

Among advanced economies, interest rates on government debt frequently fall below
GDP growth and exhibit substantial variability. We use a continuous time asset-pricing
framework that captures the fact that on average r < ¢ and we study how debt dynamics
respond to drivers of low interest rates.

In our framework, lower trend growth lowers the drift of the debt-to-GDP ratio when
the IES is below one. Higher risk premium has theoretically ambiguous effects on the
drift of the debt-to-GDP ratio but, in a model calibrated to the US data, it reduces the drift
of the debt-to-GDP ratio. Moreover, we show that negative servicing costs are neither
necessary nor sufficient to ensure debt sustainability. In particular, when debt servicing
costs are negative, the debt-to-GDP ratio may be non-explosive in the sense of having a
well-defined stationary distribution, but that may not satisfy the sustainability criteria.
Conversely, debt sustainability criteria may be satisfied even though the debt-to-GDP
ratio does not converge to a well-defined stationary distribution.

Finally, we consider the possibility of government default if the primary surplus is
bounded above. In this environment, a fiscal limit emerges, and the interest rate on gov-
ernment debt rises as debt approaches the limit. The fiscal limit itself can differ depend-
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ing on whether aggregate risk has or has not been resolved. Secular stagnation forces
can have counterintuitive effects on these fiscal limits. Lower trend growth relaxes the
tiscal limits if the IES is greater than one, lowering government borrowing rates at any
debt-to-GDP ratio. However, higher disaster risk has competing effects by tightening the
fiscal limit (and potentially raising default premia) while making government debt more
attractive as the risk free asset at low levels of the debt-to-GDP ratio.
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Appendix

A Proofs

A.1 Proof of Lemmal

First, take the household flow budget constraint
dwy = (risy + riby — ¢ — T — nwy)dt + wexdry,

together with s; + by + x;w; = wy.
Second, consider the process &; such that

dgi s He =15y
2 = —yidt — azi.
Ct ! 0 f

Third, compute d(¢;e™w;) to get

s
d(Gre"wr) = Mgy [(re —17) by — ¢ — ] dt + (Xt - yt;t) " oigrwidZ].
i

Fourth, integrate the above process forward and take expectations

T T 4
ereTor —gowo = [ e [(n—r)bi—ci—vldt+ [ (xt— B f)e”fmé;twtdzty,

0}

take expectations
T
Eogre" wr — Gowy = IEO/O ey [(r —1§) by — e — ] dt,

and, finally, take the limit
Gowp = Tlgr;o Eolre"Twr + Eo /o e [(r] —re) be + o + ] dt,

where in the last equation we assumed that limit and expectations are interchangeable.
Assuming that ¢ is the stochastic discount factor, the no-Ponzi game condition is limr_, [EoC re"Twr >
0, which results in

Cowp > ]EO/O e"E (15 — 1) by + ¢ + ) dt.

45



A.2 Proof of Lemma 2

Log GDP is
2
dlogy: = dys 1 (dyt>
yro 2\
1 2
= gydt +0ydZ} — = (gydt + 0,2}
o2
= <gy — 2y> dt + o,dZ].
Log debt is

(TtBt + Gt — Tt) dt B 1 (VtBt + Gt — Tt) dt 2
Bt 2 Bt

G —T,
— <rt+tBt)dt.

dlog By =

t

The low of motion of B; = log [B:/ (Niy;)] is

2 _ 2
O'y o

B ~
e ,BDBt> dt — oydZy.

dB\t: (rt—gy—n—i-ap—i-

A.3 Proof of Lemma 3

Step 0: preliminaries. We evaluate a part of the value function that depends on the stream of consump-

tion
.00 L=
Vi = E / o (o—m)(u—1) 1“7,1”.
Jt -
Note that p
Ct
= gt + oydz{
implies
o2
dlogc}*7 =(1-9) (gy - 2y> dt+ (1 —v)oydZ].
Hence 5
1— 1— 7
a T=¢ Texp {(1 =) <gy - 2y> (u—t)+(1- ’Y)‘TyZZ—t}
and
o2
) e (a1 )
E, / e~ lo=mu=t) L=y, _ € ¢ 7.

2
t p—n—(l—v)(gy—fﬁ

Aslongasp—n— (1—)(gy —7(@2/2) > 0, we have
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1—y
C

Vv, = v
p—n—(1-17) (gy—zy)

Note that the condition p —n — (1 —v)(gy — 'yayz/ 2) > 0 is necessary for the household problem to
have a solution. We will later show how it relates to the standard transversality conditions.

Step 1: household problem. The household problem when the budget constraint takes the intertemporal

form is
. 1—y
© [s -1 __ b;
max E / ele-mt 12t~ L u() dt
ct,by 0-0 1_7 ! yt Yt
e} s entért
s.t. i wg > IE()/ [Ct +71+ (Tt — T’t)bt] dt,
0 %o
The Lagrangian of this problem is
1—7y t
[e<) i _]_ - bt <] en gt
Ez]E/ e~ (p=mt CtinLc'y u<> —K[IE/ ct + 1+ (1] — 1) by| —=—=-dt —wp| .
0 0O 11—+ Yt ui 00 [t t (t t)t} & 0

Note that £ is a functional such that £y : L x IL. — R, where LL is a space of square integrable progressively
measurable processes with values in R.

