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Abstract

Can a central bank tighten monetary policy and real interest rates fall under mone-
tary dominance? Introducing endogenous capital into the New Keynesian model allows
real interest rates to move in any direction at the impact of a positive persistent mone-
tary policy shock. This raises concerns that the real interest rate channel is only obser-
vational — not structural — in these models. This paper demonstrates that the puzzle
goes beyond capital. It emerges when the elasticity of an endogenous state variable to
a persistent shock is high enough to sink inflation expectations, inducing the endoge-
nous (or systematic) component of the monetary policy rule to sufficiently offset its
exogenous component. The channel is indeed structural, but conventional definitions
of the natural interest rate (r-star) and real interest rate gap can be misleading, particu-
larly following events that significantly disrupt investment, such as pandemics, financial
crises or trade wars. As an alternative sign-consistent gauge of the monetary policy
stance, I propose the real interest rate gap that neutralizes the effect of shocks on en-
dogenous state variables. From 1965Q1 to 2023Q3, it was often a better predictor of

future inflation and helped telling the history of monetary policy in the United States.
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1 Introduction

Can a central bank tighten monetary policy and real interest rates fall under monetary dom-
inance? In a recent paper, [Rupert and Sustek| (2019) challenged the existence of a real inter-
est rate channel of monetary policy transmission in textbook New Keynesian models, e.g.,
Woodford (2003a) and |Gali (2015). They showed that introducing endogenous capital into
such models allows the real interest rate to move in any direction after a positive persistent
monetary policy shock, ¢ ;”E| Figure |1 displays the effect of that shock under two different
specifications for its persistence coefficient, p””. The real interest rate rises immediately
after a transitory shock (p”* = 0.0) but falls when the latter is just mildly persistent (o™ = 0.5),
while inflation falls and investment slumps in both cases.

Rupert and Sustek (2019) argue that these puzzling impulse response functions would
prove that the real interest rate channel is only observational — not structural — in New
Keynesian models. A channel that is not robust to the Lucas (1976) critique raises serious
concerns regarding the reliability of these models for policy recommendations. For example,
the interpretation of the mechanisms behind their impulse response functions becomes de-
batable. It would also be quite problematic to assume the real interest rate channel for the
identification of vector autoregression (VAR) models, whether through sign restrictions, as
in the method proposed by |Uhlig (2005); through sequentially ordering nominal and real
rates, as in a Cholesky decomposition; or by selecting real rates instead of nominal ones
as part of a reduced model’s endogenous variables. The importance of this identification
problem is straightforward, yet significant, to the extent that it has recently been evoked
by Holden (2024) as one of the reasons to motivate a radical shift in central banking from

nominal to real interest rate rules.

IWoodford| (20034, sec. 5.3.3) calls the lack of any effect of variations in private spending on the economy’s
productive capacity one of the more obvious omissions in the baseline New Keynesian model. He observes
that although there are calibrations for which introducing endogenous capital results in similar dynamics for
output and inflation after a monetary policy shock, the mechanisms within each model that generate these

results are not the same.
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Figure 1: Impulse response function to a positive monetary policy shock in a canonical New

Keynesian model augmented with endogenous capital

The dynamics in Figure [1| resembles gloomy scenarios such as a pandemic, financial
crisis or trade war — episodes where investment collapses, and the central bank risks falling
behindE| Although investment slumps of this magnitude are uncommon, they do occur, par-
ticularly during recessions, as exemplified in Figure 2| It plots the investment history of the
United States, from 1965Q1 to 2019Q4, against smoothed monetary policy shocks recovered
from the estimated Smets and Wouters| (2024)’s model, where shaded areas are recessions
identified by the business cycle dating committee of the National Bureau of Economic Research

(NBER)E| In that period, quarterly investment dropped on average 1.3% during expansions

2Given the model’s linearization, sign-reversed impulse response functions can be derived in the case of
a monetary easing, where a sudden boost in investment, e.g., due to a technological discovery, may result
in rising demand and rising inflation expectations combined with rising policy real interest rates, which is a

sign-switch of the same mechanism discussed in this paper.
3t is a stylized fact that investment drops by more during the recessions identified by the NBER. Under

their definition, a recession involves a significant widespread decline in economic activity which lasts more
than a few months. Depth, diffusion, and duration are treated as somewhat interchangeable criteria. Extreme

conditions under one criterion may partially offset weaker indications under another (NBER, |[2025).
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and 2.9% during recessions, but in at least two episodes, in the early 1980s and during the
Great Financial Crisis 0f 2008, investment plunged by more than 8%. More recently, a similar
downfall was observed at the outbreak of the Covid-19 pandemic. Just as investment has
been negatively correlated with monetary policy shocks in the last decades, quarters with a
contractionary monetary policy stance have been observed even during recessions. That is
not surprising since an identified monetary policy shock is not always a voluntary or well-
informed action of a central bank. It may be a delayed response, a misinterpretation of
the monetary policy stance, or even some binding feature not incorporated into the model,
such as the effective lower bound. With hindsight, some of these shocks are called monetary

policy mistakes in Economic History books.

Monetary Policy and Investment
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Figure 2: Estimated monetary policy shocks from [Smets and Wouters| (2024) and observed

investment in the United States from 1965Q1 to 2019Q4

Despite the fact that in general equilibrium all variables are determined simultaneously,
every model needs a story to tell, and the common view on the transmission of monetary
policy in textbook New Keynesian models hinges on the real interest rate channel, which

Ireland| (2010) describes as follows:

"A monetary tightening in the form of a shock to the Taylor rule that increases
the short-term nominal interest rate translates into an increase in the real inter-

est rate as well when nominal prices move sluggishly due to costly or staggered



price setting. This rise in the real interest rate then causes households to cut
back on their spending, as summarized by the IS curve. Finally, through the
Phillips curve, the decline in output puts downward pressure on inflation, which

adjusts only gradually after the shock."

Gali (2015} p. 5) similarly highlights the real interest rate channel when discussing the

short-run non-neutrality of monetary policy in this class of models:

"As a consequence of the presence of nominal rigidities, changes in short-
term nominal interest rates (whether chosen directly by the central bank or induced
by changes in the money supply) are not matched by one-for-one changes in
expected inflation, thus leading to variations in real interest rates. The latter
bring about changes in consumption and investment and, as a result, in output
and employment, because firms find it optimal to adjust the quantity of goods
supplied to the new level of demand. In the long run, however, all prices and

wages adjust, and the economy reverts back to its natural equilibrium."

Schematically, a positive monetary policy shock (¢}") raises the nominal interest rate (i)
and, due to price stickiness, the real rate (r;). This reduces consumption (c;), output (y;),

and ultimately inflation (7).

Tein => liy = Tre = e = |y > |my
—~—
if prices are sticky
However, Rupert and Sustek| (2019) propose a different story, which they argue is more
consistent with the actual mechanics of the model. The transmission does not operate
through areal interest rate channel. First, equilibrium inflation is approximately determined
as in a flexible-price modelf_r] Second, output is pinned down by the New Keynesian Phillips

curve, interpreted here to mean that, given the expected inflation trajectory, firms that cannot

4In Chapter 2 of Gali| (2015), a canonical real business cycle (RBC) model is augmented with a fixed-
intercept interest rate rule to pin down inflation and, thus, a trajectory for the price level. Current inflation,
as a deviation from its steady-state value, is determined by the expected path of real interest rate deviations
from the steady state, as long as the Taylor principle is obeyed. It is important to note that the steady-state
value of the real interest rate and the intercept of the monetary policy rule coincide, assuming a zero-inflation
target. Chapter 1 ofWoodford| (2003a) shows the same idea in a partial-equilibrium monetary model where

the sequence of real interest rates is exogenous.



adjust prices will change output. Finally, the real rate only reflects the feasibility of main-
taining smooth consumption when income changes, whereas equivalence with the real in-
terest rate channel depends on the persistence of the monetary policy shock. The canon-
ical model, with fixed capital, is simply a limiting case where capital adjustment costs are

infinite. According to this view, monetary transmission should work as follows:

tel = 1iy = |n, = L yve => l¢ = 2r;

if prices are sticky depends on the presence
of capital and calibration

In this paper, I show that this puzzle stems from a problem of definition. In the ca-
nonical New Keynesian model, monetary policy stance is measured by the real interest rate
gap (RIRG), r[G “P which compares the actual real interest rate of a sticky economy, r;, with
the one of an identical counterpart except for the absence of nominal rigidities, that is,
the natural real interest rate, r/'. The gap is represented here by equation , where hat-

variables are deviations from the non-stochastic steady state. If there is only a history of

monetary policy shocks in the economy, r;' should not move, implying that rf P is equal to
Iy.
PO = (1)

In the most frequently used definition of r;’, nominal rigidities are assumed to not exist
neither in the past, present, nor future of the model. This definition has been ubiquitously
employed in dynamic stochastic general equilibrium (DSGE) models, such as |Smets and
Wouters| (2003} |2007, 2024). I call this definition, the state-variant definition, because for
any given period state-variables may differ in value for r; and r/*. Since the canonical New
Keynesian model has no endogenous state variables, such as capital, the difference in states
is not an issue, and rtG P is strictly connected to the notion of equilibrium determination in
that economy. In this case, rtG “P = 0 implies that output is at its potential level and inflation
is at the central bank’s target. This represents a short-run equilibrium, which also holds
in the long run in the absence of additional exogenous shocks, where a single persistent
exogenous shock is just a sequence of exogenous shocks.

Table[I|summarizes the algebra of how the capital puzzle emerges under the state-variant
definition. The expressions for 7, ;' and ftG “P are translated into a state-space representation,
where {A, B, C, D} are matrices of coefficients, {§;} is a matrix with a given sequence of actual

and expected endogenous state variables as deviations from the steady state, €; is a vector
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of exogenous shocks, and ¢; is a vector of persistent exogenous shocks that follow AR(1)
processes. When there is not a single state variable, such as in the canonical New Key-
nesian model, the presence or not of persistence in any shock does not affect the matrix
coefficients of the shock, B and D, which reflect the reaction of #; and 7', respectively, in
the period of the shock. Nevertheless, when one adds at least a single state variable to the
model (e.g., capital), then this remains the case only if there is no persistence in the shock
processes. In the case of persistence, the matrix coefficients of the shocks are now related to
§

the expected trajectory of the state variables, ﬁ, a function of their elasticities. In this case,

if a state variable is allowed to suffer a sudden large change, the sign of the shock coefficient
of ftG “P will depend on the persistence of the shock and on the expected trajectory of the
state variables. This explains why Rupert and Sustek (2019) find that the combination of a
just slightly persistent monetary shock (p™ = 0.1) with low capital adjustment costs (high
elasticity) induces the real interest rate to deviate from its conventional trajectory, declining

at the impact of a contractionary monetary shock.

Endogenous State Variable Shock Persistence Fy P I ,(’ aw
no no 7 = Bey 7' = De; (B-D)e;
no yes fr=Bé&, 7'=D¢, (B-D)¢,
yes no fr=AS8;1+Be; F'=C3! | +De; A8 1—-C3] | +(B-D)e;s
A=Eile c=" B sl —Ecff g+ (B-De;
yes yes fy=A8_1+B¢, F'=CS8} +DS, ('Erfm-l—Bpm‘fz)%—('Ezf';il—Dmet)%‘*(B—D)ft

E¢ Fr41=Bpm E/ 7' —Dpmé: N 5 o §n 8 §n
A==t 5 Pmot = MS;‘ [E[r,+1—§[_‘l —IE,;rt"H—S_;[1 + B—Bpm—gr‘ —-D+Dppn, 2;,' &

Table 1: State-variant definition

Woodford (2003a, Ch. 5 sec 3.4) points out that the state-variant definition of the RIRG
turns out to be odd once one introduces capital in the model. That is so because, out of the
steady state, the stock of capital of the sticky economy will probably differ most of the times
from the stock of the counterpart economy without nominal rigidities. He suggests defining
the natural rate of this economy at any period ¢ as the one that would result from the lack of
nominal rigidities now and in the future, given the same exogenous and predetermined state
variables of the actual economyﬂ I call this the state-consistent definition, 7,"°°"". Thus, for
the RIRG to represent the current monetary policy stance, it must control for the effect of

shocks on state variables, ftG “AP€OS A natural rate that matters for measuring the monetary

SWoodford| (20034, Ch. 5 sec 3.4)’s refers only to price flexibility in the context of the simple model he is

analyzing.



policy stance should be one that assumes that state variables are at the same levels as for
the real rate, so that they are comparable. However, Table 2| shows that the state-consistent
definition also allows for the presence of the capital puzzle as the matrix coefficients of the

shocks are still related to the trajectory of the state variables, just like in the state-variant

definition.
Endogenous State Variable ~Shock Persistence P feons poapcons

no no 7; = Bey 7' = De; (B-D)e;

no yes 7t =Bé, Pl =D&y (B-D)¢,;

yes no Fy=A$-1+Be; 7'=C8i-1+ De; (A-C)§;1+(B-D)e;

N £ o o
A=Lg+' C=7xg:“ [Etrr+1§;%l_|Elrln+lﬁ+(B_D)€[
yes yes Fr=A8 1+B¢ F'=C8§-1+D¢, ([Etftn*BPm'fz)g;%’]*([Etf,"Jrl*Dmet)_g%l*(B*D)ft

§t §t

_ Eifen—Bpmé: _ Ei—Domée 5 an ¢ Si-1 Si-1
A= < C= 3 (Ee e =B 4 y) 55 + (B~ Bpm 5t =D+ Dpp st &,

Table 2: State-consistent definition

The finding that both the state-variant and the state-consistent definition can result in
a sign inconsistent with the real interest rate channel awakens the interest in other ways of
measuring the monetary policy stance. In this paper, | propose a state-invariant definition
for the RIRG. In that, I incorporate the important caveat that state variables must be com-
parable through a different approach. I decompose the natural real interest rate into an
exogenous component, 7", that corresponds to a counterfactual that keeps the endoge-
nous state variables constant — in this case the capital stock — and a remaining component,
Nnk IE? +M ik €1, that captures the state variable and the shocks, where 1, is a constant, 1,

is a vector of constants, IAC? is the log-deviation from the steady state of the capital stock in a

counterfactual economy without nominal rigidities, and €; is a vector of shocksﬁ

AN AN,cC 7.n
Iy = I't +Nnkky + Nnkk€: 2)
N~ ——
= 0 if only shocks are monetary = 0 if only shocks are monetary

Next, I decompose 7; as the sum of a counterfactual where capital is fixed, 7/, and a residual,

(17 k k: + n kke’t"), where 1, and 1 are constants, and define the state-invariant RIRG, ftG ap.ce

as the gap of real interest rates that controls for the endogenous state variables.

N ACC 7. m

e =77+ (nike +nikel) 3)
.Gap, e -
= ap,cc _ T‘fc _ rtn,cc 4)

6Note that the remaining component does not depend on the monetary policy shock due to the lack of

nominal rigidities in the counterfactual economy.



Figureshows that, by comparing 7; and ftG “P€¢ thelatter is the RIRG measure whose sign is

consistent with the New Keynesian theory in the shock period. Note that the decomposition
proposed here isolates in coefficients 17, and 1y any deep parameter sensitive to the speed

of the adjustment of the state variable. The algebra is summarized in Table 3]

Endogenous State Variable Shock Persistence Fee e ftG apce
N AN,CC _
no no r;“=Be; T, =De; (B—D)e;
no yes Pe¢=B¢ P“=DE (B-D)¢

Table 3: State-invariant definition

Thus, I propose the following explanation for the New Keynesian capital puzzle: a mon-
etary tightening in the form of a shock to the Taylor rule increases the short-term nominal
interest rate (policy rule), causing an increase in the real interest rate when nominal prices
move sluggishly (Fisher equation). This rise in the real interest rate causes households to
cut back on their spending (IS). If investment sinks too much, households cut consump-
tion even further (IS with capital). The large decline in output puts significant downward
pressure on inflation (Phillips Curve), amplifying the endogenous negative response of the
policy rule. This results in the nominal interest rate reversing its sign and dropping when
its endogenous response is numerically larger than the original monetary policy shock, ul-
timately causing a drop in the real interest rate because prices are sticky. Then, onward, this
flow continues with shrinking and oscillating amplitude until convergence to the in-period

equilibrium, as induced by monetary dominance.

T€T3Tit3 tre = e > lye = lme = iy =1y
~—~ ~——
if prices are sticky if capital sinks

This explanation for the capital puzzle is backed by a simple arithmetic. Inflation is
determined in a New Keynesian model through two equations: the Fisher relation (i; =
7: +E; 7;41) and the interest rate rule (i; = enmus , +exogenous,). By combining both
equations and eliminating i;, I obtain that the sign of #; will be opposite to that of the
monetary policy shock if and only if the endogenous response of the monetary policy rule
discounted of the expectation for next-period inflation has the opposite sign to the shock

and is larger in absolute value.
Fr= (endogenous —E; ﬁHl) + exogenous, (5)
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A simple illustration exercise is to pick a policy rule of the form ir = 15E /i +¢ 7 and
impose a +50 bps shock. It will generate the capital puzzle if E; 7i;.; is lower than -100 bps.

