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Abstract

We study the monetary-fiscal interaction in a heterogeneous-agent New Keynesian

model with a fiscal block. Due to household heterogeneity, the stock of public debt affects

the natural interest rate, prompting the central bank to adjust its monetary policy rule

in response to the fiscal stance, ensuring that inflation remains at its target. There is,

however, a minimum level of debt below which the steady-state inflation deviates from

its target due to the zero lower bound on nominal rates. We analyze the response to a

debt-financed fiscal expansion and quantify the impact of different timings in adapting

the monetary policy rule, as well as the performance of alternative monetary policy rules

that do not require an assessment of the natural rates. We validate our findings with a

series of empirical estimates.
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1 Introduction

Following the collapse of the Bretton Woods system in 1971, a broad consensus emerged among

academics and policymakers: central banks would be responsible for controlling inflation, while

treasuries would ensure debt sustainability. This separation of mandates was formalized in the

Maastricht Treaty of 1992. Member states of the European Union established the European

Central Bank (ECB) with a primary mandate of maintaining price stability. Simultaneously,

national treasuries became subject to a set of fiscal rules designed to prevent debt and deficits

from exceeding specified thresholds.

Economic theory lent strong intellectual support to this institutional arrangement. In

the canonical representative-agent New Keynesian (RANK) model (Woodford, 2003; Gaĺı,

2008), the central bank can achieve its price stability mandate provided three conditions are

met. First, the treasury must adjust primary surpluses in response to unexpected changes

in interest payments on government debt to ensure that debt remains bounded. Second, the

central bank must respond aggressively enough to inflation deviations —i.e., it must follow

the so-called Taylor principle (or a close variant). Third, the central bank must track the

natural rate of interest, r∗, in the long run, and this natural rate must be sufficiently high to

prevent the zero lower bound (ZLB) on nominal interest rates from becoming binding.1

The key result in the benchmark RANK framework is that the natural rate depends solely

on parameters that describe preferences and technology, such as the household discount factor

or productivity growth. Many economists are confident in assuming that such parameters

remain constant or evolve slowly in accordance with secular trends.

Interestingly, this key result breaks down once we deviate from the complete-markets

representative-agent framework. Instead, consider a heterogeneous-agent New Keynesian

(HANK) model, as popularized by Kaplan et al. (2018) and Auclert et al. (2024), among many

others. These models incorporate a continuum of atomistic households subject to idiosyncratic

risk that can save only by using non-state-contingent instruments. One important feature

of HANK models is that the natural rate depends on the stock of public debt, as originally

pointed out by Aiyagari and McGrattan (1998) and more recently by Rachel and Summers

(2019). The intuition is straightforward: given market incompleteness, the stock of public

debt determines how much households can self-insure against negative idiosyncratic shocks,

and therefore the interest rate at which the savings market clears.

1In this paper, the natural rate refers to the real interest rate in the deterministic steady state of the
economy. This concept differs from —though is often conflated with— the neutral interest rate, which is the
real rate that would prevail in a counterfactual economy with fully flexible prices. The neutral rate evolves
stochastically in response to economic shocks, while the natural rate is a long-run object. See Platzer et al.
(2022) for a detailed comparison between the natural and neutral rates. The authors refer to the natural rate
as the long-run r∗ and the neutral rate as the short-run r∗.
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As pointed out by Kaplan et al. (2018), the link between public debt and natural rates

opens the door to a form of monetary-fiscal interaction. This point has been explored further

by Bayer et al. (2023) and Kaplan et al. (2023). If the treasury changes the long-run stock

of public debt, this decision moves the natural rate. The central bank should then either

incorporate the new natural rate into its Taylor rule or risk biasing long-term inflation away

from its target. In this paper, we examine this form of monetary-fiscal interaction in both the

long and short run using a quantitative HANK model calibrated to replicate key features of

the U.S. economy.

This argument goes beyond HANK models. Overlapping generations (OLG) models, for

instance, share the same feature, as shown in Eggertsson et al. (2019), Challe and Matvieiev

(2024), and Aguiar et al. (2023). The latter authors introduce a tractable New Keynesian

OLG model to analyze the global equilibrium dynamics of inflation, interest rates, and labor

earnings in response to changes in the stock of public debt. Furthermore, the empirical

literature has documented the significance of this channel in the data; see, for example, Rachel

and Summers (2019) and Ferreira and Shousha (2023).

Fiscally driven natural rates vs. the FTPL. The reader should note that the

interaction we focus on is conceptually different from the one analyzed under the fiscal theory

of the price level (FTPL). The core insight of the FTPL, dating back to Sargent and Wallace

(1981), is that if the treasury is not committed to guaranteeing debt sustainability, the central

bank may be forced to accommodate fiscal expansions to prevent debt from exploding. In

these circumstances, inflation is determined by the need to stabilize public debt. This is the

logic behind the Maastricht Treaty discussed above.

In contrast, in our HANK model, the treasury collects taxes, spends, and funds deficits by

issuing debt in accordance with a fiscal rule that stabilizes the long-run real stock of debt (a

particular case of a passive fiscal policy). Fiscal policy affects the conduct of monetary policy

not by refusing to stabilize debt, but by shifting the natural rate.

Our analysis. We propose a two-asset HANK model featuring a central bank that sets

nominal interest rates according to a standard Taylor rule, and a treasury that conducts

fiscal policy. The model includes nominal wage and price rigidity, long-term government debt,

capital accumulation, and idiosyncratic household income risk. The economy has a unique

deterministic steady state in which a temporary increase in government spending permanently

raises the debt-to-GDP ratio, which in turn affects the natural rate of interest: the higher the

resulting debt level, the higher the natural rate.

Steady-state inflation deviates from the central bank’s target in proportion to the gap

between the natural rate and the intercept of the Taylor rule. Thus, to ensure price stability,

the central bank must adjust the intercept of its rule in response to fiscally induced changes
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in the natural rate.

There is, however, a situation in which the central bank in a HANK framework cannot

fulfill its long-run mandate, even if it is willing to adapt its rule to the fiscal position. If the

debt level is sufficiently low, the natural interest rate becomes negative. Should the sum of

the natural rate and the inflation target fall below zero, the ZLB becomes binding in the

long run, and inflation converges to the negative of the natural rate. Therefore, a minimum

debt level exists that is compatible with the inflation target. For any debt level below this

threshold, the central bank fails to deliver on its mandate.

We begin by examining the long-run effects of government debt on interest rates and

inflation (a situation where nominal rigidities are irrelevant). We show that debt influences

the natural rate and constrains the ability of monetary policy to achieve price stability in the

steady state. The central bank faces a trade-off: it can either adjust the intercept of its Taylor

rule to match the natural rate or tolerate persistent deviations of inflation from its long-run

target. For example, if the central bank does not accommodate an increase in the natural

rate caused by higher debt, steady-state inflation will rise. Moreover, our model generates a

semi-elasticity of real interest rates with respect to government debt that aligns closely with

both our empirical estimates and existing findings in the literature.2

After characterizing the long-run equilibrium, we turn to the short-run dynamics of

monetary-fiscal interactions. We study a debt-financed fiscal expansion as the economy

transitions from the initial steady state to a new steady state with permanently higher

government debt. We consider three scenarios that differ only in the fiscal instrument used.

In scenario I, government consumption follows a fiscal rule that generates, over time,

a higher long-run debt-to-GDP ratio. In scenarios II and III, government consumption is

fixed at its new steady-state level right away, and the same debt path as in scenario I is

replicated through adjustments in labor tax rates or net transfers, respectively. While all

three scenarios converge to the same new steady state, their transition paths differ. In each

case, the fiscal expansion generates sizable short-run inflation deviations, even though the

central bank adjusts its policy rule to return inflation to target in the long run.

We further analyze alternative monetary policy rules in the presence of fiscally driven

changes in the natural rate. In particular, we consider the differential rule proposed by

Orphanides and Williams (2002), which does not rely on real-time knowledge of the natural

rate. This rule links changes in the nominal interest rate to deviations of inflation from its

target. We demonstrate that such a rule yields superior stabilization outcomes compared

to the standard Taylor rule, underscoring the benefits of monetary frameworks that do not

2As one referee noted, many factors, such as demographics or changing risk aversion, can influence the
natural rate. We simply argue that the mechanism highlighted in this paper is a potentially important factor
in that evolution and that the central bank should take it into account.
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necessitate the explicit estimation of r∗ when fiscal policy alters the natural rate.

In a later section of the paper, we investigate the implications of policy timing. We analyze

how the timing of monetary policy adjustments in response to an announced fiscal expansion

affects macroeconomic dynamics. Our results indicate that early adjustments to the monetary

policy rule help mitigate inflation fluctuations, whereas delayed responses lead to larger and

more persistent fluctuations.

Finally, we explore the empirical relationship between natural rates and the central bank’s

reaction function. Using market-based measures of long-term nominal interest rates and

inflation expectations, we identify periods of significant misalignment between the natural rate

and monetary policy. We find evidence of a persistent gap between the natural rate and the

intercept in central banks’ monetary policy rules, particularly in the post-pandemic period.

Interpreting these findings through the lens of our model —which links the level of

government debt to the natural rate— we suggest that the widening of this gap in recent

years has been driven, at least in part, by expectations of higher long-run public debt levels.

Literature review. This paper is related to the large literature on monetary-fiscal

interactions, particularly under the FTPL (see Leeper, 1991; Sims, 1994; Cochrane, 1999;

Woodford, 1995; Schmitt-Grohe and Uribe, 2000, among others). Bhandari et al. (2017) study

competitive equilibria with public debt in a general framework with heterogeneous agents.

Mian et al. (2022) examine a model with bonds in the utility function and identify a minimum

level of debt consistent with the ZLB, below which inflation falls short of target. Bianchi et al.

(2022) analyze an environment in which a monetary-led and a fiscally led policy mix coexist,

as the central bank accommodates unfunded fiscal shocks, resulting in persistent movements

in inflation. Bigio et al. (2023) study expectations around a monetary-fiscal reform, in which

monetary policy is temporarily tasked with generating inflation to help the treasury stabilize

debt. After the reform, debt and inflation converge to a new steady state.

This paper also contributes to the literature analyzing fiscal and monetary policy in HANK

models, including Oh and Reis (2012), Kaplan et al. (2018), Auclert et al. (2024), Hagedorn

et al. (2019), McKay and Reis (2021), Wolf (2021), Ferriere and Navarro (2018), and Bilbiie

(2024). A closely related contribution is Bayer et al. (2023), who show that a permanent

increase in the debt-to-GDP ratio raises the real yield on public bonds in the long run, and

that a two-asset HANK model can replicate the empirical semi-elasticity of real interest rates

with respect to public debt. Our paper provides a more detailed examination of the interaction

between fiscal and monetary policy in a quantitative environment similar to theirs.