Step 2: optimal choices and liquidity yield. The first order conditions for this optimization take the
following form

acy e Pl T =«
_ b
oby e~ *'c; ' (t> =t (ri —11),
Yt
together with the transversality condition

lim Ege"! érwr < 0.
T—o0

Together the transversality condition and no-Ponzi game condition imply that
lim ]Eoe”T(ijT =0.
T—oo
Individual optimality condition with respect to consumption can be solved to get consumption
-1
€t = (eptCtK) /7,

and with respect to liquid bonds for bonds

b

o (u’)f1 [E?C?’Y(l’i — rt)} = (u) - [c) e (r — )] -
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Substituting out x¢; from the first order conditions, we obtain

. b _
¢ T (yi) =c, T (r§ —11).

It can be rewritten as

_— by
ri—ri=c, 'cJu ( .
Yi

In equilibrium, where c; = ¢;, we will have

r—r=1u (bt>
Yt

Note that the Lagrange multiplier x solves the intertemporal budget constraint after substituting out
for optimal consumption and bond holdings:

um:hﬁw“wﬁﬂ%+E+W—mm001FM%Mﬁ—mHW€yt

Step 3: SDE.  First, we apply Ito’s lemma to the first order condition with respect to c; to get the law of
motion of &;:

kdgr =d () ¢; Ve (o) +d () d (¢ 7)
— —pe Ple]dt — yePle, " ey + We’_mcf%zdcﬁ

Divide both sides by x¢;

St odt — et
Gt 2 7Ct+ 2 Ct

Next, we use the goods market clearing condition y; = ¢; + G to note that (1 — yg)y: = ¢t and dy;/y; =

e der (v +1) <dq>2_

dct/ct. As a result,

2
m;:_pﬂ_7?~+vw+1>€w?
t

Gt 2 Yt
ylr+1
= —pdt — y(gydt + o dZ]) + %Ujdt
+1
= - [p + 78y — 7(72)05} dt — ﬂmydzty. (A1)

Step 4: safe rate. No arbitrage implies that the price p; of any security that pays dividends d; to its holder
equals

1 o
Pf=aﬂﬂ‘é%%. (A2)

The differential version of this equation is
0 = Gededt + ¢ [d(Eepi)] - (A3)
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The safe bond is a security with the price of 1 and the dividend r;. As a result,

0= Cﬂ’?dt + lE‘tdC[,

1 (d +1
=4k (5) :p+7gy—77(72 )05'

This confirms the guess of the drift in equation (8).

Step 5: equity price. The value of Lucas trees g; to the household that growth at rate 7 and collects ;e
in dividends is

1 <)
g = a]Et/t Eseyds.

We can compute the last integral explicitly. First note that f; = &e"'y; = e_(P_”)ty}MY follows the geometric
Brownian motion

d —
ot~ 53] - i

which has the following solution

12
fs :ftexp{— lP—’H‘(’Y—l)gy—(ryzl)Uy} (S—t)—('y—l)(fy(ZZ—Zty)}.

Thus, we obtain

1 o0
qi = *]Et/ fsds
Gt
= ]/t

p—n+(r—1)gy
=gy —n+yog

_ y(y=Dey
2

The last formula is a version of Gordon’s growth formula with risk. It implies that dq;/q; = dy;/y;, which,
in turn, yields

0 = O'y,

The last finding allows us to verify the diffusion part of the guess in equation 8. Specifically,

S
Pt — 1y

:0',
Ot 'Yy

which is the same turn as we obtained in equation (A.1).
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A.4 Proof of Proposition 4

In this proof, we first derive the conditions for which the transversality condition hold. Then, we show that
under this condition, the intertemporal budget constraint of the government is automatically satisfied.

TVC. First, note that

Eens—0 85 . el (ys> o
Gt Yt

—e—(1=7)logye+(p—m)t o= (p—n)s+(1—7) logys+Bs

The law of motion of the term in the exponent of the last equation is
. o2
d [—(p—n)s—i— (1—)logys —i—Bs} = [oc —p+n+(1-7) (gy - ;)] ds — yo,dZi.

Asaresult, —(p —n) (s —t) + (1 — ) (log ys — log y;) + Bs — By is distributed normally with mean of [a —
p+n+(1—79)(g— (fyz/Z)] (s — t) and the variance of 72(75(5 — t). Hence, we obtain

IEte"@—f)?bs _ (B, o~ (0= (s=1)+(1-7)(log ys—log ) + B~ By
t

UZ
g, |a—ptnt(l=7){gy—+ | +37707 | (s—t)
:eBte

The TVC holds when 5
w—p+n+(1— BT I O .
o 78— 5 | +5770 <0

which, after substituting out «, reduces to
ap —ay < 0.