From an empirical perspective, this paper also shows that the identification problem
of the real interest rate channel of monetary policy can be largely mitigated in the relevant
parameter range by adding interest-rate smoothing to the Taylor rule — a feature as prevalent
as capital in medium-scale New Keynesian DSGE models, e.g., Smets and Wouters| (2003,
2007, 2024). Smoothing interest rates narrows down the numerical difference between the
RIRGs measured under the state-invariant and state-variant definitions, while it also makes
more likely that ftG “P reflects the sign of the monetary policy shock in impulse response
functions such as the one in Figure[I]

I adopt the following modeling strategy to disentangle the observational equivalence of
the real interest rate channel from its structural validity. First, I solve the textbook New Key-
nesian model without and with capital as well as decompose the effect of shocks on rf a
as in Equations (2) to (4). This decomposition exposes that the state-invariant component
retains the sign predicted by the New Keynesian theory. The sign of the state-variant com-
ponent, by its turn, will depend on the interaction between the structure of the model and
the monetary policy rule. If the state-variant component happens to have the opposite sign
of the state-invariant one and it is larger in magnitude than the latter, a positive monetary
policy shock can lead to an immediate decrease of the real interest rate. In this case, yes, a
central bank can tighten and real interest rates fall, but that reflects the dynamics of the en-
dogenous state variables of that economy and not the first-round effect of monetary policy.
This is true for both short and long-term real rates.

Second, I add smoothing in the Taylor rule to show that the latter can mitigate the iden-
tification problem. The finding that the real interest rate channel of monetary policy is re-
established with a common ingredient of medium-scale New Keynesian models alleviates
concerns regarding that channel’s proper identification in policy-oriented DSGE or VAR
models. The latter are mostly immune to the problem because lagging terms are ubiquitous
in their specification. I check the robustness of my results by exploring different combinations
of interest-rate smoothing and also capital adjustment costs, since making capital adjust-
ment sluggish is warranted to prevent excessive output fluctuations after a monetary policy

shock.

Finally, I demonstrate how previous results extend to a medium-scale DSGE model —

10



more closely resembling those employed by contemporary central banks — and explore the
potential of the state-invariant RIRG as a predictor of future inflation and as an instrument
that helps telling the history of monetary policy. I find that from 1965Q1 to 2023Q3 in
the United States, it often surpassed in performance the state-variant and state-consistent
versions.

The next sections of this paper are structured as follows. Section 2 presents the related
literature. Section 3 describes, solves, and analyzes the New Keynesian model before and
after introducing endogenous capital. Section 4 introduces interest-rate smoothing. Section
5 takes the proposed solutions to a medium-scale model. Section 6 explores forecasting
properties. Section 7 interprets the monetary policy stance history of the United States.

Finally, Section 8 concludes.

2 Related literature

In the literature about gauging the monetary policy stance through interest rate gaps, Wicksell
(1898, (1907) builds a whole monetary theory over the gap between the money rate and the
natural interest rate in a mostly frictionless environment. More recently,Woodford| (2003 a)
makes the theoretical case for the use of RIRGs in monetary policy; Neiss and Nelson| (2003)
and Mésonnier (2011) present evidence in favor of their empirical relevance; and Barsky,
Justiniano and Melosi| (2014) discuss their usefulness.

In central banking practice, the use of RIRGs has been pervasive (e.g., [Waller (2024);
Schnabel (2024)), leading to several estimation methods being proposed. Laubach and
Williams| (2003) estimate the gap in a semi-structural model, defining the natural rate as a
trend that depends on output growth. |Cour-Thimann, Pilegaard and Straccal (2006) specify
the natural rate as the unobservable component of the real interest rate which has neither
contemporaneous nor lagged correlations with the output gap. Lubik, Matthes et al.| (2015)
employ a time-varying parameter VAR model without assuming economic relationships be-
tween key macroeconomic variables, in a largely agnostic approach. What all proposed
methods in the literature have in common are large confidence bands around their estimates
for the natural rate.

Despite the widespread use of the RIRG as a measure of the monetary policy stance,

suspicion about the real interest rate channel of New Keynesian models is considerably
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older than [Rupert and Sustek| (2019). The early work of Kimball (1995) on the derivation of

real business cycle models with sticky prices and a quantity equation with exogenous shocks

to the money supply dedicates a whole section to discussing the likelihood of that channel.

He concludes that, even when investment adjustment costs are introduced, parameter values
perceived by him as "plausible" would imply that the real interest rate increases in response

to a monetary expansion[] The "implausible" scenario would occur if either adjustment

costs were "too high" or convergence back to the long-run equilibrium after a monetary

policy shock was "too fast", not unlike what Rupert and Sustek (2019) find.

Nonetheless, two distinctions exist between Kimball (1995)’s Neo-Monetarist model and
most New Keynesian models that followed. First, the New Keynesian literature has followed
the real-world trend of adopting nominal interest rate rules with an endogenous response to
inflation. These last rules, especially when augmented with smoothing, put in sharp relief
the speed of convergence back to a long-run equilibrium. Second, the parameterization
he deems as "plausible" — an investment adjustment cost elasticity of 0.2 and a (labor-
constant) elasticity of intertemporal substitution (EIS) for consumption of 0.2 — does not
match modern estimations, which find higher values for the EISE The lack of realism in
modeling assumptions is also a subject of criticism in Brault and Khan (2022), who modify
Rupert and Sustek| (2019)’s work by including frictions on changes in the flow of investments,
as (Christiano, Eichenbaum and Evans| (2005) do, rather than on capital adjustment. They
find that the real interest rate moves in the same direction as the monetary policy shock
when the model contains empirically realistic frictions. This suggests that, at least in con-
temporary (medium-scale) New Keynesian models, the real interest rate channel should be
observed.

Concerning interest-rate smoothing, its introduction into the canonical model is empir-
ically motivated. Significant levels of it are found in the response function of the Federal
Reserve by |Clarida, Gali and Gertler| (1999), for both the pre-Volcker (1960Q1-1979Q2) and
the Volcker-Greenspan (1979Q3-1996Q4) eras. The same are found by/Coibion and Gorodnichenko
(2012), whose results employing both hard and narrative real-time data favor that source

of purposeful policy inertia over simply serially correlated monetary policy shocks, where

"The model is linearized and, therefore, I assume a symmetrical response in the case of a monetary

contraction.
8Using Bayesian methods, [Smets and Wouters| (2003) estimate the EIS to be 0.74 for the Euro Area, and

Smets and Wouters|(2007) estimate it to be 0.68-0.72 for the U.S. All values are posterior modes.
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the latter could be arbitrary or motivated by the inherited persistence from underlying data
generating processes of omitted variables to which the Federal Reserve also responds. For
their part, Smets and Wouters (2007) estimate a medium-scale New Keynesian DSGE model
using Bayesian methods for the United States from 1966 to 2004 and find large coefficients
for interest-rate smoothing (above 0.7) as well as small coefficients for monetary policy
shock persistence (below 0.3). Smets and Wouters| (2024) update the sample until 2019 with
a more detailed fiscal sector and allow inflation to be only partially backed by fiscal policy,
obtaining mostly similar results. All these papers suggest the empirical presence of smooth-
ing through the estimation of either single or multiple equation models, that is, by imposing
only a little or a lot of informational restriction on the estimation. However, contrasting
results can still be found depending on the estimation strategy as Rudebusch (2006) and
Carrillo, Feve and Matheron! (2018) demonstrate, favoring the modeling of serially correlated
monetary policy shocks employed by Rupert and Sustek (2019).

Smoothing interest rates is also theoretically justified. [Sack and Wieland (2000) and
Woodford (2003 b) show that smoothing policy interest rates may be optimal from a welfare
perspective. This is a concern already presented in Brainard (1967), for which the existence
of uncertainty on the effects of a certain policy recommends moving in its direction in small
steps. Taking a related perspective, Goodiriend (1987) rationalizes smoothing in terms of a
central bank’s preference to maintain "orderly money markets" by minimizing unexpected
asset price movements that otherwise could raise the risk of bankruptcies and banking crises.

Thus, although smoothing is a policy choice, high levels of it are generally optimal, and
low levels are empirically rare, which warrants the case of this paper. Listening directly to
central banks themselves, Amaral et al. (2025) asked several of them to rank their motivations
for adjusting the monetary policy rate in small steps and found evidence that central banks
do purposefully smooth the policy rate to some extent. Both approaches to monetary policy
are not mutually exclusive, though, since a data-driven stance and contingency on new
information do not preclude forward guidance and policy inertia. This paper shows that
different combinations of these two features are usually enough to restore the identification

of the real interest rate channel when using the conventional state-variant RIRG.
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3 New Keynesian model before and after capital

In this section, I propose and solve a New Keynesian toy model: first the canonical version,
followed by the model augmented with a generic endogenous state variable, and then finally
with endogenous capital. This exposition strategy facilitates the comparison across the
different versions of the model. The reader can find in Appendix[Ala glossary of all symbols

used.

3.1 Canonical closed economy (with omitted or fixed capital)

Consider a closed economy without fiscal policy, where a one-period risk-free nominal bond
is available in zero net supply and the central bank adopts a fixed-intercept Taylor rule. I
expand here on the simplified presentation made by [Rupert and Sustek| (2019) of the ca-
nonical New Keynesian model of (Gali (2015), with minor notational changes, whose full
derivation is available in Appendix[B.1]
The simple linearized model reduces to three equilibrium conditions: an Euler/IS equation

(6), a Phillips Curve (7), and a Taylor rule (8). They pin down three variables: real output,
¥+ nominal interest rate, i;; and inflation, 7;. Over-lined variables represent their non-

stochastic steady-state values (7 = 0, y = 1) and hat variables are deviations from that same
Y ”?_7 and i, = i, —i. At this stage of the model, the relevant

steady state, such that y; =
parameters are the subjective discount factor, §; the inverse of the elasticity of labor supply,
7n; the fraction of producers not adjusting prices at any given period, 8; and the Taylor-rule
coefficient that gauges the central bank’s reaction to current inflation, v. There is also an

exogenous monetary policy shock variable, ¢}".

—J7t:—[EtJ7t+1+ft—[Etﬂt+1 (6)
T =QP+PE; 710 (7)
Iy=vi +& (8)

where
1+np1-0)1-6p) 0

Q
0

9)

Notice that when prices are fully flexible, 8 — 0, then QQ — oo, whereas when prices are fixed,

0 — 1, then Q — 0.
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I can proceed further by substituting the policy rule into (6) so that I reduce the

system to only two equations:

—Vr=—E P +va+ &7 - (10)

w=QP+PE; w1 (11)

I assume the monetary policy shock follows an AR(1) process given by ¢7* = p™¢7" | +€7,
where p™ € [0,1) and €} isi.i.d. N(0,1). Solving the model with the method of undetermined
coefficients — also known as guess-and-verify — by conjecturing j; = a¢* and n; = b¢",
where a and b are the coefficients  want to obtain, and discarding explosive paths for output

and inflation leads to

- 1=Fp <0 (12)
1-p™ A -pp™+Qv-p™)
1
- <
(1-p™A-pp™Q~1 + (v—p™)

where both coefficients imply that a positive monetary policy shock always reduces inflation

0 (13)

and output in the canonical New Keynesian model.

Figure [3| plots coefficients a and b for different values of v and Q, under the calibration
of Rupert and Sustek (2019)@ As expected, flexible prices reduce output elasticity to zero at
the same time that inflation elasticity is at its maximum. Moreover, a more active monetary

policy reduces both elasticities.

) Output elasticity to & ) Inflation elasticity to &" .
S 08t 0.8 02
=
5 0.4
= 0.6+ 0.6
2 0.6
=
g 04r 04
+ 0.8
o 02 0.2 1

|
0 0 1.2
1 2 3 4 5 1 2 3 4 5

v — more active

Note: Darker colors imply higher (absolute) elasticity values.

Figure 3: Output and inflation elasticity to a monetary policy shock

9The following calibration includes deep parameters, as well as parameters that will later be incorporated

into the model presented in this paper: $=0.99,7=1,£=0.83,0=0.7, v=1.5, p"* = 0.5, = 0.3, § = 0.025.
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The real interest rate deviation from steady state can be derived from the Fisher identity,

Fr=1ir—E;peq. Substituting my solution, I have

~ 1 m
”‘1_1+kmnwm1€f (14)
v—=p™m Q
€l0,1]
>0

whose coefficient on ¢77, which is never negative, implies that the real interest rate always
increases/decreases right after a positive/negative monetary policy shock. This is observa-
tionally and structurally consistent with monetary policy being transmitted through a real

interest rate channel.

3.2 Model with endogenous state variable

Next, I expand the reduced canonical New Keynesian model of equations and with a
generic endogenous state variable in the Phillips curve, é;_;, whose data generating process
is elastic to ¢7" by a factor of w. To simplify, I assume this endogenous state variable is
purely explained by the history of exogenous monetary policy shocks, as in equation H
I replace hat variables with tilde variables in this session to make the comparison with the

canonical model clearer.

—Jr=—Et Jr vV + & —Er i (15)
Ae=Qyr+PE;Tpp1+8Er1 (16)
ét:wg‘;" (17)

After conjecturing j, = @& and 7, = bé™, where @ and b are the coefficients I want to

obtain, and discarding explosive paths for output and inflation (p” € (0,1)) leads to

_ (v—p")
a=a 1+a)m ? 0 (18)
\,0 ( _'Bp ), sign depends on w
>0
- 1-p™
peb|1-0=P") 2 0 (19)
Qp™m ~—
\—— —— | sign depends on w
>0

19Assuming &;_; is purely an exogenous shock which is correlated to €/ can generate similar impulse

response functions, but its interpretation as a puzzle is less obvious.
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Now, despite a < 0 and b < 0, the signs of @ and b will depend on the sign and size
of w. Moreover, @ and b can diverge in sign, allowing for an output expansion amid a
persistent disinflation, such as when the income effect of the monetary shock outweighs
its intertemporal substitution effect (see Section [4.3.3). Substituting the solution into the

Fisher relation, I find

~ (1-p™)
Fr= 7y + o o 157 &r (20)
same sign as ¢/ v=p
>0
sigr:;fw

This is equivalent to decomposition (3), but with respect to this model. It shows that, upon
the introduction of an endogenous state variable, the RIRG can go in any direction in the
period of a positive persistent monetary shock. Whether up or down will depend on the
sign and size of the elasticity of the state variables to the shock. In that sense, the capital

puzzle goes beyond capital.

3.3 Model with endogenous capital

This section incorporates endogenous capital and shows that the real interest rate channel
is reestablished once one uses the state-invariant RIRG definition. The full derivation of this

expansion of the canonical model is available in Appendix[B.2}

3.3.1 What does change in the model?

Following Rupert and Sustekl (2019), I assume an economy-wide rental market for capital,
so firms adjust holdings each period. Thus, capital is not ﬁrm—speciﬁcEr] Moreover, they
assume that whenever households change their stock of capital, there is a quadratic adjust-
ment cost, —g (k41 — k1)?, where k; is the stock of capital inherited from the previous period
and x = 0 is a parameter that governs the size of the adjustment cost in terms of foregone
real income. The production function now incorporates capital and labor proportionate to
constant returns to scale, where «a is the Cobb-Douglas coefficient of capital and rf is the

latter’s rent.

HiAltig et al.|(2011) estimate a New Keynesian DSGE model for the U.S. and find that this modeling choice for
introducing endogenous capital results in firms enduring long spells before readjusting prices, up to 9 quarters
on average. They show that firm-specific capital can align that spell more with empirical evidence from micro

data to, say, once a year.
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Comparing with the three-equation canonical model of Section[3.1} the reduced system
has now five equations (21]to[25). There is a new Euler equation for the capital asset (22) and
a more complex resource constraint (24), where § € (0,1) is the capital’s depreciation rate.

Moreover, ¢; is the price of capital in terms of current consumption, or Tobin’s q, such that

qgr =1+« (ksy1 — ky). Finally, Gy41 = q;*fl is the capital gain, so &; = 4 — §;-1 = ?(chl - kt) -

=i, —i,

=

(k;— k;-1), where X = xk. For any variable X, X = Xf?_y,

(=1;—1,and ff = rf —7*. The systems reduces to

~

—8 == 1+ —E (21)
R 1+n 1+an.
—Cr = —Etct+1+[Etgt+1+r Ef(Crr1+——Prs1— t+1 (22)
l1-a l1-a
+a 1+n.
nt:\P(n Vi—a nk[+C[)+ﬁ[E,;ﬂ,;+1 \ (23)
l1-a 1-

. c, Kk, k

Vi==C+=kiz1—-(1-0)= k[ (24)
y y

it:vnt+£’[’” (25)
where ¥ = )(M and Yy is the real marginal cost at the steady state, such that when

prices are flexible, ¥ — oo.

3.3.2 Thereal interest rate gap

In the New Keynesian theory, the gauge of monetary policy stance is the real interest rate
gap, 797, The conventional way of calculating the gap is by taking the difference between
the actual real interest rate, 7;, and the real interest rate of a counterfactual economy without
nominal rigidities, 7/, as in . This approach does not take into account the fluctuation of
state variables, such as capital, which, I showed in Table [1} is the reason why Rupert and
Sustek (2019) find that the real interest rate channel of monetary policy transmission is only
observational and not structural in New Keynesian models.

Next,  decompose the effect of the shock into a purely exogenous component that emerges
from the counterfactual with fixed state variables, and one which depends on the existence
of the state variable, (27). After that, I can calculate a state-consistent RIRG, like in[Woodford
(2003a), but whose sign reflects the actual monetary policy stance. I call this the state-
invariant RIRG. This last measure is consistent with the New Keynesian theory and shows
that the transmission of monetary policy is truly through areal interest rate channel, although

deviations of endogenous state variables from their long-run values blur that same mechanism.
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A steady-state economy inflicted with a positive monetary policy shock will always exhibit a
positive state-invariant RIRG in the period of the shock.
I start by recalling some definitions introduced in this paper, (1) to (4). r{¢ is the real in-
terest rate of a counterfactual economy in which capital is kept fixed at its long-run (steady-
n,cc

state) value, ™" is the same counterfactual but with no nominal rigidities, 7" is the

gap between them, while 1,,x, 7.k, Nk, and N are constants.