Theoretical work on fiscal-monetary interaction in HANK models includes Hagedorn (2016),

who demonstrates that prices and inflation are jointly and uniquely determined by fiscal and

monetary policy in a HANK model with nominal debt. Kaplan et al. (2023) analyze the
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FTPL in a heterogeneous-agent model with flexible prices. In their setting, a permanently

higher deficit lowers the steady-state real interest rate and reduces real public debt while

raising long-run inflation for a given monetary stance. Relatedly, Angeletos et al. (2024) study

a sticky-price version of the FTPL in a heterogeneous-agent model and find that fiscal deficits

are only about half as inflationary as predicted by standard FTPL arithmetic. Independently

of our work, Hänsel (2024) also examines how government debt expansions raise the natural

rate and generate inflation in a two-asset HANK economy.

This paper is further connected to the literature on estimating the natural rate and its

implications for monetary policy. Schmitt-Grohé and Uribe (2025) study how exogenous shifts

in the permanent component of real interest rates affect output and inflation. Several methods

are used to estimate natural rates, including semi-parametric approaches (e.g., Laubach

and Williams, 2003; Holston et al., 2017), nonstructural time series methods (e.g., Lubik

and Matthes, 2015), and those based on bond market expectations of long-run real rates

(e.g., Christensen and Rudebusch, 2019; Davis et al., 2023). Because these methods often

yield divergent results, there is significant uncertainty around natural rate estimates. Such

uncertainty can lead to monetary policy misperceptions, as emphasized by Ajello et al. (2020).

Chortareas et al. (2023) estimate a time-varying Taylor rule for the U.S. and document

episodes in which the Federal Reserve appears to have misread the natural rate of interest.

Bocola et al. (2024) measure shifts in the systematic conduct of monetary policy using bond

market data. Daudignon and Tristani (2023) analyze the optimal monetary policy response

to stochastic variation in the natural rate in a New Keynesian framework. Finally, Bauer and

Rudebusch (2020) demonstrate the importance of accounting for time variation in natural

rates for understanding the dynamics of the yield curve.

The rest of the paper is organized as follows. Section 2 introduces our HANK model.

Section 3 discusses its calibration and computation. Section 4 explores long-run monetary-

fiscal interactions. Section 5 analyzes their short-run dynamics. Section 6 studies how different

monetary policy rules shape short-run inflation and real outcomes. Section 7 examines how

the timing of the central bank’s response to fiscal expansions affects inflation and welfare.

Section 8 concludes.

2 The model

To study monetary policy when natural interest rates are influenced by fiscal policy, we

develop a discrete-time HANK model. Time is indexed by t.

Households. Households are indexed by i ∈ [0, 1] and derive utility from consumption,

ci,t, while experiencing disutility from labor, ni,t. They smooth consumption by saving in
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liquid and illiquid accounts, following Kaplan et al. (2018) and Alves et al. (2020).

Given a discount factor β, each household solves the following intertemporal problem:

V (ai,t, bi,t, zi,t) = max
ci,t,ai,t+1,bi,t+1

u(ci,t)− v(ni,t) + βEt[V (ai,t+1, bi,t+1, zi,t+1)]

s.t.

ci,t + ai,t+1 + bi,t+1 = (1 + rat )ai,t + (1 + rbt )bi,t + (1− τn)
Wt

Pt
zi,tni,t + Tt − Φt(ait, ait−1),

ai,t+1 ≥ 0, bi,t+1 ≥ 0.

where ai,t is the household’s real illiquid asset position at the start of the period, and bi,t is the

real liquid asset position at the same point in time. The term zi,t denotes idiosyncratic labor

productivity, while rat and rbt represent the ex-post real returns on illiquid and liquid assets,

respectively. Adjusting illiquid asset holdings incurs a quadratic cost, Φt(ai,t, ai,t−1), reflecting

their relative illiquidity compared to bonds. The nominal wage is denoted by Wt, and the

price level is denoted by Pt. Labor income is taxed at a constant rate τn, and households

receive real net lump-sum transfers, Tt, from the treasury.

At time t, each household i supplies ni,t hours of labor, chosen on its behalf by a union. Since

each hour provides zi,t units of effective labor, aggregate hours are given by Nt =
∫ 1

0
zi,tni,tdi.

The idiosyncratic productivity shock zi,t follows a Markov chain with mean Etzi,t+1 = 1. The

nominal wage Wt is determined through union bargaining, as described below.

Unions. We adopt a standard formulation for sticky wages with heterogeneous agents,

following Erceg et al. (2000), Auclert et al. (2021b), and Auclert et al. (2024). In this

formulation, a union aggregates heterogeneous labor tasks into a homogeneous labor service

(see Appendix A for details). The union employs all households for the same number of hours,

ni,t = Nt, and sets nominal wages to maximize average household welfare, subject to a penalty

term defined over deviations of the nominal wage change from the central bank’s inflation

target, π.

Solving this problem leads to a wage Phillips curve:

log

(
1 + πwt
1 + πss

)
= κw

[
−ϵw − 1

ϵw
(1− τn)

Wt

Pt

∫
u′(ci,t)zi,tdi+ v′(Nt)

]
Nt+

βEt
[
log

(
1 + πwt+1

1 + πss

)]
, (1)

where ϵw is the elasticity of substitution between different labor tasks, κw is the slope of the

Phillips curve (itself a nonlinear function of other parameters of the model), and πwt ≡ Wt

Wt−1
−1
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is the nominal wage inflation rate.3

Final goods producer. A competitive final goods firm aggregates a continuum of

intermediate goods, indexed by j ∈ [0, 1], with a constant elasticity of substitution ϵp > 1 to

produce the final output:

Yt =

(∫
y

ϵp−1

ϵp

j,t dj

) ϵp
ϵp−1

.

Given the intermediate goods prices pj,i and the final good price Pt, standard results yield

an expression for the price level: Pt =
(∫ 1

0
p
1−ϵp
j,t dj

) 1
1−ϵp

.

Intermediate goods producers. There is a continuum of identical producers of interme-

diate goods operating under monopolistic competition. Because each producer produces only

one good, we also use the index j for the intermediate goods producers. These intermediate

goods producers have access to a constant returns-to-scale technology yj,t = Θkαj,t−1n
1−α
j,t ,

where nj,t is the labor input employed in production and kj,t−1 is the capital input. The

constant parameter Θ denotes the total factor productivity.

Intermediate goods producers own the capital stock and make forward-looking investment

decisions. Capital depreciates at a rate δ. Investment entails a real cost:

ζ(kj,t/kj,t−1) = kj,t/kj,t−1 − (1− δ) +
1

2δϵI
(kj,t/kj,t−1 − 1)2.

The equations governing investment are detailed in Appendix B.

Intermediate goods producers set the price subject to a quadratic adjustment cost scaled

with respect to the target inflation π and proportional to aggregate final output:

ξ(pj,t, pj,t−1) =
ϵp
2κp

(log(pj,t)− log((1 + π)pj,t−1))
2 Yt.

From this point forward, we apply the standard result that, in a symmetric equilibrium,

all intermediate goods producers make identical decisions regarding production, investment,

and pricing.

Thus, solving the pricing decision of intermediate goods producers yields the standard

price Phillips curve:

log

(
1 + πt
1 + πss

)
= κp

(
mct −

1

µp

)
+ Et

[
1

1 + rat+1

Yt+1

Yt
log

(
1 + πt+1

1 + πss

)]
,

where µp ≡ ϵp/(ϵp − 1) is a constant markup over marginal costs charged by intermediate

3Appendix G.1 also analyzes a flexible-wage version of the model. To approximate flexibility without
altering the model’s structure, we assume the union’s wage adjustment cost is near zero (or equivalently, that
κw is very large). This approach closely replicates the baseline output and inflation dynamics.
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goods producers. The marginal cost can be expressed as a function of aggregate variables. It

is given by mct =
Wt/Pt

(1−α)Yt/Nt
, that is, the ratio of the real wage and the marginal product of

labor. See Appendix C for details.

Due to monopolistic competition, intermediate goods producers earn profits. We denote

aggregate profits by Πt. These profits are taxed at a constant rate τd and the proceeds are

paid to the treasury. Thus, the after-tax aggregate dividends distributed to investors by

intermediate goods producers are given by:

dt = (1− τd)Πt = (1− τd)

(
Yt −

Wt

Pt
Nt − It − ξ(Pt, Pt−1)

)
.

where the gross aggregate investment It = ζ(Kt/Kt−1)Kt−1 = Kt−(1−δ)Kt−1+ϕ(Kt/Kt−1)Kt−1

includes the adjustment cost of capital.

Monetary policy. The central bank sets the nominal interest rate, it, on bonds according

to a standard monetary policy rule that responds to inflation and is subject to a ZLB:

it = max

(1 + it−1)
ρi

[
(1 + r) (1 + π)

(
1 + πt
1 + π

)ϕπ]1−ρi
− 1, 0

 , (2)

where ρi ∈ [0, 1) is a smoothing parameter, ϕπ ≥ 1 determines the strength of the reaction to

deviations of inflation, and π is the inflation target. We give the parameter r the name of

policy rule intercept.

Fiscal policy. The treasury finances real government consumption, Gt, and real lump-sum

transfers to households, Tt, using revenue from taxes on labor paid by households and taxes

on profits paid by firms. A negative transfer Tt is equivalent to a lump-sum tax. To finance

deficits, the treasury issues long-term nominal debt, which households hold in their liquid

accounts.

Government consumption and transfers follow an exogenous process. In contrast, tax

revenue is endogenous, as it consists of receipts from taxes on labor and profits, which depend

on other endogenous variables:

Tt =
∫ 1

0

τn
Wt

Pt
zi,tni,tdi+ τdΠt.

Debt is nominal, and its long-term nature is modeled as in Woodford (2001). Long-term

bonds B pay a nominal dividend of 1 in the first period, δB in the second period, δ2B in the

third period, and so on, with 0 ≤ δB < 1.4 In the special case where δB = 0, long-term

4The flow of payments of a bond that starts paying today equals one plus δ times the flow of payments
of a bond that starts paying tomorrow because 1 + δ + δ2 + · · · = 1 + δ(1 + δ + δ2 + . . . ). Hence, there is a
simple recursive representation of the debt accumulation equation.
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debt effectively becomes one-period debt. The relative price of debt at date t in terms of

consumption is denoted by Qt.

The equation for government debt accumulation is:

Bt = (1 + rbt )Bt−1 + (Gt + Tt − Tt),

where Bt is the real market value of government debt.5 The face value of government debt

in real terms at each date t can be obtained as the ratio Bt/Qt. The ex-post real return on

bonds in the above equation is defined by:

1 + rbt ≡
(1 + δBQt)

Qt−1

Pt−1

Pt
.

We define the short-term ex-ante nominal interest rate, it, as the expected nominal return

of holding a bond for one period:

1 + it =
1 + δBEtQt+1

Qt

.

where, for simplicity, we neglect the covariance between the future bond price Qt+1 and future

inflation.