The intertemporal budget constraint of the government. The iBC of the government is

bo=Eo [ [0~ g+ 7 — )bl S
0 go
= ]EO/() {Oéu —&p + ,Blog(bt/yt)]bte”t%dt.
After imposing B = 0, the budget constraint becomes
— ® o ont Gt
bp = (a0 —ap)Eg bie™ 2=dt
0 Go

= bo(ay —ap)Eg /oo Bt —Botnt—pt+(1—7)(logyi—log o) 74
0
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Note that

Et—gozoct—ay (Zty—Z(y)),

>t+0y<Zty—Zg).

N ‘wqm

logy: —logyo = <8y -
or

Bi —Bo— (o —n)t+ (1—7) (log y: — log o)

o2

:ltx—p+n+(1—'y) (gy—2y>]t—'yay<zty—zg).

As a result,

B ot (1 ) ) B o0 [a—p—l—n—l—(l—'y)<gy—é>]t—7ay(zty—zg)
IEO/ ehtTt—pt=yllog =108 c0) gt — ¢ OJEO/ e dt
0 0

2\ 4202
e uc—p+n+(1—'y)<g ——y>+ y]t
:eBO/ e[ e ?
0

2 2.2

5 lim; o€
= EBO

2 ,)/20—5
a—p+n+(1—7) (gy2> + =
Replace « in the following expression
2 2,2
g Yoo,
a—p+n+(1—1) <gy2y> +Ty =ap — ay.

As a result, we get

0 -
]EO/ eBantfptf'y(logctflogco)dt — ¢bo )
0 Xy — &p

Plug this in the original equation

1
&y —&p

by = (‘Xu - “D)bo

The last equation holds for any initial value by and for any a, —ap > 0.

A.5 Proof of Proposition 5

In this proof, we only derive the conditions for which the TVC is satisfied. Specifically, we will show that
a necessary and sufficient condition for lim7_,« E¢ [e"T&rbr] = 0is &y, — ap > 0. The challenge in proving
this result stems from the fact that the log of debt-to-GDP ratio is not just Brownian motion with drift, but

a reflected Brownian motion with drift.

To slightly simplify the notation (but without any loss of generality), we assume that §0 =0, ]§min =0

and v = 1. In the end of the proof, we comment on the consequences of dropping these assumptions.
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First, note that

b1

Q-rc)yr 1-7c '

Ese" &by = EpeTe T

Second, we use the observation, which is straightforward to prove (see, for example, Harrison, 1985)
using the so-called reflection principle from probability theory, that the cdf of the reflected Brownian motion

with negative drift and a single (lower) reflecting barrier is

= = X —at By —x —ut
P(Bi<x|By=0)=P|——F= | —eVP| —F— ) =F(x), A4
(B < x|Bo =0) ( v ) ( Y ) () (A4)
where ®(-) is the cdf of the standard normal distribution. Equation (A.4) implies that the PDF of the B; is
1 x —at 1 % —x —at 20 % —x —at
X)=—F¢ + ——=e% - —eV P . A5
e \/E(P(‘Ty\ﬁ) oVt (P( oy V't ) oy ( oyV't > ()

When 2a/ 0'5 + 1 # 0 (we will consider the special case when 2« / 0'; + 1 = 0 separately), we have
B i 1 x —at 1 % —x —at 2a % —x —at
Eoe3f=/ et ¢ t—re TP | = eV dx

0 oVt \ oyt oyt oyt oy oyt

© 1 N 2*5 —x —at
=, eayf(”(w)d e w"’( o )d

Aq Az
—2u
o2 —ut 2"‘“) —x —at
LA / ¢ dx|. (A.6)
S+l <‘7y\ﬁ> oyv/tJo ( oyt ) ]
A3

To compute A1, Ay and A3, note that

o (bx+c) = e*fb)cp (bx+c— %)

As a result,

2
oy +a \/E> , A7)

175(2—%4&)
%y lopplts it
Ay=e 2 '® < \/E> = A, (A.8)
Oy
—2u 2| 2441
2 _ y (72 ) 0-2 + o
As=52 ! @ (“ﬁ) te—rto | L0 Y (A.9)
Z+1 Ty Ty
Y
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Plugging equations (A.7)-(A.9) into (A.6) and rearranging, we get

IEoer =e

—2u

2
Ty

41

Yy

+

& +1 ‘75(

%y

T4 2a
a1

2| 2
~ oy (é#—l)
2 fq>

N QQN"SS)

2

s+

y\ﬁ) +e

Oy

_q><_’x
Oy
+1>

e tp l@(

2| 2
2| 2
Y\ 2
%

2

2( 2a

o | 5 +1
vl 2
("y
2

), (e

o (5

Oy

Oy

—2
2 —
1+ 5 vi| - 2 q>( ”‘\/E).
oy +1 oy

=
%y

(A.10)

When 2a/ (TyZ +1 > 0, then a/ (75 +1> —a/ (75 > 0, so that the first term in equation (A.10) is positive.
Moreover, when again 2a/ (75 +1 > 0, the first term on the last line always goes to infinity when ¢ tends to
infinity dwarfing the second term in equation (A.10). At the same time, when 2« / 05 +1<0,thenast — o0

the first term in equation (A.10) disappears leaving only the second term to be non-negligible. We now use
these properties to compute the transversality condition.