PP = -

P = PP+ (k]! + kel
Fe =P+ (nicke + nerel”)
o ey

I can now proceed with the decomposition. I substitute (3) and (2) into (4), and then

into its result to obtain (26).
~Gap,cc ~ B N ~
PP = (e —micke =€) — (P = nnkk] = nnkke]”)

~Gap,cc _ ~Gap & *n m m
my =P = Nike +Nnkky —Nerey” +Nnickef

~Gap _ ~Gap,cc ? *n m m
ry = I +Nike —Nnkky +Nkk€; —Nnkk€; (26)
—— ~ ~ .
state-invariant effect state-variant effect
; ~Gap,cc _ acc n
As the only shock of the model is monetary, 7, =P/ Nukk =0, and k7' = 0.
pOaP = pec + ik m 27
y = = T NkKe +Nkk€y (27)
———

state-invariant effect state-variant effect

Returning to the model equations, after fixing capital, I can get rid of (22). Assuming the

same policy rule as before, I have:

880 = 6 v+ & oS (28)
+a R
mee =W (T g5+ &) + BE (29)
c
J/)CC — :('/\,CC (30)
t ¥y t

[ substitute in to eliminate y,. Using the undetermined coefficients methods, 1

solve next.

ACC __

m ACC m ACC __ m ACC m_.m
C;"=al; = E¢ =aki&, = ¢ =ael = E L =ape;
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~ACC _ m ACC __ m ~ACC __ m ~ACC __ m_.m
A =bE = EA3, =bEL, = A =bel = E AL, =bp €]

= BB v £
n+ac .
n?C:‘P(l_a§+1)cfc+ﬁ[Etn§il
—ael*=—ap™el +vbe' +€ — bp"el!
n+ac
bel' =¥ (m§ + 1) ael* + Bbp" e}
1 v—p")O
_ ( v-pmo__, (31)
p"=1\1-(v-pm)O
Q]
b=——— —— (32)
1-(v—-p™)®©
o2 2]
whnere =W<O. N
Since ® <0and (v-p™) >0, -1< v=p"e_ 0, so that a < 0, which means that con-

1-(v—-p™)©
sumption always decreases with respect to the state-invariant effect of the shock. Moreover,
the numerator of b is negative and the denominator is positive, so that b < 0, which means
that inflation also falls as a consequence of the state-invariant effect of the shock. 77 and

. . .Gap,
7;"°“ can now be analytically solved, and therefore, also 7, apice.

ACC _ ;CC cc  _ cc m cc
Feo =iy —Bempyy =vag e —Bempyy

Pe¢=vbel +e]' = bp"el = (vb+1—bp™)e}

Fe=1+(v—-p")———— e
t p 1—(V—pm)® t
1
FO=1+——— n er’
(v-p"™)®

-1

\Y

r
\

~~
=

(=]

A positive monetary policy shock will always result in a non-negative state-invariant

~Gap,cc
7 p

effect, 77 = 0 and therefore 7, = 0, but the sign of the state-variant effect will depend on

the interaction between the structure of the model economy and the policy rule. Therefore,

ftG “P will be negative if the state-variant effect is negative and has a higher magnitude than

the state-invariant effect. Tables (4) to (7) sweep the sign of the impulse response functions

~Gap,cc

of f’f “P and F; right after a positive monetary policy shock for different values of «
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ranging from 0 to 0.5. Notice that ftG “P turns negative the more persistent is the shock, but
higher x delays the sign switch to larger p”*. What capital adjustment costs do in the model is
to introduce a friction to its state variable (i.e. capital), reducing its sensitivity to exogenous
shocks overall, and therefore attenuating the magnitude of the state-variant component of
the RIRG. Overall, the RIRG truly consistent with the monetary policy stance, and with the

real interest rate transmission channel, is the state-invariant one.

Table 4: Parameter sweep with § = 0.025 and x = 0.0

p"=0 pM=0.1 p"=02 pT=03 p"=04 pT=05 p"=06 pT"=07 p"=08 pT"=09 p"=095 p™=0.99

rGap + _ _ _ _ _ _ _ _ _ _

reeGap + + + + + + + + + + + +

Note: + indicates that the specific real interest rate gap increases right after a positive monetary

policy shock; - indicates that it decreases.

Table 5: Parameter sweep with § = 0.025 and x = 0.1

p"=0 pM™=0.1 p"=02 p™=03 p"=04 p"=05 p"=06 p"=07 p"=08 p"=09 p"=095 p™=0.99

rGar + + + + + + + + - - -

reeGap + + + + + + + + + + + +

Note: + indicates that the specific real interest rate gap increases right after a positive monetary

policy shock; - indicates that it decreases.

Table 6: Parameter sweep with § = 0.025 and x = 0.2

p"=0 p"=01 pMm=02 p"=03 p"=04 p"=05 p"=06 p"=07 p"=0.8 p"=09 p™=095 p™=0.99

rGaep + + + + + + + + + - -

reeGap + + + + + + + + + + + +

Note: + indicates that the specific real interest rate gap increases right after a positive monetary

policy shock; - indicates that it decreases.
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Table 7: Parameter sweep with § = 0.025 and x = 0.5

p"=0 pM™=01 pMm=02 p"=03 p"=04 p"=05 p"=06 p"=07 p"=0.8 p"=09 p™=095 p™=0.99

rGap + + + + + + + + + +

reeGap + + + + + + + + + + + +

Note: + indicates that the specific real interest rate gap increases right after a positive monetary

policy shock; - indicates that it decreases.

3.4 Thelong-term real interest rate

In a weaker version of the real interest rate channel, monetary policy affects the economy
predominantly through the long-term real interest rate, 7;, instead of through shorter-term
real rates. ff can be obtained by iterating forward the log-linearized Euler equation of bonds
and imposing stationarity, which results in ff being the sum of all one-period real rates
from today until infinity — the expectations hypothesis of the yield curve.
00
—Cr=—Ep b+ P> —C=—Ey Crpp+ e 4Py = o> =6 = —Fy Crpoo+ Zoft+j =& =7!
j=

——
fl
t

Therefore, ff will have the opposite sign of ¢; whenever the economy is out of the steady
state. I showed in section that consumption always decreases with respect to the
state-invariant effect of a positive monetary policy shock, what can now be extrapolated
to ftl always increases with respect to the state-invariant effect of a positive monetary policy
shock. Thus, even the weaker version of the real interest rate channel is also structural. It
is true that ftl may fall after a positive monetary policy shock, e.g., if the persistence of the
shock is large, like showed in Rupert and Sustek (2019), but that is a case in which the state-
variant effect — whose sign and size depend on the state elasticities to the shock and on the
strength of the endogenous component in the monetary policy rule — dominates. Section
shows an example in which this happens as the income effect of the monetary policy
shock outweighs its intertemporal substitution effect, pushing ¢; in the same direction of

the shock.
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4 Interest-rate smoothing

This section shows that adopting interest-rate smoothing in the Taylor Rule easily delivers
impulse-response functions for the state-variant RIRG, rtG P with the sign consistent with
the real interest rate channel — at least within the empirically relevant parameter range.
This is possible as smoothing introduces a new endogenous state variable whose state-
variant effect offsets the state-variant effect of the capital dynamics identified in (27). This

finding significantly mitigates the identification problem from an empirical perspective and

provides new insight into its mechanics.

4.1 Smoothing the policy rule

[ substitute the Taylor rule with one that includes interest-rate smoothing (33), whose

persistence is governed by p’ € [0, 1).
P AR m
ir=plic1+(1-p') (i +vr) +&7 ) (33)

The reduced 4-equation system with the new policy rule becomes:

—ét:—[Et6t+1+piit_1+(1—pi)v7l't—[Et7Tt+1+f?1 (34)
R . R —k . 1+n , 1+an.
—Cr=—Ei G+t Es g1+ 7L Ct+1+1TJ’t+l_ —a r+1 (35)
n+a ., 1+7 . A) q

;=¥ -a ki+¢:|+PE 36
t (l—ayt g et PE; i1 (36)

T, k. k -
Vi==C+=kir1—(1-06)=k; (37)

y y y

To determine whether the negative response of real interest rates to a positive monetary
policy shock persists as an identification problem, I sweep the combinations of parameter
values for p™ € [0:0.1:0.9,0.95,0.99] and p’ € [0:0.1:0.9,0.95,0.99]. Tabledisplays the
sign of the reaction of the real interest rate right after the shock for all combinations under
0 =0.025 and x = 0.0. Tables@]andincrease x to 0.1 and 0.5, respectively. As one can see,
under the hypothesis of no adjustment costs, p’ must be at least 0.95 to guarantee a positive
response under all values of p”". However, even a small adjustment cost, like x = 0.1, is
enough to largely increase the parameter range consistent with a real interest rate channel

of monetary policy transmission.
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Table 8: Parameter sweep with § = 0.025 and x = 0.0

pi=0 p'=01 pi=02 p'=03 pi=04 p'=05 p'=06 p'=07 p'=08 p'=09 p'=0.95 p=0.99

p"=0 + + + + + + + + + + + +
pMm=0.1 - - - - - - - + + + + +
pm=0.2 - - - - - - - - - + + +
p™=03 - - - - - - - - - + + +
p™=04 - - - - - - - - - - + +
p™=0.5 - - - - - - - - - - + +
p"=0.6 - - - - - - - - - - + +
p"=0.7 - - - - - - - - - - + +
p™=0.8 - - - - - - - - - + + +
p"=09 - - - - - - - - - + + +
p™=0.95 - - - - - - - - + + + +
p™=0.99 - - - - - + + + + + + +

Note: + indicates that the real interest rate increases right after a positive monetary policy shock;

indicates that it decreases.

Table 9: Parameter sweep with § = 0.025 and x = 0.1

pi=0 pi=01 p'=02 p'=03 pi=04 p=05 p'=06 p'=07 p'=08 p'=09 p'=0.95 p’'=0.99

p™m=0 + + + + + + + + + + + +
p™=0.1 + + + + + + + + + + + +
pm=0.2 + + + + + + + + + + + +
p™=0.3 + + + + + + + + + + + +
p"=04 + + + + + + + + + + + +
p™=0.5 + + + + + + + + + + + +
p"=0.6 + + + + + + + + + + + +
p"=0.7 + + + + + + + + + + + +
p"=0.8 - + + + + + + + + + + +
p"=09 - + + + + + + + + + + +
p™=0.95 - + + + + + + + + + + +
p"™=0.99 - + + + + + + + + + + +

Note: + indicates that the real interest rate increases right after a positive monetary policy shock;

indicates that it decreases.
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Table 10: Parameter sweep with 6 = 0.025 and xk = 0.5

pi=0 p'=01 pi=02 p'=03 pi=04 p'=05 p'=06 p'=07 p'=08 p'=09 p'=0.95 p=0.99

p" = + + + + + + + + + + + +
p™m=0.1 + + + + + + + + + + + +
pm=0.2 + + + + + + + + + + + +
p™=03 + + + + + + + + + + + +
p"=04 + + + + + + + + + + + +
p™=05 + + + + + + + + + + + +
p"=0.6 + + + + + + + + + + + +
p"=0.7 + + + + + + + + + + + +
p™=0.8 + + + + + + + + + + + +
p™=0.9 + + + + + + + + + + + +
p"™=0.95 - + + + + + + + + + + +
p™=0.99 - + + + + + + + + + + +

Note: + indicates that the real interest rate increases right after a positive monetary policy shock; -

indicates that it decreases.

So, how restricting is the direction-switching behavior of the real interest rate in response
to a monetary policy shock for the estimation of VARs and DSGEs? We have seen that, in the
presence of interest-rate smoothing, an empirically validated (Coibion and Gorodnichenko,
2012), theoretically desirable (Woodford (2003b), Sack and Wieland| (2000)), and prevalent
feature of medium-scale DSGE models (Smets and Wouters| (2003) estimates p’ = 0.956 for
the Euro Area; Smets and Wouters| (2007) estimates pi = 0.75—0.84 for the United States), a
plausibly small adjustment cost is enough to reestablish the sign consistency with the real
interest rate channel. Thus, observational equivalence is obtained in medium-scale New

Keynesian models through a combination of realistic endogenous state variable rigidities.

4.2 The mechanics of smoothing

Now, using the method of undetermined coefficients, I explicitly derive the solution for the
real interest rate and compare it to the case without smoothing.

Originally, there are three state variables (k,, & S i,_1) and one shock (e;”) To reduce
the number of coefficients I have to solve for, this representation can be simplified to just

three state variables (k;, & 7 i;—1) using the monetary policy shock process equation. For

2In Dynare code, there is an additional state variable, k;_1, that is used just for plotting capital at the

beginning of the period.
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the four jump variables, I assume ¢; = aok; + a ¢t + asisq; 70p = boky + bi&7" + bois_1; Jr =
dok; + diél +do fio1; kpey = fo ke, + figlt+fo i;_1. The set of coefficients to be determined for
the solution of the full system is {ay, ay, az, by, by, bo, dy, d1, da, fo, f1, f2}.

With the log-linearized Fisher relation, 7; = i;—E; 741, and the Euler equation Ican

write:

f‘t:[EtétH—ét

= (aofo —ap+ay (1 - pi) vbo) IAct + (aofz —ap+ agpi +ap (1 - pi) Vbz) i1

=0 at the shock
+ pmal—al + ap (l—pl)vb1+a2 +Ll0f1 f;n
———— » N——
ex-smoothing sm ot;hi ng direct effect of capital
indirect effect of capital

When I remove interest-rate smoothing, that is, when pi =0,a,=0, b, =0, d» =0, and
f> =0, the model is the same as the one portrayed in Rupert and Sustek (2019).

The decision rules (first-order solutions) from Dynare (Adjemian et al. (2024)) yield nu-
merical coefficients, each representing a partial derivative with respect to a state variable
or a shock (e.g., ap = g—lf;tt). With that in mind, I can decompose the immediate effect of the
shock on the real interest rate into a direct effect of capital and an indirect one. The direct
effect is analytically the same as in Rupert and Sustek (2019) since it depends only on the
existence of endogenous capital in the model. The indirect effect, on the other hand, can
be decomposed into two components: ex-smoothing and smoothing. The ex-smoothing
component is the full indirect effect in Rupert and Sustek| (2019), whereas the smoothing
component appears in my model whenever p’ > 0. Although the direct effect of capital is
always negative, the indirect effect can switch signs depending on how much consumption
smoothing is allowed. For that, the shock’s persistence, the policy rate’s smoothing, and
capital adjustment costs are keyF_g] I call the total effect the sum of the direct and indirect

effects.

13The depreciation rate of capital, §, is also important because it sets the k=

==l

, but I prefer to keep it fixed

to simplify the analysis.
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Under the benchmark calibration, with no adjustment costs and no interest-rate smooth-
ing, the direct effect of capital on the real interest rate from a monetary policy shock is
negative for all possible values of p”, while the indirect effect is mostly positive. The absolute
indirect effect is larger than the direct one only at the lowest range of p™, as seen in Figure
Note that for considerably persistent monetary policy shocks (p” > 0.7), the indirect

effect can be negative, which implies gf,i, > 0, an atypical situation in which the prospect of
t

a long spell of deflation motivates a consumption increase in the present due to the income
effectE] Meanwhile, in Figure I show that raising « to 0.1 increases both components of
the total effect, amplifying the range with the sign observationally consistent with the real

interest rate channel.

09 Ry: coefficient of £ 05 Ry: coefficient of £*
. o. —-&— Direct effect ) —-&— Direct effect
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Figure 4: Decomposition of the effect of capital on #; from a monetary policy shock when

p'=0

In Figure 5, I introduce interest-rate smoothing by setting p’ = 0.5, with no capital ad-

justment costs. In that case, the total effect curve becomes flatter near the zero axis. Raising

4This case is explored in more detail in Section
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the adjustment cost to k = 0.1, as in Figure[6} is enough to turn the total effect curve positive

for all possible values of p” even with just a little interest-rate smoothing (o’ = 0.1).
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Figure 5: Decomposition of the effect of capital on #; from a monetary policy shock when

pi=05andx=0
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Figure 6: Decomposition of the effect of capital on #; from a monetary policy shock when

p'=0.1andx =0.1

4.3 Different solutions for the capital puzzle

In this section, I explore different solutions for the capital puzzle while maintaining the con-

ventional state-variant definition of the RIRG. For that, I plot impulse response functions
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of the New Keynesian model augmented with endogenous capital, adjustment costs, and
interest-rate smoothing. I calibrate the standard deviation of the monetary policy shock
to 1 p.p. The graphs display percentage deviations from steady-state values, except for in-
terest rates, which are measured in p.p. deviations from steady-state values. As expected,
output, consumption, and inflation respond negatively in the event of a contractionary
monetary policy shock, except for the atypical case in which the income effect dominates
the intertemporal substitution of consumption effect. In this last case, output and inflation
fall, but consumption expands. The capital stock always decreases, but with a lag due to my
timing convention. The nominal interest rate may react either positively or negatively, as the
sign depends on inflation expectations and actual inflation, both of which may decrease sig-
nificantly in the presence of persistence of the monetary policy shock, a well-documented
pattern (Gali| (2015) and Woodford (20034, sec. 4.2.4)). Most importantly, the state-invariant

RIRG, r_ ", is always positive right after a positive monetary policy shock

4.3.1 Fixing with very high interest-rate smoothing

Figureshows that high interest-rate smoothing (p’ = 0.95) restores the observational equivalence
with the real interest rate channel of monetary policy transmission. However, without capital

adjustment costs, the model predicts excessive output fluctuations.