The ex-ante real return on government bonds depends on the expected nominal interest

rate and expected inflation, and is given by:

Et[1 + rbt+1] = Et
[

1 + it
1 + πt+1

]
.

The ex-post real return on bonds may deviate from the ex-ante real return due to unexpected

shocks. This discrepancy arises from two factors: (i) a sudden change in the price level at

time t, and (ii) adjustments in Qt, leading to a gap between the expected and realized ex-post

nominal return.

Illiquid assets. Households invest their illiquid assets in a mutual fund, which holds

equity in intermediate producers. Let pt denote the real value of equity. Since the mutual

fund is fully invested in equity, its expected real return depends solely on dividends and equity

price fluctuations.

We assume the mutual fund operates in a competitive market and therefore does not earn

any profits. Consequently, the return on the illiquid asset equals the expected return on

5As shown in Appendix D, the real market value is the product of the bond price in terms of consumption,
Qt, and the real stock of long-term debt at the end of period t. Denoting the nominal stock of bonds as B$

t ,
we have Bt ≡ Qt(B

$
t /Pt).
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equity:

Et[1 + rat+1] =
Et[dt+1 + pt+1]

pt
.

Aggregation and market clearing. In equilibrium, the labor market, liquid asset

market, illiquid asset market, and goods markets clear:

Nt =

∫ 1

0

zi,tni,tdi,

Bt =

∫ 1

0

bi,t+1di,

pt =

∫ 1

0

ai,t+1di,

Ct =

∫ 1

0

ci,tdi,

and the aggregate resource constraint holds: Gt + Ct + It + ξt + Φt = Yt.

3 Calibration and computation

Our calibration strategy focuses on the key quantitative goal of understanding how fiscal

expansions shape monetary policy. We therefore match the U.S. fiscal accounts and aggregate

asset structure, along with other macroeconomic targets, all at a quarterly frequency. More

concretely, we set the stocks of public debt, total assets, and capital to align with U.S. data.

To generate realistic macroeconomic responses to fiscal expansions, we also discipline the

aggregate marginal propensity to consume by targeting the observed share of U.S. hand-to-

mouth households.

We divide the description of our calibrated values into conventional choices in the literature

and those we set internally.

3.1 Pre-set parameters

The parameters set externally appear in Table 1. We discuss them in more detail next.

Preferences. We assume log utility over consumption, u(c) = log(c). The disutility from

labor is v(n) = νφn
1+ 1

φ/(1 + 1
φ
). We adopt a unitary Frisch elasticity, φ, consistent with

Kaplan et al. (2018). To remain consistent with the HANK literature, we set the quarterly

discount factor β = 0.988 to replicate the instantaneous discount rate of 5.1% in Kaplan et al.
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Table 1: Calibration parameters

Parameter Value Sources

Preferences

σ CRRA 1 Kaplan et al. (2018)
φ Frisch elasticity of labor supply 1 Kaplan et al. (2018)
β Quarterly discount factor 0.988 Annual discount rate of 5.1%

Income process

ρe Persistence income process (quarterly) 0.966 Auclert et al. (2021a)
σe Std. dev. idiosyncratic shock (quarterly) 0.92 Auclert et al. (2021a)

Production and nominal rigidities

µw Wage markup 1.1 Wolf (2021)
κw Slope of the wage Phillips curve 0.1 Aggarwal et al. (2023)
µp Price markup 1.1 Kaplan et al. (2018)
κp Slope of the price Phillips curve 0.1 Hazell et al. (2022)
δ Quarterly depreciation rate 0.02 Standard
ϵI Quadratic adjustment cost parameter 4 Auclert et al. (2021a)

Fiscal policy

G Real government consumption 0.2 Spending-to-GDP 20%
τn Tax rate on labor income 0.3 Kaplan et al. (2018)
δB Coupon rate of long bonds 0.95 Doepke and Schneider (2006)

Monetary policy

ρi interest rate smoothing 0.8 Clarida et al. (1999)
ϕπ Taylor rule coefficient 1.25 Kaplan et al. (2018)
π Inflation target (annual) 0.02 2020 Fed FAIT

(2018).6

Income process and borrowing limit. We take the persistence, 0.966, and the standard

deviation of income shocks, 0.92, from Auclert et al. (2021a). We approximate this process as

a Markov chain with three discrete states, computed as in Rouwenhorst (1995). We set the

borrowing limits on liquid and illiquid assets to zero, a standard assumption in the literature.

Production and nominal rigidities. We follow Wolf (2021) and set the elasticity

between labor tasks to ϵw = 10, which yields a wage markup of µw = ϵw/(ϵw − 1) = 1.1. The

wage Phillips curve slope is κw = 0.1, following Aggarwal et al. (2023). The elasticity of

substitution between varieties is ϵp = 10, implying a price markup of µp = ϵp/(ϵp − 1) = 1.1

(e.g., Kaplan et al., 2018). The price Phillips curve slope is set to κp = 0.1, consistent with

6Picking a value for β to match an average interest rate, as in RANK models, is difficult because the model
has two assets whose returns depend nonlinearly on many other parameters. We therefore adopt a standard
value for β. The internally calibrated parameter values will match the observed asset structure in the economy,
conditional on this β.
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recent evidence of a flat Phillips curve (e.g., Hazell et al., 2022).

We consider the adjustment function:

Φt(ai,t, ai,t−1) ≡
χ1

2

(
ai,t − (1 + rat )ai,t−1

ã

)2

ã,

ã = max{(1 + rat )ai,t−1, χ0}.

This adjustment cost is a quadratic discrete-time version of the cost introduced by Alves et al.

(2020). The parameters χ0 and χ1 are calibrated internally.

Fiscal policy. We calibrate steady-state government consumption to 20% of GDP, in line

with U.S. data and common values in the literature (e.g., Auclert et al., 2024; Bayer et al.,

2023). The labor tax rate is set to 0.3, a standard choice (e.g., Kaplan et al., 2018; Bayer

et al., 2023). We choose δB = 0.95 so that steady-state bond duration equals 18 quarters (4.5

years), consistent with U.S. asset and liability durations reported by Doepke and Schneider

(2006).7 Profit taxes and net transfers are calibrated internally to match the asset structure,

as discussed below.

Monetary policy. Following Clarida et al. (1999), we set the interest rate smoothing

parameter ρi = 0.8. The Taylor rule coefficient on inflation, ϕπ = 1.25, follows Kaplan et al.

(2018).8 Finally, we set the inflation target to 2% annually, the Fed target under its 2020

flexible average inflation targeting (FAIT) framework.

3.2 Parameters calibrated internally

We calibrate seven parameters internally: the disutility of labor (νφ), the capital intensity

in the production function (α), the tax rate on profits (τd), transfers to households in the

deterministic steady state (DSS) of the economy (Tss), total factor productivity in the

production function (Θ) , and the two parameters in the adjustment function (χ0 and χ1).

First, we impose two normalizations: quarterly DSS output and the DSS employment level

are both set to one. With these normalizations, all stock and flow variables can be interpreted

as multiples of quarterly output. Second, we set the DSS liquid annual real interest rate to

1%, a common choice in the literature.

These conditions leave four additional targets. We obtain three from the asset structure of

the economy and one from the observed share of hand-to-mouth households.

Asset structure of the economy. Following Auclert et al. (2021a) and Bayer et al.

7The duration is Dss = (1 + iss)/(1 + iss − δB).
8As one referee pointed out to us, the value of ϕπ is quantitatively important: the strength of the inflation

response in the Taylor rule influences the size and persistence of deviations of inflation from target. For this
reason, we set ϕπ = 1.25, a value that lies well within the range of consensus estimates in the literature.
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(2023), among others, we target a stock of total assets (liquid plus illiquid) equal to 350%

of GDP, a value broadly consistent with Kaplan et al. (2018). We set government debt to

70% of annual GDP, a level representative of recent decades in the U.S. Because government

debt is the only liquid asset in the model, this implies illiquid assets of 280% of annual GDP.

Illiquid assets consist of the firms’ capital stock and the present value of after-tax profits. We

set the capital stock to 225% of annual GDP, in line with Auclert et al. (2021a) and Kaplan

et al. (2018), which leaves 55% of annual GDP for the present value of after-tax profits.

Concept Notation used Value in model Share of
in the paper (mult. of quart. output) annual output (%)

Annual output 4× Yss 4.0 100
Total assets* Ass +Bss 14.0 350
Liquid assets* Bss = Bg

ss 2.8 70
Illiquid assets Ass = pss 11.2 280
of which:
– Physical capital* Kss 9.0 225
– Present value of profits — 2.2 55

Table 2: Targeted levels of assets in steady state (marked with an asterisk)

Table 2 reports the levels of the three assets targeted in our baseline calibration (marked

with an asterisk): the steady-state stocks of liquid assets, total assets, and capital. The

remaining asset stocks follow from accounting identities.

Marginal propensity to consume and hand-to-mouth households. The literature

places the annual average marginal propensity to consume between 0.3 and 0.5 (Kaplan and

Violante, 2022). Instead of targeting a specific value for this propensity, we match the share

of hand-to-mouth households, which has a clear empirical counterpart. Using 2019 SCF data,

Kaplan and Violante (2022) estimate this share at 41%.

Results. The calibrated parameter values are shown in Table 3. All values are plausible.

For example, capital intensity falls within the usual range of 0.25 to 0.33. The tax rate on

profits is high relative to the average U.S. corporate tax rate, but in our model this parameter

also absorbs any personal income tax on capital income.

The annual real interest rate on illiquid assets in the DSS, an equilibrium value, is 3.17%,

which implies a liquidity premium of 217 basis points. The DSS yields a decomposition of

hand-to-mouth households into poor hand-to-mouth and wealthy hand-to-mouth of 2.6%

and 38.4%, respectively.9 This pattern aligns with the literature, which finds that most

hand-to-mouth households are wealthy hand-to-mouth, although our calibration produces a

9We define the poor hand-to-mouth as those households for whom both liquid and illiquid assets are zero
and the wealthy hand-to-mouth as those for whom liquid assets are zero but illiquid assets are strictly positive.
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Parameter Value Targets and Normalizations

χ0 Adj. cost parameter 3.78 Targets:
χ1 Adj. cost parameter 37.57 {Ass +Bss = 14.0, Bss = 2.8,
νφ Labor disutility parameter 0.615 Kss = 9.0, Share Htm = 0.41}
α Capital intensity 0.276
Θ Total factor productivity 0.546 Normalizations:
τd Tax rate on profits 0.456 {Yss = 1.0, Nss = 1.0, rbss = 0.01}
Tss Steady-state net transfers 0.064

Table 3: Internally calibrated parameter values

distribution more skewed toward the wealthy group than typical empirical estimates. The

calibration also yields an annual marginal propensity to consume of 0.396, which, although

not directly targeted, is in line with empirical estimates for the United States reviewed by

Kaplan and Violante (2022).