Now, we can compute the limit

14 _"_ 1
-~ 2
lim e~ P"'Epelt = lim Zy e
t—00 t—s00 0 +1
oy
atl
= lim Zzy e
t—o0 g + 1
%y
gz(
y
441
=2 2y lim e
—02‘ + 1 t—oo
Ty

that

lim e~ (P~MHE e —

t—00

2
(o
0, +
L5 +1
o 9
2 2
%
(72
Y
+00, 5

53

<—-a+p—mn,
=—-a+p—n,
>—a+p—n.

where the second equality took into account the fact that lim;_, e~ (Pt (;—l’/" \/f) = 0. Finally, we obtain



After noting that

o2
Y
l’é—p“‘?’l"‘? =Qap — Ky,
we can write
0, ay, —ap >0,
~ i
lim e_(“’_”)tlEoeB’ =q2 QZ 1’ ay —ap =0,
t—o0 g""

+o0, ay —ap < 0.

Remark 1. So far, we have considered the case when 2a/ (Tyz + 1 # 0. When, instead, 2«a/ 0'; +1 =0, the
above calculations simplify considerably. The key difference starts from equation (A.10), which will not
feature 2/ (75 + 1 in the denominator anymore.

Remark 2. While the assumptions that By = B,,;, = 0 are clearly non-consequential. The assumption of
¥ = 1 can look suspicious. In fact, all of the calculation go through. The only non-standard feature is that
we need to deal with a joint distribution of correlated Brownian motion (i.e., log y1) and reflected Brownian
motion (i.e., Br) because we have to compute the following object

Eie"Terbr = Ere™ T [(1— 46 yr] by = (1 —yg) Ve  0MTEe1-7) logyr+Br

This is straightforward but needs some care.

A.6 Proof of Proposition 6

The law of motion. Taking the difference between the low of motion of the log of debt and the log of
output, i.e.,

dlog B; = <rt+ GtB_Tt> dt,
t
0.2
dlogy: = (gy - 2y> dt —l—(Tdei/ — Zid]s,

We obtain the law of motion of the log of debt-to-GDP ratio
- oz -
dB; = (rt —gy—n+ap+ 7y — ﬁDBt> dt — (fdety + Zid];.

The interest rates are

P =p+78y — AN ) (7;_ 1)0’y2 — A(Eze™ —1),

s ~
re =1 — oy + BuBt.

As a result
dB; = (bZ - 511) dt — o, dZ! + Zid];.
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where

~ Ty(r+1) » of z z
ac:p—f—'ygy—TUy—(xu—gy—n—l—ocp—l—j—)\(IEZﬂ —1)=a—A(Egze™ —1).

which is similar to the definition of a before but that takes into account rare disasters.

Stationary distribution. Taking into account the fact that § = 0, we can write the Kolmogorov forward
equation for the density function f = f(B, t) in the region B > B,;, as
0% f

+02y2-+)\{]E fB-zH] - f(B1)}. (A.11)

of _ _of
B 0B2

o~ "398

The stationary distribution satisfied df /0t = 0. We guess and verify that

FB)=F -,

where f and B are constants to be determined. Plugging this guess in equation A.11 and taking into account
that 0f /0t = 0, we obtain the implicit equation that determines the rate parameter ¢

~ OjZ_ . ¢Z
6+ G 4\(1 JE[e ]) (A.12)

This equation has one obvious solution of & = 0, which immediately implies that f(B) = 0 for all
B > gmm. This must not be the case for the reflected process. As a result, we discard this solution. It
is easy to see by plotting the left- and the right-hand sides of equation A.12 as functions of ¢, that the
remaining solution of the equation is positive when @ + AE[Z] < 0 and it is negative in the opposite case
of ¥ + AE[Z] > 0. In the knife edge case of A[E[Z] = —, there is only one solution of { = 0. The stationary
distribution exists only for negative ¢.

Constant f is determined by requiring that

As a result,

and

ORI

Transversality condition. To prove that the transversality condition holds if and only if x, —ap > 0, we
consider two separate cases.

First, consider the case when the stationary distribution does not exist. Specifically, suppose that & +
AE[Z] > 0. In this case, the debt-to-GDP ratio increases unboundedly on average. As a result, we can ignore
the influence of the lower reflecting barrier. As a result, the expectation in the transversality condition

1 =~
IEtenTgTbT = zlEte_(p_n)TeBT+(1_,y>logyT'

(1—1c)
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Next, express Br + (1 — ) logyr as

~ sz
dBt + (1 — ’y)dlogyt = adt — Ude]t/ + th]t + (1 — ’)’) [(gy — 2]/) dt + O'de]t/ — th]t]

o2
wdi+ (1—1y) (gy - ;)] dt — 'yadef + vZid ]y

= {P - %Uj —ay —n+ap — A(Eze™ — 1)] dt — yoydZ] + yZ,dJ;.