BInterest-rate smoothing introduces a new state variable, which is lagged interest rate. Fixing that state
would violate the determinacy condition of the model, therefore I refrain from fixing it in the calculation of

rtG“p ““ for the graphs of this section.
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consumption; k; capital at the beginning of period; and %, investment.

Figure 7: Impulse response function to a one-standard-deviation monetary policy shock

under p’ =0.95and x =0

4.3.2 Fixing with very low interest-rate smoothing and small adjustment cost

Figure 8{shows that simply combining a very low level of smoothing (o’ = 0.1) with a small
adjustment cost (x = 0.1) resolves the identification problem. The adjustment cost still
prevents output from overreacting right after the shock. Moreover, the negative association
between changes in inflation and changes in the real interest rate does not depend on inflation
expectations, differing from what is observed for changes in the nominal interest rate, whose

sign depends on the persistence of the monetary policy shock.
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consumption; k; capital at the beginning of period; and %; investment.

Figure 8: Impulse response function to a one-standard-deviation monetary policy shock

under p’ =0.1 and xk = 0.1

4.3.3 An atypical situation: when the income effect dominates

Figure |4a showed that for considerably persistent monetary policy shocks, say p” > 0.7,

ey

the indirect effect of capital can be negative, which implies > 0. This atypical outcome
in representative agent New Keynesian (RANK) models arises because the expectation of a
prolonged period of deflation encourages households to increase their consumption in the
present as they need to save less today to smooth their future consumption. This counterin-
tuitive reaction to a monetary policy shock occurs because, in the absence of either capital
or investment adjustment costs, investment becomes significantly more responsive (elastic)
to the shock than consumption and, therefore, than output as well. In this scenario, the
income effect of the monetary policy shock outweighs the intertemporal substitution effect,

leading to the observed increase in current consumptionm As can be seen in Figure@, by

16Kaplan, Moll and Violante (2018) comment that, for reasonable parameterizations, monetary policy in
RANK models works almost exclusively through intertemporal substitution, while in heterogeneous agent

models, indirect effects, such as the ones arising from changes in labor income, play a larger role.
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comparing the impulse responses to a contractionary monetary policy shock for p”* = 0.5
and p™ = 0.95, the inconsistency with the real interest rate channel is present in this atypical
case, but can also be solved with interest-rate smoothing, as shown in Figures[5|and[6] Here,
the interpretation of ftG P is more challenging and raises a caveat. Although its sign at the

impact of the monetary policy shock is consistent with theory, the total size of the tightening

is smaller when p” is higher and the income effect dominates.
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interest rate (7;), inflation (7,), real interest rate gap with constant capital (7, ), output (j;), consumption

(é;), capital at the beginning of period (IAct), and investment (X;).

Figure 9: Impulse response function to a one-standard-deviation monetary policy shock

under p" = 0.5 and p™ =0.95

5 Can Smets and Wouters (2007) do it?

Moving from textbooks to real-world central banking practice, how likely is it that the real
interest rate channel identification problem will appear? In normal times, quite unlikely.
Medium-scale New Keynesian models often include some additional ingredients that smooth
consumption and investment, complementing interest-rate smoothing in the Taylor rule.
Consumption habits, sticky wages, and investment adjustment costs all favor smooth changes

in endogenous state variables. A more complete rule specification, which responds to output
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change, the output gap, and inflation expectations, may also support gradualism in mone-
tary policy. In that sense, there are plenty of endogenous state variable frictions which, at the
end of the day, guarantee observational equivalence with the real interest rate channel. Most
clearly, Smets and Wouters (2007) note that investment adjustment costs induce hump-
shaped dynamics that appear in real data. Shutting them off and re-estimating the model
significantly deteriorates its marginal likelihood to the extent that these costs are the most
empirically importantreal friction in the model. In this re-estimation, the need for heightened
persistence is distributed over the remaining frictions: more persistent exogenous shocks,

increased nominal rigidities, and more interest-rate smoothing.

5.1 Impulse response functions

Using|Smets and Wouters|(2007) calibrated at the posterior mode, I replicate the real interest
rate channel identification problem by slashing the investment adjustment cost parameter
(k') from 5.4882 to as low as 0.0001 and setting p”* = p’ = 0 (Figure Since «'’ is a
structural parameter, not a policy choice like p” and p’, the negative association between
changes in the real interest rate and changes in inflation is arguably much more robust than
that between the latter and changes in the nominal interest rate, as it isimmune to the Lucas
(1976) critique. In this simulation, investment falls by more than 300%, likely exceeding the
limits of the log-linear approximation of the model around a nonstochastic steady state. It is
remarkable that the profound drops in output and consumption are not reflected in the real
interest rate, but are clearly noticeable from the sign and the amplitude of #_ ", which

reaches more than 20 p.p This indicates that ftG ap.ce

is not only sign-consistent with the
stance of monetary policy, but it also may be a better gauge of its intensity.

In Figure I change the policy parameter p’, keeping p’ = 0, and apply the same mon-
etary policy shock. Immediately after the shock, it is possible to make the nominal interest

o o . . .Gap,
rate to move in either the same or the opposite direction as inflation. Nonetheless, 7, ap.ce

17At that calibration, the sign switching requires higher values of k. I thank Johannes Pfeifer for providing

Dynare codes for the replication of Smets and Wouters|(2007).

18?? “@PC¢ is calculated by fixing capital stock, capital services, capital utilization and investment. The

removed equations are the "Investment Euler Equation" (SW Equation 3), the "Definition of capital services"
(SW Equation 6), the "Definition of degree of capital utilization" (SW Equation 7), and the "Law of motion for
capital" (SW Equation 8). In the remaining equations, references to capital stock, capital services, degree of

capital utilization or investment are fixed at their steady-state levels.
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is always positive on the impact. Note that ftG “P¢ can turn negative in a future period after

the shock, which did not happen in the canonical model augmented with capital (Section
[4.3). This happens in this medium-scale model due to the effect of the other state variables

o e . . . . . ~Gap,cc
that exist in it and, for convenience, are still allowed to vary in our calculation of 7, p.ec

K= 0.0001 «wsevmeens K= ().()()1‘

~ce,Gap
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Note: hat variables are deviations from the zero-inflation-target steady state. i, denotes the nominal interest

rate; 7; the real interest rate; 7, inflation; ftG 4P°C the real interest rate gap with constant capital; y; output; ¢;

consumption; k; capital at the beginning of period; and %; investment.

Figure 10: Smets and Wouters (2007)’s impulse response function to a one-standard-

deviation monetary policy shock under x? = 0.0001 and x* = 0.001. Both calibrations assume

p™=0andp' =0
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Figure 11: Smets and Wouters (2007)’s impulse response function to a one-standard-
deviation monetary policy shock under p™ = 0.90 and p™ = 0.99. Both calibrations assume

p'=0

5.2 Interest-rate smoothing

To show how interest-rate smoothing also helps with the identification problem in the|Smets
and Wouters| (2007) model, I raise the investment adjustment cost parameter from 0.001 to
0.005 in Table|11|and sweep for different values of p”* and p’. Note that increasing interest-
rate smoothing makes that channel more likely, as in the textbook model. Finally, in Table
I double the investment adjustment costs parameter and reestablish the real interest rate

channel.
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Table 11:|Smets and Wouters|(2007)’s parameter sweep with x’ = 0.005

pi=0 p'=01 pi=02 p'=03 pi=04 p'=05 p'=06 p'=07 p'=08 p'=09 p'=0.95 p=0.99

p"=0 + + + + + + + + + + + +
p™m=0.1 + + + + + + + + + + + +
pm=0.2 + + + + + + + + + + + +
p™=03 + + + + + + + + + + + +
p"=04 + + + + + + + + + + + +
p™=0.5 + + + - - - - - - + + +
p"=0.6 - - - - - - - - - + + +
p"=0.7 - - - - - - - - - + + +
p™=0.8 - - - - - - - - - + + +
p™=0.9 - - - - - - + + + + + +
p"™=0.95 - - + + + + + + + + + +
p™=0.99 + + + + + + + + + + + +

Note: + indicates that the real interest rate increases right after a positive monetary policy shock;

indicates that it decreases.

Table 12: Smets and Wouters| (2007)’s parameter sweep with x’ = 0.01

pi=0 pi=01 pi=02 pi=03 pi=04 p=05 p'=06 p'=07 p'=08 pi=09 p' =095 p=0.99

p™m=0 + + + + + + + + + + + +
pm=0.1 + + + + + + + + + + + +
p™m=0.2 + + + + + + + + + + + +
p™=03 + + + + + + + + + + + +
p"=0.4 + + + + + + + + + + + +
p™=0.5 + + + + + + + + + + + +
p"=0.6 + + + + + + + + + + + +
pm=0.7 + + + + + + + + + + + +
pm=0.8 + + + + + + + + + + + +
p™=0.9 + + + + + + + + + + + +
p™=0.95 + + + + + + + + + + + +
p™=0.99 + + + + + + + + + + + +

Note: + indicates that the real interest rate increases right after a positive monetary policy shock;

indicates that it decreases.

6 Forecasting inflation with the real interest rate gap

Neiss and Nelson| (2003) find that the state-variant RIRG contains informational content that

helps forecasting inflation, although the very own real interest rate is still a better, and more
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readily available, indicator. Next, I conduct a similar exercise with the models presented in
Smets and Wouters| (2007) and Smets and Wouters| (2024). By scrutinizing the 9 regression
specifications in Table (13} I find that the state-invariant gap frequently outperforms other

measures of the RIRG.

Model | Specification

1 Includes only lagged inflation as the predictor.

Adds the state-variant real interest rate gap (#92).

Adds the state-consistent real interest rate gap (F63Pc0ns),

Adds the state-invariant real interest rate gap (753Pc).

Adds the real interest rate (7).

Combines lagged inflation, (793P), and (7).

Combines lagged inflation, (7#63P¢°"%), and ().

© |0 [ N | O |G =W |

(7
Combines lagged inflation, (793P¢), and (7).
( A

Combines lagged inflation, (#63P), (FGap.cons) (pGap.ce) and (7).

Table 13: Regression specifications

6.1 Theimportance of investment adjustment costs

To test how sizable investment adjustment costs affect the puzzle, I simulate the Smets and
Wouters| (2007)’s model with all its different types of shocks activatedr_gl Starting from the
non-stochastic steady state and with the model calibrated at the posterior mode estimated
by the authors@l simulate 250,000 periods and drop the first 50,000 periods. I find that the

state-invariant gap has similar properties to the state-variant gap, also helping with forecast-

YThere are seven orthogonal structural shocks: TFP, risk premium, investment-specific technology, price
markup, wage markup, exogenous spending, and monetary policy. The two markup shocks are not present in
the version of the model without nominal rigidities. Steady-state distortion due to monopolistic competition is
not undone, which results that real disturbances affect the natural rate of interest and a counterfactual efficient

rate differently.
20Estimation relies on seven macroeconomic quarterly time series for the United States: log difference of

real GDBP real consumption, real investment, real wage, log hours worked, log difference of the GDP deflator,
and the federal funds rate. The effective sample ranges from 1966Q1 to 2004Q4, where previous data starting

in 1957Q1 is used as a training sample.
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ing A47 144, annual inflation 4-period ahead (Tables[14Jand[15), but with the clear advantage
of indicating the right sign for the monetary policy stance.
When investment adjustment costs are realistic or sizable, such as at the mode of the

. . N . ~Gap,cc . . . ~Ga
estimated parameters’ posterior distribution, 7, €€ is as effective a predictor as F, Panda

better predictor than ftG “a ’wns This is evidenced by lower and similar adjusted R-squared
statistics and root mean square errors achieved in Model 2 and Model 4. However, when
investment adjustment costs are negligible, such as by setting x’ = 0.0001 while all other

. . . ~Ga
parameters remain unchanged, the more volatile endogenous state variables make 7; P

a generally better predictor than ftG “P¢ " This can be explained by the fact that the first
carries information about the state variables, which become more relevant for explaining
the dynamics of the model in this case. Nevertheless, only ftG “P€¢ is sign-consistent with
actual monetary policy stance. Overall, 7; is the variable that individually improves fore-
casting performance the most, but only when adjustment costs are sizable. Combining all
variables in the regression (Model 9) achieves the highest adjusted R-squared statistic and
the lowest root mean square error across all forecasting set-ups, including those presented
in Tables[OAI|to[OA6]in the Online Appendix. These last tables display the same forecasting
exercise for w1, Ay7re1, and myy4.

The forecasting capability of the state-invariant gap can also be assessed by plotting
the root mean square error of inflation regressions on lags of the three RIRGs, separately,
across different horizons, while including lagged inflation as a predictor. Figure[12]plots the
statistic for horizons from 1 to 10 periods ahead. As expected, the forecasting error grows
as the horizon is pushed forward and it is higher if capital is more volatile. When invest-
ment adjustment costs are realistic, the state-invariant gap is as good a predictor as the
state-variant gap, albeit, in longer horizons, the state-consistent gap outperforms the others.

When adjustment costs are negligible, the state-variant gap is a slightly better predictor than

the other two gaps.

21The state-consistent natural interest rate has the same policy function as the state-variant one, but the

state variables are replaced by sticky-price ones.
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Simulated data with realistic investment adjustment costs
RMSE of forecasting inflation across horizons
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Figure 12: Root mean square error of simulating Smets and Wouters| (2007)’s model with

random data for different horizons

6.2 Forecasting with historical data

The historical performance of the state-invariant gap is evaluated through a quasi-final es-
timation of the model, in the typology proposed by |Orphanides and Norden| (2002), where
parameters are constant and estimated with the full sample, but unobservable states are

recovered with data up to the period of the observation by a Kalman filtering processF_Z]

220rphanides and Norden| (2002) differentiate four types of estimation: real-time, quasi-real, quasi-final,
and final. Real-time estimation uses all data available up until the period of the observation but that are
still subject to further revision; quasi-real uses the same data but parameters are time-varying as they are
re-estimated with data available up until the period of each observation; quasi-final estimates parameters

with the full final sample, but states are recovered using data available up until the period of the observation
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Figure (13| displays observed inflation for the United States from 1966Q1 to 2004Q4 as well
as filtered natural real interest rates and filtered RIRGs for the same period generated by the
Smets and Wouters (2007)’s model, after feeding it with the same historical data the authors
used for estimating its parameters. Note that the state-invariant gap is considerably more
negative than the state-variant one until the beginning of the 1980s. From then onward,
both measures become numerically closer.

Forecasting observed inflation using the state-invariant gap demonstrates superior per-
formance compared to the state-variant or state-consistent gaps. This is true for both short
and long-term forecasts, or from 1 to 10 periods ahead, in the sample that ranges from
1966Q1 to 2004Q4 (Table [16| and top panel of Figure [14). Here, the state-invariant gap
performs better than even the filtered real interest rate. To investigate the stability of these
results, the same exercise is conducted for two subsamples with the parameters reestimated:
the "Great Inflation" from 1966Q1 to 1979Q2, when Paul Volcker was nominated chairman
of the Board of Governors of the Federal Reserve System°|and the "Great Moderation" from
1984Q1 to 2004Q4. Overall, the state-invariant RIRG tends to perform better or nearly as
good up to four quarters ahead in both subsamples (Tables|17|to|18|in addition to middle
and bottom panels of Figure [14). Aligned with theory, forecasting errors are smaller during
the "Great Moderation", when inflation was relatively low and stable, compared to during

the "Great Inflation", when it was high and quite volatile.

(filtering); final estimates uses the full final sample to estimate parameters and recover the unobserved states
(smoothing). A real-time analysis of the forecasting properties of the state-invariant gap is left for future

research.
Z3Paul A. Volcker was nominated by President Jimmy Carter on 25 July 1979 (Carter, 1979).
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Historical inflation: from 1966Q1 to 2004Q4
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Figure 13: Observed and filtered data obtained from simulating|Smets and Wouters

2007

model with historical data
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Historical data: from 1966Q1 to 2004Q4
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Figure 14: Root mean square error of simulating Smets and Wouters| (2007)’s model with

historical United States data for different horizons

I extend now the analysis to a more recent period by employing Smets and Wouters
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(2024)’s model, which extends [Smets and Wouters (2007) in two ways@ First, it allows
for intermediate monetary/fiscal policy regimes, which means that inflation may be only
partially backed by fiscal policy or even not backed at all. Second, it tackles the zero lower
bound challenge of the periods after the Global Financial Crisis (GFC) by incorporating
an additional monetary policy shock to accommodate for changes in the FED’s forward
guidance policy. The estimation sample ranges from 1965Q1 to 2019Q4 and it augments
the list of data series with the 1-year short-term interest rate and four fiscal variables: (1) the
market value of US government debt, (2) the total government primary balance, (3) social
security transfers and (4) government spending. Calibrating the parameters of the model at
the posterior mode, the validity of the state-invariant gap as a relevant measure of monetary
policy stance is confirmed.

Concerning the forecasting capability of the three different RIRGs, the state-invariant
definition performs similarly to the state-variant on average in the whole sample for quarterly
inflation in most horizons (Figure[15). Moreover, considering annual inflation four quarters
ahead, the state-invariant is the one that performs best as can be seen in Table which
also shows that forecasting benefits from simultaneously incorporating the three different
measures of the RIRG. Table [20| summarises the RMSEs from all regression specifications
and shows the p-values from the respective Diebold-Mariano equal forecast accuracy tests
(Diebold and Mariano,|1995) F_gl While for 1-quarter-ahead quarterly inflation it is not possible
to discard that the autoregressive model forecasts as accurate as the models expanded with
RIRGs, for 1-quarter-ahead annual inflation, 4-quarter-ahead quarterly inflation and 4-quarter-
ahead annual inflation, the models expanded with RIRGs improve forecasting accuracy at
the 5% level and most specifications even at the 1% level.