3.3 Computation

To analyze the impact of permanent fiscal shocks in our HANK model, we compute a nonlinear

transition from the initial DSS to a new DSS. We implement this transition with the sequence-

space method in Section 6 of Auclert et al. (2021a), which is designed for perfect-foresight

paths. The algorithm iteratively solves for the full transition path using Jacobians evaluated

at the final DSS (to which the economy converges arbitrarily closely if the transition horizon

is long enough). This method allows us to capture the complete dynamics of the economy as

it moves between steady states.

4 Monetary-fiscal interactions in the long run

In this section, we examine the long-run effects of government debt on interest rates and

inflation. Section 4.1 explores how government debt influences the natural rate and constrains

monetary policy. If the central bank does not adjust its policy rule to accommodate the

higher natural rate induced by increased debt, steady-state inflation will rise. Additionally, we

show that the ZLB imposes a minimum debt threshold below which the central bank cannot

achieve its inflation target. In Section 4.2, starting from the DSS of our baseline calibration

in Section 3, we quantify these effects by comparing steady states at different debt levels.

Our model produces a semi-elasticity of real interest rates with respect to government debt

that aligns closely with both our empirical estimates and the findings of Rachel and Summers

(2019) and Bayer et al. (2023).
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4.1 The natural interest rate and long-run inflation

We begin by analyzing the DSS of the model. In the DSS, aggregate shocks are absent, but

households continue to experience idiosyncratic shocks. We denote all steady-state variables

with the subscript “ss,” except for the steady-state liquid real interest rate. Instead of rbss,

we use the more conventional notation r∗, as this variable corresponds to what is commonly

referred to as the long-run natural rate. Additionally, we retain the time subscript t for

variables related to household choices, as households still face idiosyncratic shocks.
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Figure 1: Determination of the real interest rate r∗ in steady state and monetary policy
options

Panel (a) of Figure 1 shows the real interest rate on liquid assets across steady states,

varying the market value of government debt. The point labeled r∗0 marks the baseline steady

state in our calibrated model, where the debt-to-GDP ratio is 70% and the real interest rate

on liquid assets is 1%. Unlike in standard representative agent models, where the interest

rate is set by the household discount factor, in heterogeneous agent models, r∗ is determined

by the interaction of bond demand and supply.

Kaplan et al. (2023) show how households’ precautionary saving motives create an upward-

sloping demand curve for government bonds, while the government’s budget constraint sets

bond supply.10 These steady-state constraints link real debt to real interest rates. We denote

the equilibrium function connecting the debt stock to the natural rate as r∗(Bss). Building on

their results on existence and uniqueness, we examine the implications of debt changes for

10This mechanism builds on Aiyagari (1994), who showed how uninsured idiosyncratic risk leads to an
upward-sloping asset demand curve, and Aiyagari and McGrattan (1998), who studied optimal government
debt in incomplete market economies with precautionary saving.
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monetary policy.

Long-term inflation. We approximate the monetary policy rule (2) in the DSS by

iss ≈ max {r + π + ϕπ(πss − π), 0}. Combining this rule with the long-run Fisher equation,

iss = r∗ + πss, yields:

r∗ + πss ≈ max {r + π + ϕπ(πss − π), 0} . (3)

Equation (3) has two solutions (Benhabib et al., 2002). The first, a non-binding ZLB

scenario, arises when r + π + ϕπ(πss − π) > 0. In this case:

r∗ + πss ≈ r + π + ϕπ(πss − π), (4)

which simplifies to:

πss ≈ π +
r∗ − r

ϕπ − 1
. (5)

That is, steady-state inflation equals the central bank’s target plus a term reflecting the

gap between the Taylor rule intercept and the steady-state natural rate. To keep long-run

inflation at target, the central bank must set the Taylor rule intercept equal to the natural

rate— the standard New Keynesian prescription.

The second solution, a binding ZLB scenario, occurs when r+π+ϕπ(πss−π) ≤ 0, making

the right-hand side zero. In this case, the nominal interest rate is zero and:

πss = −r∗. (6)

Higher inflation if the central bank does not react. Figure 1 illustrates how changes

in government debt affect steady-state inflation. Panel (a) compares two debt levels, r∗1 and r∗0,

where higher debt raises the natural interest rate, so r∗1 > r∗0. Panel (b) shows the interaction

between the Taylor rule and the Fisher equation, both evaluated at steady-state values.11

A higher natural rate shifts the Fisher equation upward (from the solid to the dashed red

line), as a higher real rate implies a higher nominal rate for any given steady-state inflation.

The size of this shift is r∗1 − r∗0 > 0. If the central bank leaves its Taylor rule unchanged (solid

black line), the economy moves from point E1 to E2, resulting in higher steady-state inflation.

Alternatively, the central bank can adjust the Taylor rule intercept. To keep inflation at

target, it must shift the Taylor rule curve (to the dashed black line) by the same amount as

the Fisher equation. This adjustment delivers a new steady state at E3, with the original 2%

inflation target and a higher natural rate, r∗1.

The minimum debt level compatible with an inflation target. We now consider

the case in which the central bank adjusts its monetary policy rule in response to changes

in the natural interest rate. As discussed above, when the ZLB does not bind, the central

11We thank Daisuke Ikeda for suggesting such a figure to illustrate the link between a higher natural rate
and long-run inflation.
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bank can set the intercept of the Taylor rule equal to the new natural rate to keep inflation

on target. That is, r = r∗(Bss), which ensures πss(Bss) = π. This outcome can always be

achieved if the natural interest rate is sufficiently high. However, when the natural rate is too

low, the ZLB may become a binding constraint.

There exists a threshold level of debt, B̂π, at which the nominal interest rate hits zero:

r∗(B̂π) + π = 0.

For debt levels below this threshold, Bss < B̂π, the central bank cannot meet its inflation

target, as nominal interest rates cannot fall below zero. In this case, the ZLB binds, iss = 0,

and steady-state inflation is given by πss = −r∗(Bss). We refer to B̂π as the minimum debt

level compatible with the inflation target π, since the central bank can only achieve its target

in the DSS if Bss ≥ B̂π.
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Figure 2: Steady-state nominal interest rate and inflation for different inflation targets
Note: The graphs use the baseline calibration but allow Bss to vary. In Panel (a), the dashed line
shows results for a 0% inflation target, and the solid red line for 2%. The shaded area in Panel (b)
represents the set of non-negative inflation targets that can be achieved in equilibrium at various
debt levels. The debt level B̂0 at the kink is the lowest level consistent with an inflation target of
zero.

We illustrate this result in Figure 2. Panel (a) shows the nominal interest rate for two

inflation targets: 2% (solid red) and 0% (dashed black). For a 2% target, the minimum

debt level B̂2% is 22.7% of GDP. For a 0% target, it rises to 46.8%.12 Panel (b) plots a

frontier (dashed line) showing combinations of steady-state inflation and minimum debt

levels for positive inflation targets. The shaded area above the frontier represents the set of

(non-negative) inflation targets that can be achieved in equilibrium at different debt levels.

12In these simulations, government consumption adjusts to ensure that the treasury satisfies its budget
constraint.
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The value B̂0 shown in the figure is the lowest debt level consistent with an inflation target of

zero.

4.2 Long-run quantitative effects of the fiscal expansion

Next, we compare the long-run effects of a fiscal expansion by analyzing two steady states: a

baseline with government debt at 70% of GDP, and an alternative with debt at 80% of initial

GDP—that is, 10 pp higher.

In the new DSS, the higher debt level must be financed through higher taxes, lower

government consumption, lower transfers, or some combination of these. Figure 8 in the

Appendix E shows the resulting values of r∗ under each option. The effects on r∗ are

quantitatively similar across cases. For this reason, we focus on the scenario in which

government consumption adjusts to balance the budget in the new DSS.13

Initial steady state New steady state Difference

Bonds (% GDP) 70.000 80.000 10.000
Illiquid real interest rate 3.170 3.197 0.027
Liquid real interest rate 1.000 1.307 0.307
Liquid nominal interest rate 3.020 3.333 0.313
Output 100.000 99.742 -0.258
Investment 18.000 17.911 -0.089
Consumption 60.292 60.549 0.257
Govt. consumption 20.000 19.606 -0.394
Portfolio costs 1.708 1.676 -0.032
Total Tax revenue 27.125 27.075 -0.051
Primary surplus (% GDP) 0.697 1.043 0.346

Table 4: DSS in the baseline HANK model
Note: All variables expressed as a percentage of GDP refer to the level of GDP in the initial steady
state. The nominal interest rate in the initial DSS is 3.02%, not 3.00%, because it satisfies the
non-linear Fisher equation: iss = 1.01× 1.02− 1 ≈ 3.02%.

Table 4 reports the values of key variables that differ between the initial and final DSS. As

shown in the third row, the natural interest rate r∗ increases by 31 basis points (bps) in the

new DSS. To balance the budget, government consumption must fall. This reduction reflects

not only the additional debt servicing required at the initial interest rate, but also the higher

interest rate itself, leading to a total decrease in Gss of 39 bps.

13While steady-state outcomes are similar across funding methods, the transition paths differ substantially.
We therefore consider taxes, transfers, and government consumption separately when analyzing the short-run
effects of a fiscal expansion.
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As shown earlier, maintaining price stability requires the central bank to raise the intercept

in its monetary policy rule, r, by the same amount as the increase in r∗. Otherwise, steady-

state inflation would rise to 3.2 pp—exceeding the inflation target by 1.2 pp—as implied by

equation (5) under our calibration of the Taylor rule with ϕπ = 1.25.

The increase in steady-state debt, Bss, affects several real variables. In the new DSS,

households receive higher interest payments and experience a positive wealth effect, leading

to a 26 bps increase in consumption. In line with this rise in consumption, households reduce

their labor supply, resulting in a 26 bps decline in output. This channel —where changes in

government spending affect labor supply through wealth effects— has been recognized since

Christiano and Eichenbaum (1992).

Semi-elasticity. Our model produces a semi-elasticity of the real return on bonds with

respect to government debt that is consistent with the empirical evidence. More concretely,

we define the semi-elasticity of the DSS real return on bonds with respect to the stock of

government debt as:

ηB ≡ ∂rbss(Bss)

∂ lnBss

≈ ∆rbss
∆ lnBss

.

Comparing the two steady states under consideration, a fiscal expansion that increases

government debt by 10 pp of GDP (from 70% to 80%) implies a semi-elasticity:

ηB ≡ ∆rbss
∆ lnBss

=
0.307

ln(80/70)
≈ 2.3%.

This result is in line with the estimate reported by Bayer et al. (2023), who find ηB = 2.5%.14

As noted by Bayer et al. (2023), this magnitude of semi-elasticity implies that debt financing

becomes meaningfully more expensive for the government.