Integrate the last equation

2
Br+ (1—y)logyr — [B:+ (1 — ) logy:] = |:p—,)/0' —ay —n+ap — A(Eze" —1)| (T —t)

I\)

ngyT

—oy (2 -7) + vgztk,

where 1, 1 is a (random) number of Poisson event arrivals between t and T. As a result,

]Etei(pin)TeE']“F(l*,Y) 108}’T
~ n
e—(p—n)t-i—Bf-&-(l—'y) logyt]Ete[—720§/2—vcu+1xD—/\(IEZe"YZ—l)}(T—t)—'wy (Zyr—ny)-l-“y Zqu Zy,

2
_ g2
50

2
7 —autap—A(Eze" 1) | (T— H+ 2 (T B+ (T—t) A [e? % —1]

—e—(p=m)t+B+(1-7) logyt IR, e
—e— (p=mt+Bi+(1=7) log g, [ —au+ap] (T—t)
It is clear from the last expression that the transversality condition holds if and only if —a,, +ap < 0.
Consider now the second case in which the stationary distribution exists, that is, ¥ + AE[Z] < 0. For

simplicity of exposition, we consider the case of y = 1, which allows us to write

1 ~
]EtenTgTbT - ﬁ]Etei(pin)TeBT

-G
_ ; 1 )26_(p—n)T/§oo BroByB
*’)’G min
1 / (1- ~
= ~(p=n) ~9Bg(1-¢)B
(1—7¢)*(1-2¢) K Binin 2
= 1 ef(an Tge(lfé)Bmin

where the last inequality is only valid under ¢ > 1. As a result, the TVC holds if { > 1 and p > n.

A.7 Proof of Lemma 4

We lay out a heuristic proof here.
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Safe interest rate. The discount factor is

e e—Pdte—r8ydt no disaster,
Mppydr =€ pat L2t
: Ct—’Y e—pdfe—ngdtg_'Y(_Z), disaster,
o~ (o+rgy)dt no disaster,

e_(p+73y)dt+72, disaster,

the return is

S
Ripyar = et

The Euler equation is
1 =T (mppyarRysrar) -
Use the values of the SDF and the return
1= (1= Adt)e (Pr0)diridt ) gy, o= (pasy)dieaZ gide
and simplify
elotrgy=ri)at — q + Adt (IEZe“’Z — 1) ,
7 :p—l—vgy—)t(]EZeVZ—l).

Note that this last formula is just a special case of a more general formula in Proposition 8 in Appendix
B.

Defaultable interest rate. The return is

et no default,

Ripyat =
- 0 default.

The Euler equation is

1 =Bt (myraeRepvar) -

Use the values of the SDF and the return

1=(1 —/\dt)e_(p+7gy)dte”dt +Adte—(p+7gy)dtertdtﬂy (Z < log ( B )) E |:e'yZZ < log ( By )] ,
B:/Yi B:/Yi
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and simplify

(p+rgy—re)dt _(q _ B VZ By}
e y (1 —Adt)+ AdtP | Z < log B,/Y, E |e7*|Z < log B,/Y, )|
Bnr
) =ALP(Z <1 E RN
(o 7gy =) { < °8 <Bt/Yt>) Z\Z<1og(%> "] }
Tt :p + ’)/gy AP Z < log B E Bhr [E’YZ} —1 .
Bt/Yt Z|Z<log<3t%,t>

In the case of the exponential distribution of random variable Z, i.e., a change in log output, with the

fZ(Z) = {Ce_gzr z >0,

0, z <0,

probability distribution function

we have

log Blj%t
rn=p+8y —A /0 e"*dFz(z

=p+78y —

i B
0g
=p+r8y—A (:/0 o 703z — ]
¢

_ _ S i (B L
=+ 78y A{g_”fll (Bt/Yt) ] 1}.

B A Model with EZW Preferences

This section of the Appendix provides the details omitted in Section 3.6 and 4.4 by first describing the
recursive preferences and then by stating some results that we prove in an online appendix C.

B.1 A no-Disaster Case

In a model without disasters, a typical household maximizes the following preferences

Wy =V; +]Et/t TTtsYsU (]Z;S) ds, (B.l)
s
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where

Vi = E; /t Flcs, V)ds,

£
[~

flewve) = =D o oy - vy,
=7 |y n—(1— 7ﬁ —(p—n)(1— s=t 2 7%
g = e{m [P (1-6) <g 2y>] (o—n)(1 7)}179 [P - (1-9) (gy . ’Y;y>‘| 7. (B.2)

Formally, the utility function (3) consists of two terms that capture the utility from consumption and
utility from holding government bonds. We assume that the utility from consumption is represented by
the Epstein-Zin-Weil preferences with subjective discount factor p, the coefficient of relative risk aversion
v, and the intertemporal elasticity of substitution 1/6. One advantage of using these preferences is that
they allow for separation of the coefficient of relative risk aversion (CRRA) and the intertemporal elasticity
of substitution (IES) that will be convenient in our calibration. We use the continuous-time formulation of
these preferences introduced by Duffie and Epstein (1992). When y = 6, the preferences in (B.1) reduce to
the preferences we used in the main text and that are given by equation (3).