In subsamples, rank positions change depending on the period@ Forecasting beyond
the estimation sample period, during the COVID-19 pandemic age (2020Q1-2023Q3), when
investment plunged and then had a large recovery, and when forecasting errors were especially

large, the state-invariant gap was a better predictor of future inflation for all horizons up to 5

241 thank Frank Smets and Raf Wouters for kindly sharing the codes for both papers.
25Results should not be interpreted as comparisons between models (Diebold, 2015).
26Re-estimating the model in subsamples, during the Great Inflation (1965Q1-1979Q2), the state-consistent

and state-variant perform better in short horizons, while the state-invariant performs best starting from 7
quarters ahead. However, during the Great Moderation (1984Q1-2004Q4), there is not significant differences

in root mean square errors for most forecasting horizons.
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quarters ahead. Moreover, when inflation is only monetary-led or only fiscal-led, the state-

invariant measure is usually the best predictor (Online Appendix, tables [OA25] to [OA30).

Overall, there is not much robustness on ranking orders, but the result that combining the

three definitions for the RIRG improves forecasting is confirmed most times.

Historical data: from 1965Q1 to 2019Q4

RMSE of forecasting inflation across horizons
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Figure 15: Root mean square error of simulating Smets and Wouters| (2024)’s model with

historical United States data for different horizons
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Table 20: Forecasting performance from 1965Q1 to 2019Q4

RMSE Diebold-Mariano test p-value

a1 Daftprr Tppa Dafigss | fper Dafigsr Aipea Dgfiiga

Model 1 | 0.260 0.372 0.356 1.107

Model2 | 0.979 0.974 0951 0.962 | 0.424 0.000 0.012 0.000
Model 3 | 0.990 1.002 1.001 0.992 | 0.338 0.000 0.001 0.000
Model 4 | 0.994 0.941 0.924 0.936 | 0.247 0.000 0.014 0.000
Model 5 | 0.995 0.997 1.002 1.002 | 0.732 0.000 0.001 0.000
Model 6 | 0.973 0973 0.953 0.964 | 0.552 0.000 0.012 0.000
Model 7 | 0.990 0.936 0.925 0.936 | 0.347 0.000 0.016 0.000
Model 8 | 0.970 0.931 0926 0.936 | 0.756 0.000 0.013 0.000

Model 9 | 0.973 0933 0.922 0.918 | 0.789 0.000 0.015 0.000

Note: Model specifications are available in Table |l_3[ The entries in the first row show the RMSE of the
benchmark autoregressive forecast, while other entries show the ratio of the RMSE of forecasts based on that
row’s regression specification to the RMSE of the benchmark forecast. Therefore, a ratio below unity is an
improvement in forecast accuracy. Each p-value corresponds to the two-sided distributions of the equal-
forecast accuracy test of |Diebold and Mariano| (1995), where the null hypothesis is that both accuracies are
equal. The maximum lag order of the test is calculated from the Schwert criterion as a function of the sample
size. The loss criterion used is the mean-squared error. The kernel used in calculating the long-run variance is

Bartlett.

7 The monetary policy stance under a pre-pandemic lens

The Covid-19 pandemic outbreak in March 2020 posed significant challenges for interpreting
DSGE models. First, the lockdown and sanitary measures acted as both a negative demand
shock (forced savings) and a negative supply shock (labor hoarding). Second, to alleviate
the consequences of the economic slowdown, governments implemented income transfer
policies on an unprecedented scale. Third, the intensity and persistence of the shocks, as
well as their one-off nature, affected the seasonal adjustment processes adopted in the time
series used to evaluate economic models. Given the extent of these challenges, there is yet

to be a consensual adaptation of DSGE models to address them. In light of this, I use the
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Smets and Wouters (2024)’s model calibrated at the posterior mode of the estimation made
with data prior to the pandemic, that is, from 1965Q1 to 2019Q4, and filter the unobserved
state variables from 2020Q1 onward. By doing so, it is possible to recover the RIRGs and
determine how much of them is explained by the time-cumulative contribution of mone-
tary policy shockst] under the lens of what was known about the structure of the economy
before the pandemic (Figure[16). While this approach is subject to criticism regarding the
uniqueness of the pandemic event, it serves as the minimum benchmark a central bank
would have access to in assessing the monetary policy stance. It also shows that in addition
to being a more robust signal of the latter, and of its enhanced forecasting capability (see
Section[6), the state-invariant RIRG also serves as a narrative instrument.

From a historical perspective, Figure 16| tells us that monetary policy was considerably
loose in the late 1960s and throughout the 1970s, the Great Inflation period. That stance
was abruptly reversed in 1979 with the escalation of interest rate hikes promoted by Paul
Volcker at the head of the Federal Reserve. Monetary policy crossed again the neutrality line
in the late 1980s to become moderately loose and remained largely so until the second half
of the 1990s, when it shifted in favor of even looser policy. This long period with a loose
monetary stance that started at the late 1980s and ended with the GFC is the so-called Great
Moderation period. From late 2007 onward, the sub-prime financial crisis that ignited the
GFC resulted in an involuntary contractionary shift of monetary policy as the real natural
rate became negative and the Federal Reserve was constrained by the effective lower bound
of the policy rate. Unconventional monetary policy measures may have reduced the con-
tractionary intensity of the monetary policy stance, but they were not enough to force the
latter consistently into stimulative territory. The overall normalization of monetary policy
in the late 2010s maintained a moderately contractionary stance. This is the situation faced
by the US economy when the Covid-19 shock hit in March 2020.

As was the case during the onset of the sub-prime crisis, the immediate consequence
of the pandemic shock was an intense and involuntary contraction of the monetary policy
stance of up to near 30 p.p. on an annual basis, where a supposed delayed reaction by the

FED and the effective lower bound itself are only accountable for around 6 p.p., or 20% of

27The model includes two exogenous monetary policy shocks: one affecting the policy rate, which directly
influences short-term interest rates, and another affecting the 1-year zero-coupon yield, which captures ex-

pectations of future monetary policy.
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that tightening, in this decompositionF_g] The FED’s reaction by aggressively cutting rates in
March by a total of 150 bps, to close to 0%, helped to loosen the monetary policy stance,
but most of the latter’s swing stemmed from the pandemic shock itself. As a consequence,
Figure[17|shows that quarterly inflation was the lowest in the sample that starts in 1965Q1,
while investment plunged almost 8.0% on a quarterly basis@ In 2020Q3, the RIRG got into
stimulative territory, even though the effective lower bound of the monetary policy rate
continued contributing to a tighter monetary policy stance until 2021Q1, quarter in which
arebound of the RIRG coincided with reinforced lockdown measures due to the emergence
of new strains of coronavirusF__G] It was only from 2021Q2 onward that the US economy
consistently navigated a loose monetary policy stance, which lasted until 2023Q2, when the
RIRG reached neutrality. The loose monetary policy stance period overlaps with the period

in which inflation was above the 2% target (Figure[17), while investment remained subdued.

Z8As the effective lower bound is not explicitly incorporated into the model, it is also not incorporated into
agents expectations. This results into "unexpected" contractionary monetary shocks whenever the constraint
is binding.

29Nominal fixed private investment is deflated by GDP deflator, following the dataset choice of Smets and

Wouters|(2024).
SYUS CDC (Centers for Disease Control and Prevention) released data in a Morbidity and Mortality

Weekly Report (MMWR) on the emerging and more transmissible COVID-19 B.1.1.7 / “Alpha” variant, and
recommended "universal and increased compliance with mitigation strategies, like social distancing and

masking, and higher vaccination coverage to protect the public" (CDC}|2025).
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Figure 17: Historical inflation and investment in the United States

8 Conclusion

Yes, a central bank can tighten monetary policy and real interest rates fall under monetary

dominance. The puzzle arises when the elasticity to a persistent shock of an endogenous

state variable (e.g., capital) is so high that inflation expectations overreact, causing the en-

dogenous - or systematic — component of the monetary policy rule to sufficiently offset its

exogenous one. This finding has important implications for the design and implementation
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of monetary policy, particularly in periods when investment is significantly impacted, such
as a pandemic, a financial crisis or even a trade war.

This paper demonstrates that while the real interest rate channel is structural in New
Keynesian models, the identification problem revealed by Rupert and Sustek (2019) raises
concerns for the use of the real interest rate gap as a gauge of the monetary policy stance.
Simply comparing the actual real interest rate to a counterfactual without nominal rigidities
— the state-variant definition — as ubiquitously done in the literature (e.g., Neiss and Nelson
(2003)) or assuring state variables are the same as in Woodford| (2003 a) — the state-consistent
definition — can result in the wrong perception that monetary policy does not operate
through the real interest rate channel. This is so as both measures fail to isolate the influence
of dynamics in endogenous state variables, such as capital, which can amplify or offset the
effect of a monetary policy shock depending on their elasticity to it and the persistence of
the shock. The appropriate measure of the real interest rate gap, which accurately reflects
the sign of the monetary policy stance and called in this paper the state-invariant definition,
compares the counterfactual ex-ante real interest rate as if state variables were invariant to
its counterpart without nominal rigidities.

Furthermore, including empirically validated interest-rate smoothing into the Taylor rule
can mitigate the identification problem, a feature as prevalent in medium-scale New Keyne-
sian models as capital itself. The sign of changes in the real interest rate right after a positive
monetary policy shock is positive under realistic parameters, thereby reestablishing the ob-
servational equivalence with the real interest rate channel of monetary policy transmission
and weakening the empirical relevance of the New Keynesian capital puzzle. This finding
implies that VAR models can be reliably identified by imposing a same-sign restriction on
the real interest rate’s response to a monetary policy shock. It is also acceptable to sequentially
order nominal and real rates, as done in Cholesky decompositions. Moreover, using real
rates instead of nominal ones still — at least partially — captures monetary policy shocks.
Finally, the interpretation of impulse responses from canonical DSGE models via the real
interest rate channel remains consistent, provided the monetary policy rule incorporates a
sufficient degree of smoothing.

Ultimately, the state-invariant real interest rate gap effectively assesses the monetary
policy stance, gauges its intensity, improves inflation forecasting, and serves as a narrative

tool. All these features have been observed for actual historical data in the United States
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from 1965Q1 to 2023Q3. Alternatively, the state-variant real interest rate gap may be a good
approximation if one incorporates a somewhat realistic combination of endogenous state
variable rigidities, for example, acknowledging that at least some smoothing is the norm
in central banking and that capital adjustment costs are never negligible in the real world.
Overall, the negative association between changes in inflation and changes in either short-
or long-term real interest rates in New Keynesian models is more robust than that between
changes in inflation and changes in the nominal interest rate, which is more likely to be

ambiguous.
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A Glossary of symbols

Table 21: Model variables

Symbol Definition/Description

Original Variables (Levels)

Cr

li

q:
Gt

Consumption

Labor

Output

Real wage

Real marginal cost

Nominal interest rate

Real interest rate

Inflation

Capital stock (beginning of period)
Rental rate of capital
Investment

Tobin’s q (q; = 1+« (ksy1 — k)
Capital gain (G+1 = qr+1/91)

Log-Deviations from Steady State (Hat or Tilde Variables)

log(c;/c)

log(y:/y)

log(k;/k)

log(x;/x)

ry— 1 (real interest rate deviation)

i — i (nominal interest rate deviation)
k

r; —7* (rental rate deviation)

7 — 7 (inflation deviation, 7 = 0)
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Table 22: Model variables (part 2)

Symbol

Definition/Description

Shocks and Policy Variables

¢y Monetary policy shock (AR(1) process)

el Innovation to ¢ (i.i.d. normal)

p™ Persistence of ¢}"

Other Variables

£ Natural real interest rate (flex-price counterfactual)

7,7°"*  Natural real interest rate (flex-price counterfactual with consistent states)
e Natural real interest rate with capital fixed (flex-price counterfactual)
¢ Real interest rate with capital fixed

ftG P State-variant real interest rate gap: #; — ;'

FOAPCONS  State-consistent real interest rate gap: 7, — 7"

ff ap.ce State-invariant real interest rate gap: #{¢ — £/*“‘

AVY, 2 Annual inflation (4-period price level difference)
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Table 23: Model deep parameters

Symbol Name/Definition

B Subjective discount factor

n Inverse elasticity of labor supply

€ Elasticity of substitution between intermediate goods

0 Fraction of firms not adjusting prices (Calvo parameter)
v Taylor rule coefficient on inflation

o™ Persistence of monetary policy shock

a Capital share in production (Cobb-Douglas)

) Depreciation rate of capital

K Capital adjustment cost parameter

o’ Interest-rate smoothing coefficient in Taylor rule

w Elasticity of the endogenous state variable to the monetary policy shock

Smets-Wouters Model Additions

k! Investment adjustment cost parameter

Table 24: Model derived parameters

Symbol Definition/Description

Q Slope of the Phillips curve in the canonical model:
Q= (1+n)(1—09)(1—9ﬁ)

v Slope of the Phillips curve with capital:
W= Y(1—9);1—9,5)

C] Auxiliary coefficient:
N

(1-pp™) (p™~1)

=l

Effective capital adjustment cost:

kK

K
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Table 25: Additional coefficients

Symbol  Definition/Description

Q
Sy

Canonical model decision rule coefficients for output and inflation

)

M
S

, Augmented model decision rule coefficients for output and inflation
ap, ay,a;  Consumption decision rule coefficients

bo, b1, b, Inflation decision rule coefficients

do,dy,d,  Output decision rule coefficients

fo, fi, 2 Capital decision rule coefficients

Nnk, Mukk Coefficients linking natural real rate to capital and shocks:

Pl = PP+ ikt + Nnkke:

N> Nkk Coefficients linking actual real rate to capital and shocks:

Fo=F +nike +nirel

B Model derivation

B.1 Canonical closed economy (with omitted or fixed capital)

Consider a closed economy without fiscal policy, where a one-period risk-free nominal bond
is available in zero net supply and the central bank adopts a fixed-intercept Taylor rule. I
expand here on the simplified presentation made by Rupert and Sustek (2019) of the canon-
ical New Keynesian model of|Gali (2015), with minor notational changes.

The simple model starts with seven variables: real consumption, c;; labor [;; real output,
¥, real wage, w; real marginal cost, y;; nominal interest rate, i;; and inflation, m;. Over-
lined variables represent their steady-state values. There are six parameters: the subjective
discount factor, 3; the inverse of the elasticity of labor supply, 7; the elasticity of substitution
between intermediate goods, ¢; the fraction of producers not adjusting prices at any given
period, 0; the intercept of the Taylor rule, i; and the Taylor-rule coefficient that gauges the
central bank’s reaction to current inflation, v. There is also an exogenous monetary policy

shock variable, {*.
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Assuming a per-period utility function of the form

1+n

=1 S B.1
ur =log(cy) T+ (B.1)

and an intermediate goods aggregator like

£

Ve = [fy(j)gdj (B.2)

the equilibrium conditions of that economy are given by the Euler equation (B.3) in conjunction
with equations (B.4) to , namely the first-order conditions (FOC) of labor, the production
function, the real marginal cost, the New Keynesian Phillips curve under Calvo pricing already

linearized around a zero steady-state inflation, a Taylor rule, and the market-clearing condition.

l—ﬁ[E( 1 1+1i; ) (B.3)

Ct ! Cre1 L+ T4 .
Lo (B.4)

Cr
yl' = lt (BS)
Xt = Wt ( (B.6)
1-0)1-0p) __

P = Tﬁ(mct—mc) +BE; (B.7)
ip=i+vm +& (B.8)
Yt =C¢ (B.9)

As usual, the equilibrium conditions above can be simplified to a three-equation system
linearized around a nonstochastic steady state (7 = 0, y = 1). This is possible by first linearizing
and substituting the market-clearing condition into it, then eliminating (B.9),
(B.5), and through the substitution of their respective expressions for c¢;, I;, and w; into
, which is later linearized such that y; = ytT—? Finally, the Taylor Rule is rewritten

as deviations of the interest rate from its steady-state value such that ir=i,—1i.

—J7:_[EtJ7t+1+ft—ﬂ5tﬂt+1 (B.10)
w=QP+PE w1 (B.11)
Ip=vm, + &M (B.12)

where
Q+np1-0)(1-06p) S
0

Q
Il

0 (B.13)
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B.2 Model with endogenous capital

I build on the model of Rupert and Sustek! (2019), which assumes there is an economy-wide
rental market of capital so that firms can rent capital in every period. In that sense, capital
is not firm-specific. Moreover, they assume that whenever households change their stock of
capital, there is a quadratic adjustment cost, —g (k41 — k;)?, where k; is the stock of capital
inherited from the previous period and x = 0 is a parameter that governs the size of the
adjustment cost in terms of foregone real income.