Empirical evidence on the response of r∗. We conduct an empirical analysis to

quantify how the natural interest rate responds to changes in government debt. Specifically,

we estimate the response of r∗ to an increase in the debt-to-GDP ratio. As our measure of the

natural rate, we use the estimates from Lubik and Matthes (2015), based on a time-varying

parameter vector autoregressive (TVP-VAR) model.15

To estimate the impulse response function (IRF), we use local projections (LP; Jordà,

14Bayer et al. (2023) compute ηB based on a simulation that raises public debt by 6 pp of GDP. However,
since the semi-elasticity is defined as a ratio, this difference should matter only in the presence of strong
non-linearities —which do not appear to be present in this context.

15A continuously updated dataset is available at https://www.richmondfed.org/research/national_

economy/natural_rate_interest.
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2005). The estimating equation is specified as:

r∗t+h = αh + βh
(
B
Y

)
t−1

+Xtγh + ut+h,

for h = 0, . . . , H, where r∗t+h is the value of the natural rate h periods ahead, and
(
B
Y

)
t−1

denotes the lagged debt-to-GDP ratio. The coefficient βh traces the IRF of r∗ to a debt shock.

The vector Xt includes additional controls: lags of changes in r
∗, the debt-to-GDP ratio, the

federal funds rate, inflation, and the unemployment rate. The sample covers the period from

1967:Q1 to 2023:Q2.
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Figure 3: IRF of r∗ to a 1 percentage point increase in the public debt-to-GDP ratio, LP
Note: We estimate a local projection using the specification r∗t+h = αh+βh(B/Y )t−1+Xtγh+ut+h,
and plot the regression coefficient βh (solid line) associated with the lagged public debt-to-GDP
ratio, (B/Y )t−1. The control vector Xt includes four lags of the change in r∗, three additional
lags of the debt-to-GDP ratio, and four lags of the federal funds rate, the GDP deflator, and the
unemployment rate. The shaded regions show the 68% and 90% confidence intervals, computed
using Eicker–Huber–White standard errors, following Montiel Olea and Plagborg-Møller (2021).

Figure 3 displays the IRF of r∗ to a 1 percentage point increase in the public debt-to-GDP

ratio. The average response of r∗ across horizons is 3.7 basis points per 1 pp increase in debt.

This aligns closely with the summary provided by Rachel and Summers (2019, Table 2), who

report an average effect of 3.5 basis points based on prior empirical studies.

Scaling our estimate to a 10 pp fiscal expansion implies an increase in r∗ of 37 bps

–remarkably close to the 31 bps rise generated by our model for the same debt increase

(Table 4). We conclude that our model delivers a response of r∗ that falls well within the

empirically estimated range. In Appendix F, we present complementary results based on a

structural vector autoregression (SVAR), which yields similar estimates.
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5 Monetary-fiscal interactions in the short run

5.1 Short-run quantitative effects of a fiscal expansion

We now examine the short-run dynamics as the economy transitions from the initial DSS to

the new DSS described in the previous section, which features permanently higher government

debt.

To accumulate this additional debt, the fiscal authority must temporarily increase gov-

ernment consumption or transfers, reduce taxes, or combine these instruments. While the

economy converges in all three cases to the same new DSS, the transition paths differ depending

on the fiscal instrument used. We now describe and compare the three scenarios.

Scenario I: A fiscal expansion driven by government consumption. We compute

the following transition. The economy starts at the original DSS with lower government debt.

At t = 0, the Treasury announces a new path for government consumption, {Gt}∞t=0, given by

Gt = Gss − ϕG(Bt−1 −Bss), (7)

where Gss is government consumption in the new DSS with higher government debt implied

by the new debt level Bss (both values are reported in Table 4).

The parameter ϕG ∈ (0, 1) governs the speed of adjustment when debt deviates from its

steady-state level. We set ϕG = 0.1, which ensures convergence of Bt to Bss (and, consequently,

convergence of Gt to Gss) under our calibration. This rule is analyzed in Auclert et al. (2020,

Section 5.3) and is closely related to the fiscal rules studied by Auclert and Rognlie (2018).16

Simultaneously, the central bank permanently adjusts the intercept of the Taylor rule to

match the new steady-state natural rate r∗, also reported in Table 4. Agents fully internalize

both announcements and do not anticipate any further changes to the environment.

The resulting paths for {Gt, Bt}∞t=0 and other endogenous variables are reported as the

solid red lines in Figure 4. We also store the implied path for government debt {Bt}∞t=0, which

we use in scenarios II and III below.

The path of {Gt}∞t=0 is shown in panel (b) of Figure 4. It peaks at approximately 5 pp of

initial GDP and then gradually declines over more than six years, eventually settling at a

permanently lower level to service the higher debt burden.

The temporary increase in Gt generates an output expansion of about 4 pp at its peak

(panel e), driven primarily by the direct fiscal impulse. However, this expansion is accompanied

by crowding out of private spending. Private consumption declines by roughly 1.5 pp (panel f),

as households face higher real interest rates, while investment falls by about 0.4 pp (panel g).

16Kaplan et al. (2023), by contrast, consider a fiscal rule in which the deficit adjusts directly rather than
government consumption.
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Figure 4: Comparison of different dynamics after a surprise debt-financed fiscal expansion

These effects reflect the rise in expected future interest rates, shown in panel (i).

The composition of aggregate demand shifts significantly, as the expansion in government

consumption more than offsets the contraction in private spending. This reallocation generates

an inflationary spike of about 4 pp above the steady state (panel h), driven by both demand-

side pressures from fiscal stimulus and supply-side constraints as the economy operates above

potential. These short-run inflation dynamics highlight how fiscal expansions can generate

price pressures even when private demand is partially crowded out.

To contain inflation, the central bank raises the nominal interest rate for an extended

period. As a result, the real interest rate on liquid assets increases by about 1 pp in the

medium term (panel i). The initial decline in the ex-ante real interest rate reflects the inertia

built into the Taylor rule.

As shown in panel (a), the transition to the new DSS unfolds over approximately 40

quarters. In the short run, the real value of government debt declines due to an unexpected

spike in inflation, which lowers the market value of outstanding nominal liabilities. As

the short-run dynamics dissipate, the economy gradually converges to a DSS with higher

government debt, lower government consumption, higher private consumption, and elevated

real interest rates.

Scenario II: A fiscal expansion driven by changes in the tax rate. We now turn

to scenario II, which is identical to scenario I except that the treasury chooses a sequence of
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labor tax rates {τn,t}∞t=0 rather than following the fiscal rule in (7). Government consumption

is fixed at its new steady-state level, Gt = Gss for all t ≥ 0, and we compute the labor tax

rates that replicate the debt path from scenario I.

More concretely, at t = 0, the treasury announces both the tax sequence and the permanent

shift in government consumption reported in Table 4. Simultaneously, the central bank adjusts

the intercept of the Taylor rule to r∗ (also in Table 4). Agents treat these announcements as

given and do not anticipate further changes.17

Compared to scenario I, the tax-based fiscal expansion produces markedly different short-

run dynamics. These are illustrated by the gray dotted line in Figure 4. The tax reduction

stimulates both consumption and investment (panels f and g). Despite the increase in private

demand, inflation declines in the short run (panel h). This disinflation reflects the interaction

between aggregate demand and supply.

On the supply side, the lower labor tax rate raises after-tax wages, which incentivizes greater

labor supply and boosts investment (panel g). On the demand side, the tax cut increases

disposable income, stimulating private consumption (panel f). However, the reduction in labor

taxes dampens wage inflation by more than the increase in consumption-driven labor demand.

This results in downward pressure on marginal costs and, consequently, on inflation (panel h).

This disinflationary effect influences monetary policy: lower inflation leads to a decline in real

interest rates over the medium term.

Scenario III: A fiscal expansion driven by changes in net transfers. This scenario

proceeds analogously to scenario II, but we back out the sequence of net lump-sum transfers

{Tt}∞t=0 rather than labor tax rates. At t = 0, the treasury announces the transfer sequence

that delivers the same path of government debt {Bt}∞t=0 as in scenario I.18

As before, the treasury simultaneously announces that government consumption moves

permanently to its new steady-state level, and the central bank adjusts the Taylor rule

intercept to r∗. Agents treat these announcements as given and do not anticipate further

changes.

The transfer-based fiscal expansion is shown in Figure 4 with dashed black lines. While

this scenario delivers a path for the real market value of debt similar to the baseline case

(panel a), it operates through distinct transmission channels.

In a standard representative agent model, debt-financed transfers are subject to a Ricardian

effect, whereby households save the transfers in anticipation of future tax payments. In contrast,

our heterogeneous agent framework with long-term debt generates meaningful real effects

through two key mechanisms.

17Appendix G.2, Figure 11, reports the dynamics of government debt, the Taylor rule intercept, and the
illiquid interest rate, confirming that the debt path is identical across scenarios.

18Tax revenues remain endogenous: while the tax rate is constant, output fluctuates over time.
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First, there is a wealth redistribution effect. The increase in inflation (panel h) reduces

the real value of outstanding long-term bonds via a Fisher channel, transferring wealth from

bondholders to recipients of transfers. This redistribution is non-neutral because households

differ in their marginal propensities to consume due to incomplete markets and borrowing

constraints.

Second, a precautionary savings channel is at work. The higher supply of government

bonds improves households’ ability to self-insure against idiosyncratic risk. This enhanced

risk-sharing boosts consumption (panel f), even as output and investment decline (panels e

and g). The fall in labor supply reflects an income effect from higher transfers, while the rise

in real interest rates (panel i) discourages capital accumulation.19

These dynamics highlight how heterogeneity and market incompleteness alter the trans-

mission of fiscal policy relative to representative agent benchmarks.

Short-term debt. In Appendix G.3, we compare our baseline model with an alternative

specification in which government debt is entirely short term. As shown in Figure 12, the

initial erosion of real government debt is more pronounced in the baseline model with long-term

debt. This difference arises because long-term debt makes the market value of government

liabilities more sensitive to changes in interest rates and inflation. As a result, the surprise

inflation triggered by the fiscal expansion has a stronger impact on the real value of debt

when its maturity is longer.

This Fisher effect amplifies the macroeconomic responses: with long-term debt, we observe

larger movements in output, consumption, and inflation. The amplification occurs because

the erosion in the real value of debt effectively redistributes resources from bondholders to

the government, enabling a more forceful fiscal expansion.

5.2 The short-run impact of adjusting the Taylor rule

During the transition, both fiscal and monetary policy adjust. Fiscal policy moves temporarily

to increase government debt, while monetary policy raises the intercept in the Taylor rule, r,

in response to the higher natural rate, r∗. To isolate the role of each policy change, we focus

on the first scenario —where a temporary increase in government consumption drives the

fiscal expansion — and decompose the impulse responses of inflation and consumption into

their underlying components.