With the process (B.2) entering the preferences for public debt (3), the demand for liquid bonds does
not depend on current consumption of the household in equilibrium, i.e., the wealth effect on demand for
government bonds is zero in equilibrium.

By repeating steps is the proof of Lemma 2, which can be found in the Appendix A.2, we can write the
following law of motion for the log of debt-to-GDP ratio.

2 2
(Ty—(TB

dﬁt = (rt —8gy—n+ap+ —/BDE> dt+aBdZtB,

where dZtB = (op/0p)dZE — (0 / (Tg)dZ;j and o3 = o3+ 05. Note that we added disasters in this expression.
Asset market clearing conditions combined with optimal choices by households gives the asset pricing

equations summarized in the next proposition.

Proposition 8. In equilibrium, the interest rate on safe assets and liquid government bonds are:

rEO+1) 5
2 v
ry = r — &y +,Bu +,Bu§t/

1 =p+0g —

and the drift and diffusion terms for the return on the risky asset are given by:

pe =71+ 0y,

Oy = U'y.

The proof is in Appendix C. Proposition 8 states that the only difference in the asset pricing in this
extended model compared to the model in Section 3 is the explicit presence of the IES parameter in the safe

interest rate
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B.2 A Case with Disasters

Adding disasters is straightforward. Equation B.2 has to be modified to take into account the fact that the
household faces not only Brownian but also disaster risk. The law of motion of debt to GDP becomes

o2 — g2 5
¥ B n B
—,BDBt> dt—'—O’EdZt —f—th]t, (B3)

dB} = (rt—gy—n—f—ap—f—
We present the extension of Proposition 8 to the disaster case.

Proposition 9. In equilibrium, the interest rate on safe assets and liquid government bonds are:

_ y(0+1) 5 0= —(-1z z
re —p—%—fi’gy—TUy-FME m(e =12 _1) — (7% —1)|,
=1 —way,+ ,Bu + ﬁuB\t/
and the drift and diffusion terms for the return on the risky asset are given by:
=1+ 'yaj + AEy, [(67Z -1 - e*Z)} ,

Oy = O'y.

It is straightforward to extend the proof of Proposition 8 to the case with disasters by following, for
example, Tsai and Wachter (2015).
As aresult, the law of motion of the log of public debt-to-GDP ratio is

dgt = (E — ‘Bgt) dt + O'Edzté + Zd];.
where

0 —
a=p+gy—{og+[v(O0+1) =107} /2 —ay — gy —n+ap + AE L_z (e*(1*7)z—1) — (e”z—l)} :

which is similar to the definition of @ in Proposition 6 but that takes into account the fact that the IES and
CRRA are not equal each other.

Note that the stationary distribution of B: when there is a lower reflecting barrier Bmin and B =0is
again exponential with the rate parameter that solves

2
T+ B2 = A1~ Bz 7)),

Assume that government defaults when the debt jumps over the debt limit as in Section 4. The house-
hold needs to be compensated for this risk. The next proposition presents the interest rate paid on govern-
ment debt absent default.

Proposition 10. Conditional on no default, public debt pays
re =1+ AE {eszI[ (z > log( BrL ))} :
B:/Yi
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The proof of this result uses Proposition 1 from Tsai and Wachter (2015). As a result,

re=p+6g, — 7(92+ 1)(75 +/\f:1]15 "2 —1] -2 [eﬂn (z < log (Blff;t» - 1} .

When we assume that Z has an exponential distribution with the pdf fz(z) = z71e~%/ for z > 0, we

1-zy
. _’)/(9+1) 2 9—’)/ _ 1 B B:/Y: z B
re=p+0gy 5%y Al—i—z—z'yz A -7 1 Byl 1.

where I used the fact that lim,_,e0 (7712712 = lim,_, e(7"1/22 = 0, which can only happen when ¢y <

get

¢ < ¢ + 1, where the second inequality holds automatically. Moreover, the equity premium is

1+z2+1—2y )
— — ——Z
1-92)(14+2)(1—v9z+7%)

yt—rs:'ya§+/\

and the safe rate is

rs:pwgy_v(@“)z_Az( 0—7 g} )

2 % 1+z-2z9  1-29
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Online Appendix

C Proof of Proposition 8

Step 0: preliminaries. First, the partial derivatives of function

flev) = % [6}79 —(p-m) (A- V)
Ale V)=t (-,
00— fi

fQ(C,V) m V—p—i—n

Second, we now evaluate the value of V; when the consumption follows a geometric Brownian motion
process. Formally, we solve the follow system of equations

Vi = [/toof(cu,Vu)du} ,

ES
=

e,y = B [0 o - my (- mw) ],
? = gydt + oydZ].