Resuming from the canonical model of Appendix [B.1} there is a new Euler equation for
the capital asset (B.14), where § € (0,1) is a depreciation rate, and ¢ is the price of capital
in terms of current consumption, Tobin’s q, such that g; = 1 + x (k;+1 — k;). The production
function is replaced by (B.15), which incorporates capital and labor proportionate to
constant returns to scale, where a is the Cobb-Douglas coefficient of capital. Equation (B.16)
is the condition for the optimal mix of capital and labor in production, which comes from
the FOC of the firm. The marginal cost is updated to include the rent on capital, rf,
(B.17). The resource constraint must now account for the investment flow so markets
can clear (B.18).

rk —s
l:ﬁ[Et( L ( adl +q”1) (B.14)
Ct Cr+1 qr qr
yo= kA1 (B.15)
ﬂ — l__a (&) (B.16)
TLZC a ll’ > ’
rl{c @ Wy 1-a
ve=|L (=) (B.17)
K
Vi= otk = (=0 ki + 2 (ki - k) (B.18)

After substituting equation (B.16) into li by eliminating rf, and substituting equation

(B.4) into (B.15) so as to eliminate /;, the model is log-linearized around the zero-inflation
non-stochastic steady state (Appendix. For any variable X, X = X%_X , with the exception

ofi;=i;—i, 7,=r;—7, and ff = rf — 7k, After that, it is possible to eliminate ff, X Wy,

and I, to obtain the following reduced system with five equations, including the policy rule
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specification (B.23).

&= —Ey b1+ iy —Er (B.19)
N A . —k . 1+n 1+an.
—Cr=—E G+t B G+ B |G+ —— P — r+1 (B.20)
l-a l-a
+a ., 1+n.
T[[:\P(T’ YVe—a nk["‘C[)'Fﬁ[E[T[m.l » (B.21)
l-a l-a

T, k. k -

Ji==Cr+=krs1—(1-06) =k; (B.22)
y y y

Ip=vm,+&M (B.23)
h =7 01-0(01-0p) i i — G+l
where ¥ =y i , such that when prices are flexible, ¥ — co. Moreover, G;;+1 = 7 18

the capital gain, so &; = §; — §;—1 = ¥ (k+1 — k¢) =% (k¢ — k;-1), where ¥ = xk.

C Steady state

In this section, I derive the nonstochastic steady state of the canonical New Keynesian model
augmented with endogenous capitalEr] From their definitions, capital gain and Tobin’s q

equal 1 at the steady state.

G=1 (C.1)

0=1 (C2)

I pick a zero-inflation steady state. The real rate of return on the implicit risk-free bond of the
model is the one obtained from the Fisher equation. Through the no-arbitrage condition,
I combine the two Euler equations of the model, (B.3) and (B.14), to get a relation between

the two real rates.

7T=0 (C.3)
i=T+7T = i=T (C.4)

< 7= T _=k k
(1+7) = (1+7) [1+ =| = i=7 —5 = T=7"-6 (C.5)

From the capital Euler equation (B.14) evaluated at the steady state I can isolate 7% as a

function of the deep parameters:
1 1(7*-6 Q 1
::,5 = T_ +g = 7k2—+(5—1 (C.6)
C cl @ 0 B

31The steady state is the same with and without interest-rate smoothing.
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Substituting 7* into the FOC of capital (B.16) at the steady state I get %:

1

L E 1-a
F=ak 'Y = ::(—1 a 6) €7
L B—1+

The production function (B.15) at the steady state can be rewritten so as to put in evidence

% on the right side of the expression:

_ (k)=

I1=6K (C.9)

Now, the aggregate resource constraint (B.18) may be rewritten as auxiliary ratios by substituting

the just derived expressions for Y and I and then dividing by L.
—_— a —
- = - C
Y=C+1 = e ==+ = (C.10)
L
Combining the condition for the optimal mix of capital and labor in production (B.16) and
the intratemporal condition at the steady state 1| I can write an expression for %:

=" >

— e w
W=(0-a)K'L " and =

=~ O

—\a
—(1-a) (%) 7 Y (C.11)

By substituting previously derived expressions for % and % into the aggregate resource constraint,

I obtain L as a function of the deep parameters of the model.

=1
- 1 da T
L= (1—6¥) L_1+6 (C.12)

B

I get the remaining steady-state variables as functions of the parameters by recursively substituting

(C.12) into my previously derived expressions: (C.7) = K, (C.8) = Y, (C.9) = 1, and (C.11)
= C and W. Finally, I obtain Y by substituting 7% and W into 1D evaluated at the steady

state.
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Online Appendix

OAl Forecasting other measures of inflation

This section extends the forecasting exercise of section[6|to other measures of inflation: 77,1,
AgTtpyr, and 7y 4.

Results of tables to are similar to those previously found in the paper in the
sense that when investment adjustment costs are realistic or sizable, both ftG “P and f[G apee
are equally as good predictors, 7; is the individual best predictor, and adding all three vari-
ables as predictors achieves the highest adjusted R-squared statistic and the lowest root
mean square error. When investment adjustment costs are negligible, endogenous state
variables become more volatile and, in this case, more informative to the extent that ff “wP
is usually the best predictor. Yet, combining all three variables still turns out as the best
regression specification for forecasting.

Tables to [OA1l5|extend the same exercise to actual historical data, with [Smets and

Wouters| (2007)’s model parameters re-estimated for each sample, and I find that the fore-

casting properties of the state-invariant RIRG remain valid. Tables |OA16| to [OA30| present

a robustness check obtained by extending the sample and employing Smets and Wouters

(2024)’s model.
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OAl.1 Canonical NK model expanded with endogenous capital

70



1'0>d 4 ‘60°0>d 4x ‘T00>d 4ss

w@mwﬁ—uﬁ@uw@ Ul s1olla plepuelS

20€°0 €0€°0 €0€°0 €0€°0 €0€°0 €0€°0 €0€°0 €0€°0 €0g'0  Tourg arenbg ueay jooy
9120 V120 V10 Y120 VL0 VIL'0 Y120 V10 €120 parenbs-y paisnipy
666'661 666661  666'661 666661 666661 666661 666661 666661 666661 SUONBAIISqQ
(629000°0)  (£29000°0)  (229000°0)  (229000°0)  (829000°0)  (829000°0)  (229000°0)  (829000°0)  (829000°0)
¥9€000°0 2650000 1290000  S29000°0 9090000  FEFO00'0  Z¥20000  EEF000'0  €E¥000°0 JuBISUO)
(6S1000)  (65100°0)  (8¥100°0)  (8%100°0)  (Z¥100°0)
454V0€0°0"  4sGG20°0-  x580€0°0-  4klTE0°0-  4:9820°0- =iy
(06£00°0)  (€7£00°0)  (IEE000°0) (0££000°0)
£548790°0"  1xC9IE0°0-  4x0£900°0- +34L.L500°0- sodnd
(9¥2000°0) (§£2000°0)
+2x1€600°0 +4xG5900°0 suoodvn?
(¥5£00°0)  (6¥£00°0) (9££000°0) (¥££000°0)
45462500 4xG0E0°0 +++80900°0- +2xG2500°0- dvey?
(¥€1000)  (£2100°0)  (22100°0)  (22100°0)  (12100°0)  (12100°0)  (22100°0)  (I12100°0)  (0ZT00°0)
546780 xIP8'0  4xs8E8'0 1880 xIPB0  xsxlPB0  sxa€E80  4wTFBO  4aSPBO =iy
619PON  81PPOIN  L[9PON  91PPOIN  S[PPOIN  F[OPON  E[PPON  ZIPPON  119POI STTIVIIVA

(6)

(8)

()

9)

) ¥) (€)

@

(D

uonepur peaye porrad-1 3unsedaioq

$1S02 JudUNSN(pe JUIUNSIAUT ITISI[BAI I9pun [+ 1 Junsesaio] 1y d[qeL

71



1'0>d 4 ‘60°0>d 4x ‘T0°0>d 4ss

wmwoﬂuﬂmhwm Ul S10119 pIepuelsS

V.50 6L70 6L7°0 6L7°0 6870 2150 1150 €150 0250  Ioirg aTenbg ueajy 1004
LV6°0 9¥6°0 9¥6°0 9v6°0 Y560 6£6°0 6£6°0 8E6°0 LE60 parenbs-y paisnipy
966661 966661 966661 966661 966661 966661 966661 966661 966661 SUONBAIISqQ
(90100°0)  (Z0T00°0)  (L0T00°0)  (£0T00°0)  (BOTO0°0)  (PIT00°0)  (¥I100°0)  (STT00°0)  (91100°0)
+5xCC€00'0  5x€S200°0  +x1G2000  SSZ00'0  5«8V200°0  8EE0000  2EI00'0  EEE0000  SIE000°0 JuBISUO)
(2¥200°0)  (SF200°0)  (1€200°0)  (2€200°0)  (9€200°0)
£5488€°0-  x54E6€°0-  x5488€°0-  x4xG6E0-  54x9LE0- =iy
(6¥500°0)  (¥¥500°0)  (61S000°0) (¥55000°0)
4551€G0°0  ws€LT00-  4as [8F0°0- +2+2EV0°0- sodnd
(S0¥000°0) (€27000°0)
+4xCLT00- +4x09€0°0- suoodvn?
(¥5500°0)  (15500°0) (925000°0) (095000°0)
43572600 44xETE0°0- +++8870°0- +2+L0V0°0- dvoy?
(2650000)  (2¥S000°0) (61S000°0) (025000°0)  (0£5000°0) (¥SS000°0)  (529000°0)  (955000°0)  (295000°0)
5xL86'0  xx0L6'0 w260 x5x696'0  4sCl60  x0il960  x5x€660  4sGIB0 54489670 -iyry
619PON  8IPPOIN  LIPPON  9[9PON  SIPPOIN  P[PPOIN  €[9PON  CIPPOIN [ [9POIN STTIVIIVA

(6)

(8)

()

9)

)

¥)

(€

@

(D

uone[jul [enuUe peaye poriad-1 SUnseda1o

$1S00 Juaunsn(pe JuaUIISaAUI d1SI[eal Ipun [+ 17y 3unsedaro] :gvO d[qeL

72



1'0>d 4 ‘60°0>d 4 ‘T0°0>d 4ix

m@w@QHEOHNQ Ul S10119 pIepuelsS

6570 7950 7950 79%°0 7950 7950 19%°0 59%°0 G9y'0  Iourg arenbg ueay jooy
SHE0 0€€°0 62€°0 62€°0 62€°0 82€0 8€£°0 82€°0 82€0 parenbs-y paisnipy
966661 966661 966661 966'66T 966661 966661 966661 966661 966661 SUONBAIISqQ
(€0100°0)  (¥0100°0)  (¥0100°0)  (F0T00°0)  (FOT00°0)  (FOT00°0)  (€0100°0)  (FOT00'0)  (¥0100°0)
8280000  S¥I00'0  TST00°0 IST000  0ST00'0 611000  €190000 611000  6TIT00°0 JuBISUO)
(2¥2000)  (¥¥200°0)  (92200°0)  (22200°0)  (S2200°0)
454L2G0°0"  £44G6E0°0-  41xG2G0°0-  4x0EG0°0-  5440TS0°0- iy
(2€500°0)  (92500°0)  (£0S000°0) (905000°0)
4£5GGT'0"  wuVBLO0- 49970070 ++xGLE00°0- sodpnd
(¥2£000°0) (85£000°0)
+2x6720°0 +xxL6T00 suoodpn?
(6£500°0)  (¥£500°0) (STS000°0) (215000°0)
el V10 54xCSL0°0 +2x10700°0- +++29200°0- droyd
(€0200'0)  (S6100°0)  (28100°0)  (28100°0)  (S8100°0)  (S8100°0)  (€6100°0)  (S8100°0)  (€8100°0)
246260 w@lG0 wbIS0 PIS0 es9950  a[LG0 sxnl€60 w[ZG0 4SO iy
6[19PON  8[OPON  L[9PON  9I9POIN  S[PON  F[OPOIN  E[PPON  Z[PPOW 1 [9POW STTIVIIVA

(6)

(8)

(2)

9) (9

¥)

(€

@

(D

uonepjur peaye porrad-§ 3unsedaiod

$1S02 JuaUNSN{pe JUIUSIAUT ITISI[BAI I9pun ¥+ 1 unsesaio] :£yQO d[qelL

73



1'0>d 4 ‘60°0>d 4x ‘T0°0>d 4is

w@m@ﬁﬁﬂ@uﬁ& Ul SI0119 pIepuelsS

2IE0 2IE0 STE0 2IE0 STE0 STE0 STE0 €TE0 STE0  Iourg aTenbg ueajy 1004
2.0 5220 0220 veL0 0220 0220 6120 VL0 6120 parenbs-y paisnipy
666'661 666661 666661 666661 666661 666661 666661 666661  666'66I SUONBAIISqQ
(869000°0)  (869000°0) (¥0,000°0) (869000°0) (¥02000°0) (¥02000°0)  (S020000)  (669000°0) (S02000°0)
19€000°0  89€000°0  €8%000°0  292000°0 00000  ¥I¥000'0  ¥ZE0000 0620000  E0¥000°0 JuBISUO)
(¥0100'0)  (€0T00°0)  (¥0100°0)  (IS€000°0) (2SE000°0)
s0TT0°0-  555G0T0°0-  4550TT0°0-  40TS00°0  44xG9900°0 =iy
(¥0100°0)  (£0100°0)  (¥0T100°0) (16£000°0)
69100 4xx9910°0-  44x8810°0- ++x6€800°0- sodnd
(G0-9.8'6) (G0-99.°6)
+4x0TE000°0 +4x676000°0 suoodvn?
(2€900°0)  (82900°0) (82900°0) (92900°0)
540S€'0  4slSE0 +£49G€°0 +++€9€°0 dvey?
(€2100°0)  (€2100°0)  (¥2100°0)  (61100°0)  (02T00°0)  (22100°0)  (6T100°0)  (81100°0)  (8TT00°0)
#5988'0  154988'0  1x4BE8°0  xxxIV80  sxxF80  wsIPB0  «uibV80 VB0 4iu8F80 =iy
61OPON  8[9POIN  LIPPO  9[PON  S[PPOIN  F[OPON  €[POIN  Z[9PON  119POI STTIVIIVA

(6)

(8)

()

9)

(9 ¥) (€)

@

(D

uonepjur peaye porrad-1 3unsedaioq

$1502 Juaunsn(pe yuaunsaAul [qI3dou Jopun +1x 3unsedaio] :FvyQ 9[qel,

74



1'0>d 4 ‘60°0>d 4k ‘100> 4ss

w@w@ﬁ—uﬂwuw& Ul S1I0119 pIepuelsS

6870 005°0 PG50 8250 €750 0€5°0 5750 LES0 PG50 loug arenbg ueay 100y
6760 LV60 760 176°0 LE60 0¥6°0 LE60 6E6°0 GE6'0 parenbs-y paisnipy
966661 966661 966661 966661 966661 966661 966661 966661 966661 SUONBAIISqQ
(60100°0)  (2T100°0)  (STT00°0)  (81100°0)  (IZT00°0)  (81100°0)  (22100°0)  (0ZT00°0)  (¥2100°0)
821000  €0T00°0  ¥¥I000  6¥E000°0-  GO-9€8'E€  F¥E0000  €FL000°0  SO-202°6-  8SE000°0 JuBISUO)
(19100°0)  (€9700°0)  (89T00°0)  (S85000°0)  (665000°0)
5409T°0-  £5498T°0-  54468T°0-  4a8LF00 4k GESO0 =iy
(85100°0)  (09100°0)  (S9T00°0) (¥25000°0)
54922°0-  134GVT0-  £44€GT0- +2+G8L0°0- sodnd
(¥S1000°0) (691000°0)
8V 10°0- e VET00- suoodvn?
(68600°0)  (T0T0°0) (9010°0) (L0T0°0)
wOLTT  waSLO'T cxn€ST'T wax €T dvoy?
(905000°0)  (£15000°0) (T€5000°0) (S¥S000°0) (195000°0) (8¥S000°0) (295000°0) (£S5000°0)  (125000°0)
550960 1541960 5546G6'0  54xl96°0  5xx¥960 5441960 5448960 4060  4xxl96°0 -iyry
619PON  8[PPON  L[9PON  9PPON  SPPON  FPPON  E€PPON  ZPPON  T[9POIN STTIVIIVA

(6)

(8)

()

9)

)

¥)

(€

@

(D

uone[jul [enuue peaye porad-1 3unseda1o

1500 Juaunsn(pe yuaunsaaul 9[qI3I[3ouU Iopun [+ 17y 3unsesaro] :SyQ d[qeL

75



1'0>d 4 ‘60°0>d 4x ‘100> 4sx

w@w@ﬂuﬂwhwm Ul S10119 pIepuelsS

58%°0 98%°0 €670 98%°0 €670 €670 2670 9870 €650 loug arenbg uedy 100y
GEE0 70 €1€°0 VEE0 €1E°0 €1€°0 91€°0 YEE0 €IE0 parenbs-y paisnipy
966661 966661 966661 966661 966661  966'66T 966661  966'661  966'661 SUONEAIdSqO
(801000)  (60T00°0)  (0TT00°0)  (60T00°0)  (0TT00°0)  (0TT00°0)  (0TT00°0)  (60T00°0) (0TT00°0)
¥220000  Z€8000°0  60T00°0 0260000  STT000  LITO00  €0T000  S26000°0  LIT00'0 JuBISUO)
(29100°0)  (19100°0)  (€9100°0)  (S¥S000°0)  (2S5000°0)
+5480600°0  4x6ET0°0 54821070  +H0T00°0 4 [FF00°0 iy
(19100°0)  (09100°0)  (£9100°0) (055000°0)
45510100 4:9ET0°0 44888000 +5+C1€00°0- srdpnd
(€51000°0) (251000°0)
+4x02€00°0 +2x65700°0 cuordrn?
(18600°0)  (LL600°0) (92600°0) (€2600°0)
€S20 wSLLO £xxCLL"0 iV LL°0 droyd
(16100°0)  (16100°0)  (¥6100°0)  (98100°0)  (88100°0)  (I6T00°0)  (S8100°0) (€8100°0) (S8100°0)
1256660 1548660 5546GG°0  sxxBVE0  5449GG°0 419560 40950 0SS0 4SS0 Ty
6[9POIN  8[9POIN  L[9PON  9PPON  SPPON  FPPOIN  E€PPON  ZFPPON T [PPOIN SATIVIIVA