19As pointed out by an anonymous referee, because dividends affect the illiquid interest rate, they dampen
investment, especially at the start of the transition to the new steady state. To gauge the magnitude of this
effect, Appendix G.4 analyzes an alternative environment in which excess profits, that is, profits above their
DSS level, are fully rebated to households in a lump-sum manner. In this case, investment exceeds the baseline
path for the first few periods. Nonetheless, the paper’s key qualitative findings remain robust to this modeling
change.
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Following Auclert et al. (2021a), we use a sequence-space representation to express the

general equilibrium response of each variable as the sum of contributions from distinct policy

channels. Specifically, we decompose the total effect of the policy experiment into a fiscal

component and a monetary component. The fiscal component captures the transition from

the initial DSS to a new DSS under a debt-financed fiscal expansion while holding the Taylor

rule intercept fixed. To implement this, we adjust the inflation target so that real allocations

remain unchanged and only price dynamics differ, consistent with the expression for DSS

inflation in (5). The transition to this new DSS isolates the share of the aggregate response

driven by the fiscal expansion. We report the IRFs for the fiscal-only scenario in Appendix G.5.

The monetary component is then obtained as a residual, comparing the IRFs in our baseline

exercise, which incorporates all adjustments, with those in the fiscal-only exercise.
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Figure 5: Decomposition of the IRFs of inflation and consumption

Figure 5 presents this decomposition for inflation (panel a) and consumption (panel b).

For inflation, the gray area depicts the path that inflation would have followed in response

to the fiscal expansion alone, assuming no change in the monetary policy rule. The red area

captures the offsetting effect of raising the intercept of the Taylor rule to the new value of

r∗. By adapting the intercept to the higher natural rate, the central bank helps contain

inflation in both the short and long run. This stabilizing effect reaches approximately −1.2 pp,

consistent with the long-run prediction from equation (5).

The IRF for consumption dynamics (panel b) highlights a key interaction between monetary

and fiscal policy. Absent any monetary policy adjustment (gray area), the fiscal expansion

generates a notable decline in consumption, driven by standard crowding-out effects. However,

the adjustment in monetary policy (red area) partially offsets this decline. This effect operates

through the “Fisher channel”: by containing inflation more effectively, the monetary policy
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adjustment prevents the erosion of households’ real wealth, thereby supporting consumption

relative to a scenario in which the policy rule remains unchanged.

These results highlight a central trade-off in monetary policy, as fiscal expansion increases

public debt and the natural rate. The central bank can adjust its policy rule to track the

higher r∗, as in our baseline, which helps keep inflation near the target but dampens the fiscal

multiplier. Alternatively, it can maintain the original rule without adjusting the intercept,

thereby allowing stronger fiscal transmission at the cost of persistently higher inflation and

nominal interest rates, as the central bank reacts more aggressively to inflation deviations.

Figure 14 in Appendix G.5 illustrates this mechanism through a counterfactual analysis.

In the absence of an intercept adjustment in the Taylor rule, inflation rises persistently, and

the nominal interest rate increases in response. In the short run, both private consumption

and investment decline more sharply. However, output increases relative to the baseline due

to the larger expansion in government consumption enabled by higher inflation.

In essence, through the intercept adjustment, monetary policy constrains the government’s

fiscal space and reduces the degree of crowding out in private consumption.

6 Alternative monetary policy rules

Our analysis so far has focused on a central bank that adjusts the intercept of its Taylor rule

to accommodate changes in the natural rate resulting from fiscal policy. In practice, however,

such adjustments may be difficult to implement, as they require timely and accurate estimates

of r∗. This raises the question of whether alternative monetary policy rules can better address

fiscal-driven fluctuations in the natural rate.

A particularly appealing alternative is a policy rule that does not rely on knowledge of the

natural rate at all. One such rule, originally proposed by Orphanides and Williams (2002)

and tracing back to early work by Phillips (1954), links changes in the nominal interest rate

to deviations of inflation from its target. The rule takes the form:

log(1 + it) = log(1 + it−1) + ϕOWπ log

(
1 + πt
1 + π

)
, (8)

where the nominal interest rate it adjusts gradually in response to deviations of inflation πt

from the target π, without requiring explicit tracking of r∗.

The main advantage of rule (8) is that it does not require knowledge of the natural rate,

r∗, as it does not enter the rule explicitly. As a result, the rule is automatically robust to

fluctuations in the natural rate of interest, and it could be argued that it is a better empirical

description of central banks’ actual behavior. However, this feature may also be a limitation

in settings where movements in r∗ reflect valuable information about underlying economic
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conditions not fully captured by inflation dynamics.

For guidance on choosing the parameter ϕOWπ in rule (8), we follow Orphanides and

Williams (2002) and set ϕOWπ = 0.35. This corresponds to their “robust rule” specification,

which performed well across a wide range of model environments in their analysis (see Table 5

in their paper).
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Figure 6: Comparison of dynamics after a surprise debt-financed fiscal expansion under
different monetary rules

Figure 6 compares the impulse response functions under three different monetary policy

rules: our baseline Taylor rule (solid red line), the Orphanides-Williams rule (dashed black

line), and a Taylor rule augmented with a response to the output gap (dotted gray line). In

the latter case, the Taylor rule takes the form:

1 + it = (1 + it−1)
ρi

[
(1 + r) (1 + π)

(
1 + πt
1 + π

)ϕπ ( Yt
Yss

)ϕy]1−ρi
,

where the interest rate responds not only to inflation but also to the output gap. Following

Orphanides and Wieland (1998), we set the output coefficient to ϕy = 0.1.

All three simulations consider a debt-financed fiscal expansion in which the real market

value of government debt rises by 10 pp of initial GDP. As in earlier experiments, the path of

government consumption {Gt}∞t=0 is determined by the fiscal rule in equation (7).
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The Orphanides-Williams rule produces notably different dynamics compared to the

baseline Taylor rule. The key distinction lies in how it affects nominal variables. Under this

rule, inflation exhibits substantially less volatility (panel f), accompanied by a more gradual

adjustment in the nominal interest rate (panel g). This smoother policy response also leads to

distinct outcomes for real variables: consumption recovers earlier (panel d), and the decline in

investment is milder (panel e). These improved stabilization outcomes can be attributed to

the rule’s implicit history dependence.

To better understand these results, we can express the Orphanides-Williams rule as:

log (1 + it) = log (1 + i0) + ϕOWπ

t−1∑
i=0

log

(
1 + πt−i
1 + π

)
,

where the initial nominal rate is given by log(1 + i0) = log [(1 + r̄)(1 + π)], and r̄ is the

intercept of the Taylor rule prior to the fiscal announcement—that is, the natural rate in the

initial DSS.

The implied ex-post real interest rate on liquid assets is then:

log
(
1 + rbt

)
= log(1 + r̄) + (ϕOWπ − 1) log

(
1 + πt
1 + π

)
+ ϕOWπ

t−1∑
i=1

log

(
1 + πt−i
1 + π

)
,

while under the baseline Taylor rule, it takes the simpler form:

log
(
1 + rbt

)
= log(1 + r∗) + (ϕπ − 1) log

(
1 + πt
1 + π

)
,

where we have used the fact that the central bank updates the Taylor rule intercept to r∗ in

response to the fiscal shock.

The key to understanding these differences lies in how each rule processes information.

The standard Taylor rule responds only to current inflation deviations, while the Orphanides-

Williams rule effectively accumulates past deviations. This makes the real rate under the

Orphanides-Williams rule a more persistent, slow-moving variable (panel h). Even without

explicitly targeting the new natural rate, the central bank gradually “learns” it through the

accumulation of inflation deviations.

Figure 6 shows that the Taylor rule augmented with an output gap response delivers

intermediate levels of inflation and output volatility, but does not match the stabilization

performance of the Orphanides-Williams rule. This suggests that history dependence –rather

than the inclusion of additional target variables– may be central to robust monetary policy in

the face of fiscal-driven shifts in the natural rate.
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Appendix G.6 compares our baseline case, which includes interest rate smoothing, with a

specification that omits it. Without smoothing, the economy exhibits larger fluctuations in

both nominal and real variables. This comparison highlights how gradual policy adjustment

through smoothing helps stabilize the response to fiscal expansion.

Moreover, Appendix G.7 compares our baseline case with the robust real rate rule proposed

by Holden (2024). Under this alternative monetary rule, expected real interest rates rise relative

to the baseline, which leads to a sharper short-run decline in consumption and investment. The

market value of government debt also falls, creating fiscal space, but government consumption

increases less than in the baseline because inflation stays at target and debt is not diluted. As

a result, the expansion in output is more muted.

These results highlight an important policy implication: when fiscal policy shifts the

natural rate, monetary frameworks that do not rely on explicit estimation of r∗ may deliver

superior stabilization outcomes.

7 Anticipated effects

So far, we have considered a case in which the central bank updates its monetary policy

rule immediately upon learning of a fiscal shock. We now examine how the timing of this

update affects macroeconomic dynamics, including scenarios in which the central bank receives

advance notice of an upcoming fiscal expansion.

The economy begins in the initial DSS. At time t = 0, the treasury announces that it will

implement a debt-financed fiscal expansion starting in 12 quarters. Specifically, it commits to

adopting the fiscal rule in (7), with a delayed activation. During the first 12 quarters, Gss and

Bss remain at their initial steady-state values. Beginning in quarter t = 12, these parameters

shift to their new DSS levels, as reported in Table 4.

7.1 Three scenarios

We consider three possible responses by the central bank. In the first case, the central bank

responds immediately to the announcement of the future fiscal expansion, adjusting the

intercept of the Taylor rule, r, to the new value of r∗ at time t = 0. In the second case, the

central bank waits until the fiscal rule parameters change and adjusts r at t = 12. In the

third scenario, the central bank further delays this adjustment and updates r only at t = 24.

Agents have perfect foresight in all cases.

Figure 7 compares the short-run dynamics under these three monetary policy responses.

We show the case of immediate adjustment upon announcement (forward-looking, solid red
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line), adjustment at the time of fiscal implementation (coincident, dashed black line), and

delayed adjustment 12 quarters after implementation (dotted-dashed grey line).
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Figure 7: Dynamics of an anticipated debt-financed fiscal expansion
Note: Deviation from the initial DSS following a shock that announces the implementation of a
new fiscal rule 12 quarters ahead. Solid red line: the central bank adjusts the Taylor rule intercept
immediately upon announcement; dashed black line: the central bank adjusts at the time the fiscal
rule is implemented (t = 12); dotted-dashed grey line: the central bank delays its response by an
additional 12 quarters (t = 24).

In the forward-looking case, where the central bank adjusts the Taylor rule intercept

immediately upon announcement, significant anticipation effects arise. Ahead of the fiscal

change at t = 12, households increase savings in response to expected higher real interest rates,

leading to a decline in consumption (panel e). This rise in savings reduces aggregate demand,

generating deflationary pressure as firms lower prices, causing inflation to fall (panel g).

In line with this disinflation, the nominal interest rate initially declines (panel h), then

rises sharply as the fiscal expansion nears. Real interest rates spike after the announcement

due to lower inflation (panel i), but then gradually fall as inflation recovers. The temporary

drop in real rates eases the fiscal burden, allowing for a short-term decline in public debt and

an increase in government consumption (panels a and c) between the announcement and the

start of the fiscal expansion.