We guess the solution of the form

1—
Vi =oc;, 7,

where v is a positive constant. We plug this guess

_ L= | 1=
ey = ?Zf;} [0 — (o= ) (1= 7)oct )]

)
|
<

= % [1 —(p—n)((1— v)v)%} o .

As a result

T
Vi E, { [ Flewviyu+ VT}
-

e R L L A TR e

£

To compute the last expectations note that

dc dc
dlogc = T:_E < C:) = (gy
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) dt + o,dZ}.



As a result,
dt + (1 —v)oydZ},

logc,lfﬂ’ — logch =(1-1) (u—t)+(1- 'y)(fyZth,

dloge; "= (1-7) <8y -

)
)

o " =c Texp {(1 -7 <gy -

N“qu N‘g:q'\)

N ‘wqm

) (u—t)+ (1~ ’Y)‘Tyzzt} ,

1—
[E¢cy, T = c, ‘e ,

E [ = [ Rl
t ; Cy au = ; tCy AU

This implies
1 =
- - 1-6
v =l 11);’] [1 (o —n) ((1—7)v) *W}Et/t sV du + DB
-y
[(A—p)o] T =
_ %\ (r— 1—(p—n)((1—y)v)l
_a 7)(8y 2>(T t)cg,AY 10 [ (o —n) (2 7)) }+v
(1—-9) (gy_y)
B 1—
[(1— 7)o ™ o c
- [1- e -m (=)o)

The term with T — ¢t must be equal to zero for the conjecture to be correct

£

-

— ol T — o 2
L (gy—”z"y)

0.2 =)

As a result, we obtain

-

¢’ AV
Vt—l_vlp—”—(l—e)<8y—2>] :

Third, we will later show that the discount factor in this economy is given by

gj _ efn(sft)efgsfZ(CT/VT)del(CS,Vs>.

We next compute the equilibrium stochastic discount factor multiplied by population increase and show
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that it equals 7746.

s s[0=y fr _ n b=
gzens ol falecVoi g (oo vy = B [Frnldn o oyt

T
5

Consider the argument of the exponent first

o3 flenviyde _ o

As a result,

Gs gns _ e{f%l [p—n—(l—G) (gy—ﬁﬂ —(p—n)(l—v)}ﬁcfe [(1 B 7)063_7} =
Go s
> :

The last expression equals 7 ; introduced in the text.
Note that in the case of the CRRA utility, 7rs has the following familiar look

mos = e (P,

Step 1: Intertemporal Budget Constraint.
max Wo,
{Ct,wtuxt,bt,st}
s.t. o dwy = (risy + riby — ¢ — Ty — nwy )dt + wexdry,

st + by + xpwr = wy,
Rewrite the problem by substituting out dry and s; as follows

max W,
Ct, WPt Xt by

, d (e"wy) + e [cp + Ty + (1§ — rt) by dit
st
entwt

= [r} +x¢(pr —ri)] dt + xtatdZty + cptaf’dZtB,

Let the discount factor be ¢;, which exists and is unique under the complete markets assumption, and must
satisfy

? = —rjdt —x;dZ]. (C.1)
t

where x; = (¢ —rj)/0r. Note that ¢; is the per member of the household discount factor. Under such
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interpretation, optimally invested wealth must satisfy
w = ]Et/t [cs + Ts + (rs — rf)bs}e”(s”zzsds.
t
As a result, the household problem is

max Wy (ag; ﬁo),
ct,by

entCt

o

where we omitted x; and w; from maximization arguments because we assume that the wealth is optimally

o
s.t.:wg = IEO/() [Ct + T + (1’? — T’t)bt] dt,
allocated across assets safe and risky assets. The Lagrangian of this problem is

Y

%o

Note that £ is a functional such that £y : L x L. — R, where LL is a space of square integrable progressively

Lo=Wy—x []EO/O [Ct—|—Tt+(Tf—1’t)bt] dt —wp| .

measurable processes with values in R.

Step 2: First Order Conditions. The first order conditions for this optimization take the following form,
where we use notation of Duffie and Skiadas (1994),

VLo(c,d) =0, V5,
VLo(b,b) =0, Vb.
The last two equations state that the Gateaux derivative of the Lagrangian with respect to consumption and

bond holdings processes are zeros in any direction ¢ (in case of consumption) and b (in case of liquid bonds).
We next compute these derivatives explicitly. We start with VVj(c, ¢) and VVO(b,E).