(6)

(8)

()

9)

) ) (€)

(@

(D

uonepjur peaye porad-§ 3unsedaioq

$1502 Juaunsn(pe yuaunsaAul A[qI3I[dou Iopun ¥+ 1 3unsedaioq :9yQ d[qel,

76



0OAl.2 Smets and Wouters (2007)’s model

77



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

¥82°0 982°0 982°0 162°0 10€°0 582°0 20€°0 162°0 10£'0  1o1rg arenbg uBay 100y
9820 €8.°0 €8.°0 92L°0 0920 682°0 65L°0 LLLO 090 parenbs-y paisnipy
96T 96T 9T 96T 96T 95T 9T 9T 96T SUONBATISGQ)
(12£0°0)  (12€0°0)  (S¥€0°0)  (90€0°0)  (2620°0)  (0¥€0°0)  (8220°0)  (¥0S0°0)  (2520°0)
++6980°0-  +46V60°0-  +x9080°0-  66E0°0-  9€20°0 01800  L2E00  ZIVO0-  SECO0 JuBISUO)
(€2€0'0)  (G9€0°0)  (09€0°0)  (19€0°0)  (0L£0°0)
8610°0-  2Z¥00°0-  2¥200'0  6LI00  SSE0O =iy
(0£20'0)  (6220°0)  (S¥800°0) (22800°0)
+£3G790°0-  +:0850°0-  4sVGE00- ++xGG€0°0- srdn?
(¥6800°0) (£0600°0)
+8610°0 L100°0 cuordnn?
(10£0°0)  (20£0°0) (ET10°0) (Z110°0)
79800 12€0°0 +2x06€0°0- +++86€0°0- dvod
(6£90'0)  (9850°0)  (0¥¥0'0)  (88€0°0)  (¥6£0°0)  (GE¥0°0)  (S€¥0°0)  (98€0°0)  (¥6€£0°0)
1556890 xxx9EL0  sxxlll0 xBVB0  xsPL80  xxx9LL0  54xBS80  5xu8F80 42870 =iy
6[9PON  8[9PON  L[9PON  91PPOIN  S[POIN  F[9POIN  €[9POIN  ZIOPON T [OPON STTIVIIVA

(6)

(8)

(2)

(9)

() ) (€)

@

(D

7O¥00Z 03 T09961 WOy :uOHRFUI peayR porad-1 unsesao]

7O¥00Z 01 TD9961 Wy *+/ 1 Junsesaio :2vO dqeL

78



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

6EE0 LVE0 LSE0 6LE0 1070 L9€E°0 92€°0 98€°0 G0p'0  Toirg arenbg ueay J0oy
6L6°0 LL60 926°0 €26°0 026°0 5260 €26°0 2L6°0 696°0 parenbs-y paisnipy
96T 96T 96T 96T 96T 95T 9T 96T 96T SUONBAIDSqQ
(L2v0'0)  (€5%0°0)  (92¥0°0)  (00¥0°0)  (8€£0°0)  (FEVOD)  (F9E0°0)  (SOFO'0)  (1¥€0°0)
3486T°0-  15402C°0-  154I8T°0-  4TPB0'0-  6ZI00  4:sC9T0-  4SPL00-  «8€80°0-  ISTO0 JuBISUO)
(1€¥0°0)  (€€¥0°0)  (S¥P0'0)  (69%0°0)  (¥6¥0°0)
3208107 xsxlPT°0-  55x0PT'0-  40T10-  +8E60°0- 1=y
(9520'0)  (€520°0)  (20T0°0) (€010°0)
wxxlTT°0-  x548ET°0-  4242590°0- +2x1090°0- sodnn?
(0210°0) (5210°0)
+4xGGE0°0- +4xC290°0- cuordvn?
(1v€0°0)  (¥¥€0°0) (L¥10°0) (8¥10°0)
44476800 4x0T0 +4+€690°0- +£x9090°0- dvoy?
(L020°0)  (2210°0)  (I¥10°0)  (€€10°0)  (O¥10°0)  (SPTI0'0)  (8ST0°'0)  (9€10°0)  (0¥10°0)
sl V60 ok [16'0  5xa€P60  5xxll60 549860  ssPF6'0  4iBC0T  454GL60  54x¥86°0 -iyry
619PON  81PPOIN  L[OPON  9[9POIN  GIPPON  V[9POIN  E€IPPON  C[OPON [ [PPON STTIVIIVA
(6) (8) (L) 9) (S ) (€ (@) (D

$OF002 01 109961 WOIJ :UONB[JUI [enuUe peaye poriad-T Sunsesaio]

7O¥00¢ 0 T09961 woxy I+ 1¥y Sunsesaro :gvQ d[qeL

79



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

81€0 02€°0 2ee0 ¥SE0 LLEO 87€"0 ¥8€°0 9€°0 €8g’0  Towrg arenbg ueay J00y
2€L°0 62L°0 8020 699°0 ¥29°0 629°0 119°0 059°0 219°0 parenbs-y paisnipy
96T 96T 96T 96T 96T 9T 9T 9T 96T SUONBAIZSGQ)
(8170°0)  (LI¥0°0)  (S0¥0°0)  (9260°0)  (SI€0°0)  (22¥0°0)  (SGE0°0)  (28E0°0)  (12€0°0)

xxlBT°0-  554902°0-  +546GT'0-  58£90°0-  2SP00  xC€T0-  PIEO0  ¥260°0-  ¥EVO'0 JuEISUO)
(92v0'0)  (STFO'0)  (S2v0'0)  (L¥¥0'0)  (E£70°0)

3812707 wslBT0- s TLT0- s TPT'0-  x9TT0- 1y
(9620'0)  (¥520°0)  (¥9600°0) (26600°0)

ws5LGT'0-  4450GT'0  4xLF90°0- +£+2LG0°0- srdpnd
(1010°0) (STT10°0)

L510°0 80600°0- cuordnn?
(8€£0°0)  (8€£0°0) (9€10°0) (6£10°0)

wxxlC1°0  4CCT0 +4x6€90°0- ++x6860°0- oo
(6020°0)  (9¥90°0)  (10S0°0)  (29%0°0)  (16¥0°0)  (12S0°0)  (ISS0°0)  (08%0°0)  (66¥0°0)

549070 1548S7°0  554809°0  ssxIPL0  wslll0 544€€9°0 40080  sxBVL0  4uk[8L°0 iy
61OPON  81PPOIN  L[OPON  9[9POIN  S[9POIN  F[9PON  €[9POIN  CIPPOIN 1 [9POIN STTIVIIVA

(6)

(8)

() 9)

() @) (€)

@

(D

¥OF00Z 01 109961 WOIJ WIOT) :UONR[UI paYR poLad- unsesaio

707002 03 109961 Woxy 7+ 1 3unsesdlod :6VO d[qeL

80



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

L2€0  9€€0 190 1960  89€0  €9€0  I8E0  69S0 6.0  Ioirg arenbg uesy 1004
ZV90 €290 €950  6¥S0  8FS0 0950 SIS0 FHS0 0280 parenbs-y paisnipy
bS bS e e bS e BS e e SUONBAIOSGQ
(821'0)  (1€T°0)  (0¥T°0)  (0FT'0) (€260°0)  (ZIT°0)  (2280°0) (LOT'0)  (0€80°0)

9ET'0  SOT'0 1210 0610  sI0E0  ¥1200 48220 19200 w0IC0 JuBISUO)
(8€T°0) (I¥1°0) (eero)  (evro)  (gCr°0)

4+68E€0  GSE0  9ST'0  9LT0  wISTO =iy
(IST0)  (8¥1°0)  (S2€0°0) (9620°0)

WVOV0-  1s687°0-  £SFS0°0- ++90L0°0- s
(0£20°0) (2¥20°0)

+0150°0 09100 cuordn?
(FL1°0)  (99T°0) (69€0°0) (22£0°0)

ELED  m96V0 16£0°0- +0290°0- oo
(221'0)  (S21'0)  (8260°0) (6960°0) (¥¥60°0) (2260°0)  (S0T°0)  (¥260°0) (9960°0)

54V0G°0 P60 0iS9L0 s ¥BLO  sTOL0  sGLO  4ix9TL0  544l8L°0  4ss8ELD =iy
61OPON  8[OPON  LIOPO 9[OPON  S[9PON ¥ I9POIN  £[9POIN  Z[9POIN T [9POIN SATIVIIVA

(6)

(8)

()

9)

() ¥) (€) @

(D

20661 03 109961 WO :uoHE[UI pEayE poriad-1 3unsesaIo]

206.6T 01 TN9961 w0y I+1 3unsedarod :0TvVO d[qeL

81



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

2080 81H°0 910 6970 €150 TFFO 7810 ¥9¥'0 €250  Joirg arenbg ueajy 1004
956°0 256°0 9%6°0 0¥6'0 8260  L¥60 9€6°0 1760 G260 parenbs-y paisnfpy
¥S ¥S ¥S bs ¥S ¥S bS ¥S ¥S SUONBAIDSQ)
(261°0)  (S8T°0)  (¥61°0)  (802'0)  (2€T°0)  (¥ST'0)  (2€T°0)  (¥ST'0)  (8TIT°0)
L19€°0- G020 T0€0-  80T0-  4slSE0  «OIE0-  8IT00  €61°0- 450 JuISUO))
681°0)  (S8T'0)  (9T°0)  (€81°0)  (1LT°0)
6ST°0 0060 62100  6610°0-  «I0E0 1=y
691°0)  (SLT°0)  (9T%0°0) (¥2£0°0)
#4€59°0-  4x0G9'0-  4xsGLT O +xx9LT°0- sdnn?
(69€0°0) (89€0°0)
++C280°0- e 9TT°0- cuordnn?
(002°0)  (£0Z°0) (L150°0) (9€70°0)
27090 49260 e ELT0- 4xx0LT°0- drod
(0870°0)  (6¥90°0)  (6250°0)  (9260°0) (S9€0°0) (92€0°0)  (E€¥0°0)  (L9€0°0)  (0LE0°0)
il V60 4x006'0  xT660  ssTT0T  4ik€S6'0 4551660  +5x0E0'T  sax 10T 4sslV6°0 -iyhy
6[9POIN  8I9POIN  L[9POIN  9[9POIN GIPPOIN ¥ [9POIN  €£[PPOIN  Z[PPOI T [9POIN SATIVIMVA

(6)

(8)

()

(9)

()

)

(€

(@

(D

206261 01 TO9Y96T WOIJ :UONE[JUI [enuue peaye porrad-1 Sunsedaio]

206.L61 01 T09961 woxy [+ 1¥y Zunsesarod :11VO d[qeL

82



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

66€°0 ¢07°0 0€v°0 fA4dl) G970 LEV'0 910 €vro 09%'0  Ioirg arenbg ueajy 100y
897°0 657°0 18€°0 97€0 8L2°0 6,€0 98¢0 €veo 16¢°0 parenbs-y paisnlpy
4] 4] 1] 4] 4] 4] 4] 4] 2] suoneAlssqQ

(€ST°0) (€¢sT°0) (€¢91°0) (¢ot'0)  (20T°0) (oet0) (626000 (€2¢T'0)  (2160°0)
8110°0- GG¥0°0- 901000  €8L0°0  +xx,6E°0 8010 ANl 961°0 #xx06€°0 juejsuo)
(621°0) (081°0) (6G1°0) (12100  (LST°0)

IET°0 LIT0  SLT'0-  68T°0-  ¥020°0 vy
(9220)  (€12°0)  (06E00) (85€0°0)

#1907 4s02L0  4ii [CT°0- €010 ooy
(G£€0°0) (¥620°0)

25700 L2200 cuordrn?
(LS2°0)  (9€2°0) (S¥0°0) (68€0°0)

0S50 5xVL9°0 110 ++8.80°0- dood
8¥1°0)  (6¥1°0)  (90T°0)  (EIT°0) (FIT'0)  (SOT'0)  (0210)  (E1T°0)  (ITT°0)

8520 BET0  xxxlSS0 4559090 k€S0 wiPLS0 k9670  £xx0T90 4k [EG0 vy
619PON  819POIN  L[9PON 9[OPON SIPPOIN ¥ I9POIN  €[9POIN  Z[PPON T [9POIN SATIVIIVA

(6) (8) () 9) ) ¥) (€ (@ (D

206.61 01 TO996T WOIJ WO :UONR[UI peaye polad- unsesaio

206.61 01 TO996T WOy ¥+ 1 JunseoaIog :ZTvO d[qeL

83



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

6610 020 €020 202°0 €02°0 L0Z°0 112°0 0120  ¢Ig0 1oy arenbg ueay 100y
7960 I€€0  SEE0 0¥E"0 9€€°0 01E0 €82°0 8820  2LT0 parenbs-y paisnipy
78 78 78 78 78 78 78 78 78 SUONEAIISqO
(8€¥0°0)  (€¥¥0°0)  (9TF0°0)  (I1€0°0)  (¥¥20°0)  (L0%0°0)  (I1€0°0)  (02€0°0)  (1¥20°0)
17900 496200~ «I160°0- 1540€80°0- 4G650°0- w€IT0- T2500°0- 412070~ 0SE0O- JuBISUO)
(2950°0)  (2950°0)  (€0S0°0)  (62¥0°0)  (€2H00)
29600 +0Z10 540010  49TT'0 49210 =iy
(¥120°0)  (9120°0)  (0Z10°0) (€010°0)
L6500°0-  0£200°0  €IT0°0- ++2V20°0- sodn?
(61600°0) (££800°0)
++L020°0 62100 suoodvn?
(8220°0)  (£820°0) (LST0°0) (0910°0)
€820°0-  STZ00- 0610°0- +0L20°0- dvoy?
(€560°0)  (0960°0)  (0S60°0)  (£560°0)  (S¥60°0)  (ST60°0)  (S560°0)  (L260°0)  (¥€60°0)
o4€17°0  w€SV0  aSFH0  5xx€ST0  wn9EF0 09050 49670 4xilPS0 444620 =iy
619PON  8[9PON L[9POIN  9[9POIN  S[9POIN  PIPPON  €[9POIN  ZIPPO T [9POIN STTIVIIVA

(6)

(8)

(2)

9)

()

¥)

(€)

@

(D

¥O¥002 01 TOF861 WO} :uonepul peaye pouad-1 3unsedaio]

707002 01 TO¥861 woy I+ 3unsedarog :€1VO d[qeL

84



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

0120 602°0 602°0 0220 9220 €120 5220 6120  Ggg'0 1ol arenbg ueay 100y
1€6°0 1€6°0 1€6°0 ¥26'0 0260 626°0 026°0 5260 12670 parenbs-y paisnipy
78 78 78 78 78 78 78 78 78 SUONEAIISqO
(09%0'0)  (0S¥0°0)  (92¥0°0)  (9¥€0°0)  (0620°0)  (£2¥0°0)  (E€€0°0)  (SE€0°0)  (8520°0)
V910" aBIT'0-  4i@ST0-  xGVLO'0-  G920°0-  4xxEET°0-  88E00- 99200~  6220°0- JuBISUO)
(2690°0)  (8890°0)  (2190°0)  (S€S0°0)  (9€50°0)
»GST'0-  w9ST'0-  LICT0-  9¥10°0-  L¥10°0 =iy
(0€20'0)  (8220°0)  (6210°0) (9010°0)
+5x€0L0°0"  4xG690°0-  4:88%0°0- +4x6€€0°0- sodnn?
(€010°0) (66600°0)
9.¥00°0 252000 suoodvn?
(9620'0)  (0620°0) (2L10°0) (9910°0)
96200 61€0°0 +170°0- ++1070°0- dvey?
(06£0°0)  (6S€0°0)  (8S€0°0)  (£9€0°0)  (12€0°0)  (2620°0)  (L€£0°0)  (6620°0)  (LOE00)
£4xC86'0  x686'0 5049860  xeiFI60  xslV60  xxsEV60  1xx¥960 48560  4xxES6°0 -iyry
61OPON  81PPOIN  L[OPOIN  9[PPOIN S[POIN  F[9PON  €[9POIN  ZIPPO I [9POIN STTIVIIVA

(6)

(8)

() 9)

(9

¥)

(€

@

(D

$OF002 01 TOF861 WOIJ :uone[juI [enuue peaye porrad-1 Sunseosaioq

07002 01 TO¥861 woly 1+ 1vy Junsessrod 1V 9[qeL

85



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

S6T°0 661°0 102°0 €020  20Z0 0020 102°0 €020 202’0 loug arenbg uesy 1004
L8E0 09€°0 LVE0 €EE0  OFED GG 8Y€0  9EE0  ZFE0 parenbs-y paysnipy
78 78 78 78 78 78 78 78 78 SUONBATISGQ)
(IT70°0)  (02¥0°0)  (86€0°0)  (91€0°0) (S520°0)  (16£0°0)  (£920°0)  (F0E0°0) (222070
80T°0-  wwIIT0- 4G880°0- 2S00~  «L9V0°0- +x/880°0- ¢8I0°0- 9S00~  $IE00- JuBISUO)
(¥290'0)  (6650°0)  (6250°0)  (19%0°0) (IS¥0°0)
9060°0-  LFP0'0- 881000  SLEO0 665070 iy
(6120°0)  (9120°0)  (9TT0°0) (62600°0)
+CLG0°0-  +6VF0°0-  8STO0- 0910°0- srdpnd
(€8£00°0) (£0£00°0)
++L9T0°0 76000 cuordrn?
(9220'0)  (2820°0) (€ST0°0) (IS10°0)
SPP0'0  0SF0°0 69%00°0- £8900°0- dood
(L¥60°0)  (6¥60°0)  (9560°0)  (8960°0) (SS60°0)  (9280°0)  (9160°0)  (€880°0) (L.80°0)
52160 1158660 x9S0 n€SG0  4s0SG0  454G9G°0  45x9¥G0  xxG8G0 4k E8S0 Ty
61OPON  81PPOIN  L[9PON 9[PPOIN S[OPON  F[9PON  E€19PO  Z[9POIN [ [PPON STTIVIIVA