Next, we examine the IRFs when the central bank maintains its original policy rule until

the fiscal change takes effect at t = 12 (dashed black line). While dynamics converge across
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regimes after the fiscal expansion begins, notable differences arise in the pre-implementation

period (t = 0− 11). Without anticipatory monetary policy, the economy experiences positive

inflation, unlike the forward-looking case (panel g). As a result, the nominal interest rate rises

initially, rather than falling as in the forward-looking scenario (panel h).

These nominal differences occur despite a lower Taylor rule intercept (panel b), highlighting

the role of policy timing in shaping inflation expectations. In contrast, the paths of real

variables remain broadly similar to those in the forward-looking case, as shown in panels (d), (e),

and (f).

In the case of a delayed response (dot-dashed gray line), where the monetary policy

adjustment occurs 12 quarters after the fiscal change (t = 24), nominal effects are more

pronounced. This scenario results in higher inflation and requires a stronger nominal interest

rate response during the transition, with the policy rate reaching a higher peak (panels g

and h). Once the Taylor rule is updated at t = 24, dynamics converge toward those in the

earlier scenarios. Despite these larger nominal differences, the paths of real variables (panels d

through f) and the real interest rate (panel i) remain broadly similar to the other two cases.

Three insights emerge from this analysis. First, delaying the intercept adjustment in the

Taylor rule results in progressively higher inflation during the transition, with the delayed

case exhibiting the largest impact. Second, all scenarios display similar dynamics after the

fiscal policy takes effect, highlighting the importance of eventual policy alignment. Third,

while the timing of monetary adjustment significantly alters the paths of nominal variables

(inflation and the nominal interest rate, panels g and h), real variables (output, consumption,

and investment, panels d–f) respond similarly across all timing cases.

These results underscore the importance of monetary policy timing for price stability

while also highlighting the robustness of real activity to different adjustment schedules. They

illustrate how anticipation effects and coordination between fiscal and monetary policy shape

the smoothness of macroeconomic transitions.

7.2 Welfare analysis of monetary policy timing

Next, we analyze the welfare gains and losses associated with different timings of monetary

policy responses to changes in r∗. We compute welfare in consumption-equivalent terms along

the transition paths for the three timing scenarios described above.

Let λ denote the welfare cost of transitioning to the new steady state under policy regime

A, relative to remaining in the initial DSS. Specifically, λ measures the fraction of steady-state

consumption that a household would require—or be willing to forgo—to be indifferent between
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the two regimes. Formally, λ is implicitly defined by:

W
(
{cAi,t, nA

i,t}i∈[0,1],t≥0

)
= W

(
{(1 + λ)ci,ss, ni,ss}i∈[0,1],t≥0

)
, (9)

where {ci,ss, ni,ss} denotes consumption and labor in the initial steady state, and {cAi,t, nA
i,t}

refers to the transition path under regime A. The aggregator W : [0, 1] → R maps individual

utility levels into aggregate welfare using a utilitarian criterion with equal weights. A positive

value of λ indicates a welfare gain under the alternative scenario.

Table 5: Consumption compensation analysis of monetary policy timing

Policy Rule Welfare Gain/Loss (%)
Forward-looking 0.01
Coincident -0.06
Delayed -0.16

Note: Values represent welfare gains/losses during transition from

70% to 80% debt-to-GDP ratio relative to remaining at the initial

DSS.

Table 5 presents the consumption compensation required under different monetary policy

timing scenarios. In the forward-looking case, where monetary policy adjusts immediately

upon announcement, the required compensation is positive—0.01%—implying that households

could sustain a small consumption reduction while maintaining the same level of welfare.

When the monetary adjustment coincides with the fiscal implementation (t = 12), the

required compensation remains modest at 0.06%. However, delaying the monetary response

by an additional 12 quarters increases the required compensation to 0.16%, reflecting higher

welfare costs from postponing the adjustment.

While all paths eventually converge, earlier monetary policy responses reduce the con-

sumption adjustment needed to preserve household welfare during the transition to a higher

debt-to-GDP ratio.

8 Conclusion

This paper has analyzed monetary-fiscal interactions in a HANK model with an explicit

fiscal block. In our framework, the stock of public debt affects the natural interest rate,

necessitating that the central bank adjust its monetary policy rule in response to the fiscal

stance to maintain price stability. We demonstrate that a minimum threshold of debt exists,

below which steady-state inflation deviates from its target as the ZLB becomes binding.

We also examine the effects of a debt-financed fiscal expansion and quantify how different

timings in adapting the monetary policy rule influence inflation dynamics. In addition, we
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evaluate the performance of alternative monetary policy rules that do not rely on explicit

estimates of the natural rate.

The empirical evidence supports the key mechanisms in our model —namely, the response

of natural rates to fiscal shocks and the subsequent adjustment of monetary policy.

A key question we leave open is how these new monetary-fiscal interactions should inform

the optimal conduct of monetary policy. We leave this issue for future research.
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Online Appendix

A Derivation of the nonlinear wage Phillips curve with

trend inflation

Households are indexed by i and time is denoted by t. The labor supply of a household at

date t is denoted by ni,t. This labor supply is itself an aggregation over a continuum of labor

services, which are imperfect substitutes. A separate union exists for each labor service. We

index different labor services (and unions) by k ∈ [0, 1] and denote a particular labor service

of type k provided by household i at date t by ni,k,t, with nit =
∫ 1

0
ni,k,tdk. Each union k

aggregates the efficient labor units of its members into a union-specific task:

Nk,t =

∫
zi,tni,k,tdi.

Unions set a common wage per efficiency unit, Wk,t, and their members must supply

labor as demanded at that wage. A competitive labor packer then combines these tasks into

aggregate labor services using a constant-elasticity-of-substitution technology:

Nt =

(∫
N

ϵw−1
ϵw

k,t dk

) ϵw
ϵw−1

, ϵw > 1,

and sells these packaged labor services to intermediate goods firms in a competitive market at

a nominal price Wt.

Unions face a quadratic utility cost for adjusting the nominal wage Wk,t:

ψ

2
log

(
Wk,t

Wk,t−1 (1 + πss)

)2

.

The problem solved by the union at each date t is:

max
{Wk,t+τ}

E0

∑
τ≥0

βt+τ

[∫
[u(ci,t)− v(ni,t)] di−

ψ

2
log

(
Wk,t+τ

Wk,t+τ−1 (1 + πss)

)2
]
,

subject to the demand curve Nk,t =
(
Wk,t

Wt

)−ϵw
Nt, where W

1−ϵw
t =

∫
W 1−ϵw
k,t dk. It can be

shown (see Auclert et al. 2024 for the details) that the solution is a wage Phillips curve of the
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form:

log

(
1 + πwt
1 + πss

)
= κw

[
−(ϵw − 1)

ϵw
(1− τn)

Wt

Pt

∫
u′(ci,t)zi,tdi+ v′(Nt)

]
Nt+βEt

[
log

(
1 + πwt+1

1 + πss

)]
,

with slope κw ≡ ϵw
ψ
.

In this setup, all unions set the same wage, Wk,t = Wt, at time t, and all households

work the same number of hours and also the same number of hours on each task, so that

ni,k,t = ni,t is constant across houdeholds. Because unions employ a representative sample

from the population, and idiosyncratic productivities average to one, labor per task also equals

aggregate union labor services and ni,k,t = Nk,t. This also implies that Nt = ni,t given that,

from the definition of aggregate labor supply,

Nt =

(∫ 1

0

(∫
zi,tni,k,tdi

) ϵw−1
ϵw

dk

) ϵw
ϵw−1

=

(∫ 1

0

N
ϵw−1
ϵw

k,t

(∫
zi,tdi

) ϵw−1
ϵw

dk

) ϵw
ϵw−1

=

(∫ 1

0

n
ϵw−1
ϵw

i,t (1)
ϵw−1
ϵw dk

) ϵw
ϵw−1

= ni,t.

B Derivation of the equation for aggregate investment

From the Bellman equation (11), we derive the first-order condition for kj,t:

1 + ϕ′
(

kj,t
kj,t−1

)
= Et

[
1

1 + rat+1

∂Jt+1

∂kj,t

]
≡ Qk

t .

Here, we have written Qk
t without dependence on j, as we are considering a symmetric

equilibrium in which firms make symmetric choices in future periods. We can already see that

this implies that the ratio kj,t/kj,t−1 must be constant across intermediate producers. Coupled

with the assumption that all intermediate producers start out with the same initial stock of

capital, this implies that the path of the capital stock must be the same for all firms.

The envelope condition is:

∂Jt
∂kj,t−1

= mct · Fk(kj,t−1, nj,t) + (1− δ)− ϕ

(
kj,t
kj,t−1

)
+ ϕ′

(
kj,t
kj,t−1

)
kj,t
kj,t−1

.

This equation is also satisfied in a symmetric equilibrium. From here on we replace kj,t and

kj,t−1 with their aggregate counterparts Kt and Kt−1.
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Rewriting the first-order condition for kj,t using the derivative obtained before for the

investment adjustment cost function, and replacing the aggregate capital stock:

1

δϵI

(
Kt

Kt−1

− 1

)
︸ ︷︷ ︸

ϕ′
(

kt
kt−1

)
= Qk

t − 1. (10)

This equation can be multiplied by Kt

Kt−1
on both sides to obtain

ϕ′
(

Kt

Kt−1

)
Kt

Kt−1

= (Qk
t − 1)

Kt

Kt−1

.

Using this expression in the envelope condition leads to

(1 + rat )Q
k
t−1 = mct · Fk(Kt−1, nt)−

(
Kt

Kt−1

− (1− δ)

)
− ϕ

(
Kt

Kt−1

)
+

Kt

Kt−1

Qk
t ,

where Fk(Kt−1, Nt) = α Yt
Kt−1

.

This equation determines the evolution of the value of investing, Qk
t . Together with the

first-order condition for capital (10), it governs the evolution of the aggregate capital stock.

C Derivation of the price Phillips curve

Intermediate goods producers are indexed by j. They produce their goods using a production

function F (kj,t−1, nj,t) = Θkαj,t−1n
1−α
j,t . They own the capital stock, kj,t−1, used in their

production process and hire labor services, nj,t, in a competitive market. The capital stock is

predetermined, as it must be chosen one period in advance, whereas labor can be hired in

each period t. We will consider an equilibrium in which all firms act symmetrically given the

path of aggregate variables. To ensure that this is an equilibrium, we assume that all firms

start with the same amount of capital kj,−1 = K−1 > 0.

Adjustments to the capital stock face an adjustment cost given by the following expression:

ϕ

(
kj,t
kj,t−1

)
≡ 1

2δϵI

(
kj,t
kj,t−1

− 1

)2

with first derivative:

ϕ′
(

kj,t
kj,t−1

)
=

1

δϵI

(
kj,t
kj,t−1

− 1

)
.