Vo(e6) = ]EO/ ejg fZ(CT’VT)del (cs, Vs)csds,
0

VW (b,b) = ]Et/ (1— G)ygfegu' <bs> ds,
t Ys Ys

As a result, the derivative of the Lagrangian with respect to consumption process is
0= VLoy(cc)

ooNEm‘

= ]EO/ gf()sz(CT,Vr)del(Cs, ‘/S)’Cvsds _ K]E()/ i Ct dt
0 0 0

=E, /Oo (gfosfz(cr,Vr)del (cs, Vi) — xe Cs) C.ds.
0 Go

Because, the last equation has to hold for any ¢, we must have that

Ke" ¢

%o

e[()s fZ(CT/VT)del (CSI VS) —
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Taking the ratio of this equation at times t and s and using explicit expression for partial derivative f;, we

obtain

£

—9 -
oIt olee Vo)t (Ct> ("t) T gt St
Cs Vs Gs
Analogously, the optimality wrt to liquid debt is
b Ke"¢
TN (R Y (R s
TU sl <ys> (rs rs) &

Diving the last two equations, we obtain

<

Ju

1 ( bs )
T
Tb =7 — 3 " (ys .
s s eft fz(C-(,VT)del (cs, Vs)
In equilibrium, we have
1 ( b
Ntlsu (7)
b =7 g

efts fZ(CT'VT)del (CSr Vs)

i)

Finally, when households optimize, it must be true that

Vg = fl.

(C.2)

(C.3)

(C4)

(C.5)

Step 3: Stochastic Discount Factor. First, we want to compute the law of motion of §; (here we assume
x = x/Co). We will apply the Ito’s lemma to the FOC wrt to ¢. To do it, we separately compute several

stochastic differentials

[u
=
—~
2
=
SN—
Il
[
—
&
S
—
—
I
2
S—
=
\_‘.m
QL
&=

—w ([(1 AL (—ec;‘)) {dct _ 140, dﬂ

Ct 2 Ct
00 -1 | Ly @Y
+c (0 —7)[(1—7)VI] (1—7)Vt+2(9 1)[(1—7)Vt]2
c? =

:fl(ct,bt,Vt)<—9 [d _1x dj it [d[ﬂ —Vil 1 0-1 (@d[1-V])*

Ct 2 C% 17’)/

0—v dep d(1—7)V;
1=y o (A=-7V )

-0

66

I-mV 2 1-7 [(1-7)V)




Note that the preferences have the following differential representation

dVvy flet, Vi) y
— = -t dZ .
7 7 + o (C.6)

where oy can be time varying. As a result, (also taking into account that ¢; = (1 — vg)y)

g da d[(A1-7)Vi
11—y o (A=-7V

dfy _ fdee 140 dd) - [d[1-pV] 1 0-1 (d[1-7)V, ])2
i 9{ %17[ 1-nV 2 1—7 [(1—)V]?

Ct 2
- 146 , 0-1 06—y f 61
_[G(gy 5 y+lr)/0'y0'vy)+1,y *j+7m

Next

00— y
dt + (1 _YUV,yG‘Ty> azj.

2
delo faleVeldt — pfy filex Ve de/ falce, VT)dT+ L olo otenveyie [ / falcr, VT)dT:|

= Efo fZ(CT’VT)dez (Ct, Vt)df
Note that the last expression implies that dels P2l Ve)dTy f1(ct, Vi) = 0. As aresult,

" kdGs + ke ndt = delo PV £ (¢, Vi) 4 el eVIITa S (0, Vi) 4 delo VIR (¢4, )

= ke c M
= k& [fz( b Vi)di + filet, Vi) }

Collecting previous results, we obtain

dacy dfi(ct, Vi)
— = —ndt+ f1(ct, Vp)dt + =——"+>
Gt hlen i) fi(er, Vi)
2 2
1460 , 0—19 6—1 0y, t0oyp
97

Step 4: Riskless Rate. No arbitrage implies that the price p; of any security that pays dividends d; to its
holder equals

1 [e¢]
pr = *]Et/ Gsdsds. (C.8)
St Ji
The differential version of this equation is
0 = Grdedt + By [d(Cepr)] - (C9)
The safe bond is a security with the price of 1 and the dividend r;. As a result,

0= gﬂ" dt+]Etd(:t,

2 2
1 e 00+1) , 6—1v 0—1 0y, t0yp
S — __E _ . v, , _
T} 7 t((:t) p+0gy > Uy+1_7 boyoy = 5
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First, by guessing a verifying that the value function in equilibrium is a power function of total wealth, we
show that

1—
v,y = y ’YKt. (C.lO)

Second, we have two expressions for d¢; in equations (C.1) and (C.7)
—xdZ! = — | 60y, — uav dz!
t y 1— v Y ts
Again, because the last expression has to hold for all realizations of shocks, we obtain

6 _
Kt = B0y, — ﬁav,y, (C.11)

Equations (C.10) and (C.11) lead to
Oyy = (1—- ')’)Uy-

As a result, the riskless rate is

r=p+0g —

6(6+1 60— -1
(+)Uyz+ 7(% )a%,

2 -y \ovy 20-7)) "
0+1
:p—i—@gy—'y( 5 )(75.
Step 5: the risky asset price.
q: :]Et/ éysds
t Gt
00 ns
o—y
oo JOvl, 41— TN Zo—n) (1—y) b 5=t 2\ 1~ 1=
| {2 p-n-0-0(s-2)|-@-ma v)}l,f,cs_7 lp_n_(l_e) Gy_’g@ﬂ e~y s

2 2
[ { et [p-n-a-0) (522 )| - G2 -n (1) (8- 2 ) =)
. e ds.
t
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