When intermediate goods producers change prices, they are subject to an adjustment cost
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function à la Rotemberg (1982):

ξ(pj,t, pj,t−1) =
ϵp
2κp

[
log

(
pj,t

π̃pj,t−1

)]2
︸ ︷︷ ︸

λ(pj,t,pj,t−1)

Yt,

where we have defined the gross inflation rate π̃ ≡ 1 + πss to economize on notation. Function

λ(pj,t, pj,t−1) has partial derivatives that satisfy:

λ1(pj,t, pj,t−1)pj,t =
ϵp
κp

[
log

(
pj,t

π̃pj,t−1

)]
λ2(pj,t+1, pj,t)pj,t = − ϵp

κp

[
log

(
pj,t+1

π̃pj,t

)]
.

Because of these adjustment costs, each intermediate goods producer’s state variables

include the previous period’s price, pj,t−1, and the capital stock, kj,t−1. The intermediate

goods producer also takes the demand for its differentiated good F (kj,t−1, nj,t) = Yt

(
pj,t
Pt

)−ϵp
as given and discounts future payoffs using the date-t expected real interest rate on illiquid

assets, Et[rat+1].

The Bellman equation of the decision problem of a typical intermediate producer is:

Jt(pj,t−1, kj,t−1) = max
pj,t,kj,t,nj,t

{
pj,t
Pt
F (kj,t−1, nj,t)−

Wt

Pt
nj,t − (kj,t − (1− δ)kj,t−1)

− ϕ

(
kj,t
kj,t−1

)
kj,t−1 − λ(pj,t, pj,t−1)Yt

+ Et
[

1

1 + rat+1

Jt+1(pj,t, kj,t)

]}
, (11)

subject to:

F (kj,t−1, nj,t) = Yt

(
pj,t
Pt

)−ϵp

This last constraint can also be rewritten in a more convenient form as:(
F (kj,t−1, nj,t)

Yt

)− 1
ϵp

Yt =
pj,t
Pt
Yt.

Let ηt denote the Lagrange multiplier on the production constraint. Thus, the first-order
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condition for the labor choice nj,t is:(
pj,t
Pt

− ηt

(
1

ϵp

)(
F (kj,t−1, nj,t)

Yt

)− 1
ϵp

−1
)
Fn(kj,t−1, nj,t) =

Wt

Pt
.

The term in parentheses on the left-hand side of this equation can be identified as the real

marginal cost, given that mct ≡ dCost/dyt = (dCost/dnt)/(dyt/dnt) = (Wt/Pt)/Fn.

In equilibrium, all intermediate goods producers choose the same price, so that pj,t = Pt

and also choose to hire the same level of employment. This satisfies the first-order conditions

provided that intermediate producers also choose the same level of capital, so that output

and the marginal product of labor are the same for all producers. In the next section, we

verify that choosing the same levels of capital is indeed optimal, given that all other choices

are symmetric. This implies:

mct = 1− ηt

(
1

ϵp

)
.

The first-order condition for the price pj,t is:

1

Pt
F (kj,t−1, nj,t)− λ1(Pt, Pt−1)Yt + Et

[
1

1 + rat+1

∂Jt+1(Pt, kt)

∂Pt

]
− ηt
Pt
Yt = 0.

The envelope condition yields:

∂Jt(pj,t−1, kt−1)

∂pj,t−1

= −λ2(pj,t, pj,t−1)Yt.

Combining the previous equations and multiplying by pj,t:(
pj,t
Pt

(1− ηt)

)
Yt = λ1(pj,t, pj,t−1)pj,tYt + Et

[
1

1 + rat+1

λ2(pj,t+1, pj,t)pj,tYt+1

]
.

Using the partial derivatives of the Rotemberg adjustment cost function and the definition

of gross inflation, 1 + πt ≡ Pt

Pt−1
:

log

(
Pt

Pt−1π̃

)
=
κp
ϵp
(1− ηt) + Et

[
1

1 + rat+1

(
log

(
Pt+1

Ptπ̃

))
Yt+1

Yt

]
.

Furthermore, from the relationship between the marginal cost and the Lagrange multiplier, it

follows that:
1− ηt
ϵp

=
1

ϵp
− (1−mct),
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and this leads to the price Phillips curve in the main text:

log

(
1 + πt
1 + πss

)
= κp

(
mct −

1

µp

)
+ Et

[
1

1 + rat+1

Yt+1

Yt
log

(
1 + πt+1

1 + πss

)]
.

where µp = ϵp/(ϵp − 1).

D Derivation of the equation for government debt ac-

cumulation

The budget constraint of the treasury, expressed in nominal terms, is given by:

QtB
$
t = (1 + δBQt)B

$
t−1 + Pt(Gt + Tt − Tt), (12)

where B$
t is the stock of government bonds at the end of period t, measured in dollars, and

Qt is the market price of one unit of these bonds.

The left-hand side of equation (12) represents the nominal market value of government

bonds at the end of period t. On the right-hand side, there are two terms. The first term,

(1+δBQt)B
$
t−1, relates to past debt issuance. It includes a nominal dividend of $1 (representing

the first coupon payment from debt carried over from period t − 1) plus the market value

of this debt after the coupon payment. Due to the geometric decay of coupons, this market

value—equal to the present value of future coupon payments, δB + δ2B + . . .—can be expressed

as a fraction, δB, of the current price of a new bond, Qt.
20 The sum of the current coupon

and the remaining debt price is then multiplied by the number of bonds carried over from

the previous period, B$
t−1. The second term, Pt(Gt + Tt − Tt), represents the government’s

primary deficit, which includes government spending, tax revenue, and transfers, all expressed

in nominal terms.

To express this equation in real terms, it is necessary to divide both sides by the price

level Pt:

Qt
B$
t

Pt
= (1 + δBQt)

Pt−1

Pt

B$
t−1

Pt−1

+ (Gt + Tt − Tt).

Let us define B̃t ≡ B$
t

Pt
, the amount of debt in circulation at the end of period t, expressed

in real terms. Thus:

QtB̃t = (1 + δBQt)
Pt−1

Pt
B̃t−1 + (Gt + Tt − Tt).

20This follows from δB + δ2B + δ3B + · · · = δB(1 + δB + δ2B + . . . ) for δB < 1.
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Multiply and divide the first term on the right-hand side by Qt−1 to get:

QtB̃t =
(1 + δBQt)

Qt−1

Pt−1

Pt
Qt−1B̃t−1 + (Gt + Tt − Tt).

Finally, to reach the equation in the main text, we define the real market value of debt at

the end of period t by Bt ≡ QtB̃t = Qt
B$

t

Pt
. Then:

Bt =
(1 + δBQt)

Qt−1

Pt−1

Pt
Bt−1 + (Gt + Tt − Tt),

which can also be expressed as

Bt = (1 + rbt )Bt−1 + (Gt + Tt − Tt).

Recall from the main text that we have defined the ex-post real return on bonds as 1 + rbt ≡
(1+δBQt)
Qt−1

Pt−1

Pt
.

E Steady states under alternative fiscal regimes
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Figure 8: Steady states under alternative fiscal regimes
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Figure 8 plots the steady-state values of r∗ when we change G, the tax rate, or transfers

in budget-equivalent ways. The main finding is that the results are nearly identical.

F Validating evidence

Next, we provide empirical support for the response of the natural rate to an increase in

public debt.

To do so, we estimate a structural vector autoregression (SVAR) model including r∗,

the debt-to-GDP ratio, the federal funds rate, inflation, and the unemployment rate. The

identification of a structural shock follows a recursive (Cholesky) scheme, assuming that r∗

responds to the lagged value of the debt-to-GDP ratio. This is consistent with our local

projections specification and reflects the idea that the central bank responds quickly —but

not instantaneously— to fiscal shocks, possibly due to delays in the reporting of fiscal data.
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(a) Response of r∗
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(b) Response of debt as a percentage of GDP

Figure 9: IRFs of r∗ and public debt to a 1 pp increase in the debt-to-GDP ratio, SVAR
Note: Impulse response functions (IRFs) of r∗ and the debt-to-GDP ratio to a 1 percentage point
shock in public debt. The SVAR is identified using a Cholesky decomposition with the ordering:
debt-to-GDP ratio, r∗, inflation, unemployment rate, and federal funds rate. Lag length: p = 4.
Solid lines represent point estimates; shaded areas denote 68% and 90% confidence intervals from a
wild bootstrap with 10,000 replications.

Figure 9 plots the impulse responses to a 1 percentage point increase in the debt-to-GDP

ratio. The results indicate that r∗ rises by approximately 3 to 6 bps. In addition, the increase

in debt is highly persistent. These findings are broadly consistent with those generated by

our model. While the model may slightly understate the total effect of fiscal shocks on r∗, its

predictions remain within the empirical confidence range—and stand in stark contrast to the

RANK model, where r∗ remains unchanged.
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G Transitions for special cases

G.1 Short-run quantitative effects of fiscal expansion with flexible

wages
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Figure 10: Dynamics after a surprise debt-financed fiscal expansion with flexible wages

Figure 10 displays the IRFs for a variant of the model calibrated to an environment with

flexible wages. We implement this by setting κw = 1,000,000. Given ϵw = 10, this implies a

wage adjustment penalty of ψ = 10−5, since κw ≡ ϵw
ψ
, where ϵw is the elasticity of substitution

across labor tasks and ψ is the wage adjustment cost parameter.
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G.2 Short-run quantitative effects of alternative fiscal expansions
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Figure 11: Dynamics after a surprise debt-financed fiscal expansion (additional variables)
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G.3 Simulation of the baseline model with short-term debt
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Figure 12: Dynamics after a surprise debt-financed fiscal expansion: Model with short-term
debt
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G.4 Sensitivity of investment to the distribution of dividends
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Figure 13: Dynamics after a surprise debt-financed fiscal expansion: lump-sum rebate of
excess dividends to households

Note: The figure shows the dynamics of the transition to the new steady state when excess dividends
(dividends that exceed their steady state level) are rebated as a lump-sum transfer to households
(as liquid income).
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G.5 Simulation of the baseline model without a monetary policy

adjustment
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Figure 14: Dynamics after a surprise debt-financed fiscal expansion: Baseline vs. no monetary
policy adjustment
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G.6 A Taylor rule without interest rate smoothing
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Figure 15: Dynamics after a surprise debt-financed fiscal expansion: No interest rate smoothing
in the Taylor rule
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G.7 A robust real rate rule proposed by Holden (2024)
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Figure 16: Dynamics after a surprise debt-financed fiscal expansion: robust real rate rule
(Holden, 2024)

Note: The figure shows the transition dynamics to the new DSS in a version of the model where
the Taylor rule is replaced by the robust real rate rule of Holden (2024), which sets the nominal
interest rate on liquid assets as it = Etr

b
t+1 + ϕ(πt − π).
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