(6)

(8)

03]

9)

) ¥) (€)

@

(D

¥O¥002 01 TOF861 W01} WOl :uonejur peaye porrad-§ 3unsedaioq

¥OF00Z 01 TO¥86T wolj ¥+ 1 3unseddIo :SIVO d[qeL,

86



OAl.3 Smets and Wouters (2024)’s model

87



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

€620 ¢S20 LSC0 €620 6520 8620 L92°0 ¥620 092°0  Ioirg arenbg ueadjy j00Y
¢18°0 €180 G080 ¢180 €080 ¥08°0 G08°0 6080 108°0 parenbs-y paisnlpy
61¢ 61¢ 61¢ 61¢ 61¢ 61¢ 61¢ 61¢ 61¢ SsuoneAlasqQO

(Goco'0) (1020°0) (#0C0°0)  (1020°0)  (S020°0) (€0C0°0) (€020°0)  (0020°0)  (¥020°0)
L2€0°0 +€€E00 «POV0'0  xG9€0°0 +76€0°0  «I9€0°0  «98€0°0 LTE00 +*6¥7€0°0 juelsuo)
(¥820°0)  (S2200) (222000  (€220°0)  (8220°0)

460900 16500 09700  «62S0°0  «Z8%0°0 =iy
(8620°0)  (2920°0)  (0ST0°0) (0ST0°0)

€IV0'0 0600  +€820°0- V620°0- sodnd
(¥120°0) (S910°0)
65£00°0- ++8L€0°0 suoodvn?
(9050°0)  (16£0°0) (6120°0) (0220°0)

921°0- 51210 +2+82L0°0- +£x90L0°0- dvoy?
(09€0°0)  (£2€0°0)  (€2€0°0)  ($2€0°0)  (60S0°0) (81E0°0) (S0€0°0)  (L1€0°0)  (20E0°0)

VP80 1xxlVB0  4S98°0  xx9V8'0 5545880  45x9.8'0 5446060  4xx098'0  4x5L68°0 =iy
619PON  8[9POIN LIPPOW  9[9POIN  S[OPON F[9PON E[OPON  Z[9POIN 1 [9POIN STTIVIIVA

(6) (8) () 9) () ) (€) @ (D

706102 01 TOS96T WO} :UuonHeuI peaye porrad-1 3unsedaio]

707002 03 109961 Woy I+ 1 3unsesaio :91vO d[qeL

88



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

LVE0 LVE0 6VE0 2960 T80  0SE0  €L€0  C9E0  ¢lLE0  lourg arenbg uesjy 100y
560 5260 5260 €60  T.60  SL60 160  €L60  TL6O parenbs-y paisnfpy
612 612 61¢C 612 61¢C 61¢C 612 61C 612 SUONEBAIASAQ
(9820°0)  (1820°0) (€820°0)  (¥620°0) (10£0°0) (0820°0) (00€0°0)  (0620°0)  (L620°0)
€6200°0  92800°0  82900°0  S0S00°0 €2800'0  FSIO0  SPIO0  FITO0 29100 JuBISUO)
(8070'0)  (I6€0°0)  (¥8€0°0)  (00¥0°0)  (60%0°0)
+E€€80°0-  «+2PB0°0-  «0690°0-  ¢6¥0°0-  ¥090°0- 1=y
(9270°0)  (S9€0°0)  (8610°0) (8610°0)
cobOT0-  +xxGOT0- 48010 £l OT0- srdnn?
(2620°0) (9€20°0)
80200°0- L110°0- cuordvn?
(82£0°0)  (9550°0) (€1€0°0) (21€0°0)
86600  «€0T°0 +x+601°0- ALY oo
(€€10°0)  (1210°0)  (STT0°0)  (S210°0)  (0210°0) (IT10°0) (STT0°0) (6110°0) (FITO'0)
V860 544G86'0  4xs8L6'0  sllB0  4sT66'0 4xxCl60  4x986'0  xxxCL60  44xL86°0 -yhy
619POIN  8[9POIN  L[9POIN 9[9POIN GIPPOIN ¥ [9POIN E£IPPOIN  Z[PPOIN T [9POIN SATIVIMVA

(6)

(8)

()

9)

()

@)

(€)

(@

(D

$O6102 01 TOS961 WOIJ :UONe[Jul [enuue peaye poriad-1 Sunsesaio]

07002 01 109961 woly 1+ 1vy Junsessarod :21VO 9[qeL

89



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

PPE0  BEED PrE0 9vE0  LSE0 V€0 LGE0  SPE0  95£'0  Ioxrg arenbg ueapy 100y
€590  ¥S9°0 659°0 0590 8290 559°0 8290 1S90 6290 parenbs-y paysnipy
91C 91C 91C 91C 91C 91C 91C 91C 912 SUONEAIdSqO
(€820°0) (2220°0)  (G220°0)  (L220°0)  (9820°0)  (€£220°0)  (S820°0)  (S220°0)  (€820°0)
V1900 495900 +x9290°0  x4S090°0  xx¥990°0  44L0L0°0  xxV0L0'0  £4€290°0  +x6890°0 JuBISUO)
(88€0°0) (92€0°0)  (12£0°0)  (€2€0°0)  (¥8€0°0)
€620°0-  60€0°0-  9PE00- 90200  ¥820°0- iy
(90¥0'0)  (65€0°0)  (1020°0) (1020°0)
L0S0°0-  +LS90°0-  54+9780°0- +++6€80°0- srdpnd
(¥620°0) (6220°0)
2£20°0- 8210°0 cuordrn?
(2690°0)  (¥€50°0) (10£0°0) (00£0°0)
8890°0-  I¥€0°0- w21GTT°0- +x+9TT°0- i
(16v0°0)  (1¥50°0)  (€570°0)  (€¥¥0°0) (L2v0°0)  (F2F0'0)  (¥2V0°0)  (2€F0°0)  (LI0°0)
25GCL0  w@VL0  xxlVL0 wn€FL0 4558080 wbELD  4xx108°0  5aBEL0  4x96L°0 Ty
61OPON 819POIN  L[9PON  9IPPOIN  S[OPON ¥ IPPOIN  €[9PON  ZIPPO T [9POIN SATIVIIVA

(6)

(8)

() 9) ) @) (€ @ (D

706102 03 TOG96T WO} WOIJ :UOHEUI peaye poriad-{ SUnsesaIo

¥OF00Z 01 109961 wol) ¥+ 1 Junseddro g1V d[qeL,

90



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

11€°0 60€0  ¥PEO  9¥E0  SPE0  99€0  8SE0  8SE0 €90 1ol arenbg uea 100y
202°0 9020  9€9°0  1€9°0  €€9°0 8850 2090 9090  ¥650 parenbs-y paisnipy
LS L6 L6 LS L6 LS L6 LS LS SUOTBAIZSGQ)
(€61°0)  (S8T'0)  (6¥1°0) (£680°0) (SS80°0) (0ST'0)  (8%80°0) (¥980°0) (1980°0)

54LG8°0  554888°0  s8TF0  aSST0 419220  9LTO  wSOTO0  wS8T0  4CIT0 JuEISUO)
9¥1°0)  (BFT0)  (ST0)  (#PT°0)  (FET0)

4251660 @IS0 4 OFF0  wOTED  5x1GE0 -1y
(9950°0)  (0¥50°0)  (S2€0°0) (¥620°0)

45G6T°0  +4:G02°0  GLEO'O 8010°0- srdpnd
(8€50°0) (¥850°0)

€€€0°0 0600 cuordnn?
(212000 (0£90°0) (S0%0°0) (2650°0)

154€€T°0° sl VT 0- 1€€0°0- 6£90°0- v
(1260°0)  (0960°0)  (20T'0) (£680°0) (2280°0) (SOT'0) (8¥80°0) (S260°0) (2980°0)

49890 5540890 4k TEL0 4k TE80  4sxC08'0  5xl08'0  5xx98L°0  4x5G¥8'0  24G8L°0 iy

619PON  81PPOIN  LIPPOIN 9[OPOIN S[9POIN ¥ [PPON  €[9POIN  ZIPPOIN T [PPON STTIVIIVA

(6)

(8)

()

9) () ) (€ @

(D

206261 01 TOS96T WoIJ :uone[jul peaye porrad-1 Sunseoaio

206.6T 01 TO9961 w0y I+71 3unsedarod :6TVO d[qeL

91



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

€6F'0  S6V0  L6V°0  I6V0  L6V0 0050 €250  00S0 610  Ioirgarenbg uedy 100y
1760  0¥6'0  0¥V6'0  I¥6'0 660  6E60 €660  6E60  ¥EED parenbs-y paisnipy
LS LS LG LS LS LS LS LS LS SUONBAIISQ
(007°0)  (10¥'0) (182°0) (8€T'0)  (821°0)  (022'0) (0ST'0)  (0ST'0)  (82T°0)

SGE'0  S8E'0  8LYO0 8220 IS0 L8T°0- 6120  8ET0  «62C°0 JuBISUOD)
(2S2’0)  (€S2°0)  (0¥2'0)  (¥0T0)  (€61°0)

907°0  LIF0  8IE0  45SE0 6970 =1y
(L0T°0)  (80T'0)  (1850°0) (070°0)

Z8¥0°0  0SF0'0  L190°0- ++80T°0- s

(6980°0) (5280°0)

901°0- 15900 cuordvn?
(91T°0)  (STT'0) (2190°0) (1850°0)

29T°0-  SET0- £760°0- +E€T°0- o

(L250°0) (S950°0) (80S0°0) (GLE0°0) (82€0°0) (99%0°0) (25€0°0) (62£0°0) (T¥€0°0)

soiV66°0 544660 468001 44x966'0  5xl96°0  4xx9E0T  45G96°0  wxxV00T 45519670 -tyry

69POIN  8[PPOIN LIPPOIN 919POIN SPPOIN ¥ [9POIN €[9POIN  ZI[9PON T [PPON SHTAVIMVA

(6)

(8)

(2)

9)

) ¥) (€) @

(D

206261 01 TOS96T WOIJ :UONB[JUI [enuUe peaye poriad-T Sunseosaio]

206.L61 01 T09961 woxy [+ 1¥y Zunsesarod :0gvo d[qel

92



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

6170 €2F0  WLVO  29¥0 690  OLF0  69%°0  LSF0  G9¥'0  IOLrg drenbg ueajy 100y
P50 €0¥'0  0S20 8820  S9Z0 €920  ¥9Z0  20€0  LLZO parenbs-y paisnipy
e e e bS e e BS e e SUONEAIdSqO
(b220)  (652°0)  (202°0) (0Z1°0)  (91T°0)  (021°0) (21T°0)  (ITT°0)  (OTT'0)

oaBEET  1:sG0TT 150850  wsTFH0  4sC0S0  4al8Y0  4sib87'0  4s0ST'0 5441670 JuBISUO)
(€02°0)  (102°0)  (212°0) (261°0)  (S8T°0)

2ee0 6L20 00800  S8E0°0-  0290°0 iy

(1280°0)  (£920°0)  (0S%0°0) (¥8€0°0)

+5+€62°0 4020  0S200°0 STT00°0- sdpnd

(88L0°0) (0080°0)

01T°0- Y200 cuordrn?
(L0T'0)  (1860°0) (1950°0) (£250°0)

wxxl V0" w90 1260°0- +5880°0- dood
(2€T'0)  (€€T°0)  (9¥T°0)  (L2I'0)  (SIT'0)  (0PT'0)  (FPIT'0)  (S2I°0)  (E1T°0)

5506E°0  555L07'0  wi€IS0 10290 4rlTG0  4nSTS0  4ilCS0  4xBI90  544E2G°0 iy

619PON  819POIN  LIPPOIN 9[OPON S[9POIN ¥ [OPON E£1PPOIN  ZIPPOIN 1 [9PO SATIVIIVA

(6)

(8)

(2) 9)

() ) (€) @

(D

206.61 01 TOS96T WOIJ WO :UONeR[JUI peaye polad- unsesaiog

206.61 01 TO996T WOy ¥+ 1 JunseoaIog :1gvVO 2[qeL

93



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

Sv1°0 1449V ¥10 €v1 o ¥10 144%Y evro w10 y¥1°'0  Iolrg arenbg ueajy Jo0y
.60 6,50 08¢0 €8G°0 6,50 LLS0 ¥8G°0 ¢84°0 18G°0 parenbs-y paisnlpy
¥8 ¥8 ¥8 ¥8 ¥8 ¥8 ¥8 ¥8 ¥8 suonealssqQ

(09¢0°0) (9210°0) (S2100) (P210°0) (¥210°0) (G210°0) (¥220°0) (¥,10°0) (€L10°0)
87€0°0 €92¢0°0 12¢0°0 04200 Gv¢c0'0  ¥G200 «9¢v0°'0  ¥920°0 ¥¥20°0 juejsuo)
(cer0'0) (0€¥0°0) (09€0°0) (61€0°0) (CI€E0°0)

2T200 62200 LEWO'0  TPEO0 12070 =iy
(1210)  (90T'0)  (£270°0) (6950°0)

85100  SI¥0'0  ¥¥H0'0- 6810°0- s
(€7£0°0) (8520°0)

2510°0 L2E0°0 cuordvn?
(€€T'0)  (80T'0) (2€70°0) (22¥0°0)

¥290°0-  0960°0- 1.50°0- 1L¥0°0- o
(6££0°0) (1220°0) (ISL0°0) (S520°0) (0S20°0) (810°0) (8120°0) (2120°0) (ITL0°0)

sxl€L°0  53xlTL°0  5xu€VL'0  5i€EL°0  wrlVL0  4ii0LL0 4 TSL0 40920 4x99L°0 =iy
619PON 81PPOIN L[9PON 9[9POIN SIPPON ¥ [9PON E£1PPOIN  Z[OPON T [9POIN SATIVIIVA

(6) (8) (2) 9) ) ¥) (€) @ (D

¥O¥002 01 TOF861 WO} :uonepul peaye pouad-1 3unsedaio]

¥O¥00Z 01 TO¥86T wolj [+ 1 3unseddIo :2gvo d[qeL,

94



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

8810 0610 6810 1610 020  88I'0  [IC0 0600  0[Z0 JIoug arenbg ueapylooy
VP60 €V60  FE60 Zv6'0  T1E6'0  FEE0 0560 €¥60  TE6°0 parenbs-y paisnipy
78 78 78 78 78 78 78 78 78 SUONIBAIAS(Q
(€5€0°0) (££20°0) (G€20°0)  (8€20°0) (1920°0) (€£€20°0) ($SE0°0)  (9€20°0)  (0920°0)
00€0°0-  T¥PI00  ¥PI00 #2100  €9600°0  0ZI00  S0Z000  LETO0 2100 JuBISUO)
(€950°0)  (6950°0) (6270°0)  (9¥F0°0)  (¥870°0)
9260°0  8I€0°0  €IF00  6020°0-  9LF0°0- =1y
(9ST'0)  (2¥T°0)  (0950°0) (8050°0)
I760°0-  602°0-  4:x0SC°0- +x+0€2°0- sodnd
(€770°0) (26€0°0)
<2VL0°0- 6910°0- cwordn?
691°0)  (€7T°0) (0£50°0) (2950°0)
661°0-  8¥¥0°0- +4+8ET0- +25CVT 0 dvoy?
(10€0°0) (€0€0°0) (€620°0)  (¥620°0) (22€0°0) (S220°0)  (€0€0°0)  (€£920°0)  (£820°0)
+0:966'0  4xx[66'0  sxiV66'0  544086'0  554GL6'0 400 T  454¥960  4xEL6°0 5440960 -yry
61PPOIN 81PPOIN L[PPOIN  9[PPOIN S[9PON ¥ IPPOIN  €[9POIN  ZIPPOIN T [PPO SATIVIMVA

(6)

(8)

()

9)

(9

)

(€

@

(D

$OF002 01 TOF861 WOIJ :uone[juI [enuue peaye porrad-1 Sunseosaioq

yO¥00¢ 01 TO¥861 woly [+ 1vy 3unsesarod :£gvo d[qel

95



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

98T°0 9810 9810 G810 9810  S8I'0  ¥8T'0 810  G8I'0  Joirgarenbg uesjy 100y
6620 000  S620  €0S0 1620  VOSO  FISO  CIE0  90€0 parenbs-y paisnfpy
78 8 78 78 78 78 78 78 78 SUONEBAIISAQ
(21€0°0) (6220°0) (6220°0) (9220°0) (9220°0) (8220°0) (8920°0) (S220'0) ($2200)

486900 19700 x:8L70°0 x428F0'0  4SFFO0  18LF0°0 +4¥S90'0 €800  £EFFO0 JuBISUO)
(8850°0)  (£850°0)  (10S0'0)  (SS¥0°0)  (0SH0°0)

1820°0- 2520°0- TZI00  ¥6200°0 8SL00°0- iy
(LST'0)  (SET'0)  (9€50°0) (870°0)

10€0°0  SOT'0  6LF0°0- 2er0°0- srdpn?
(88€0°0) (0620°0)

09€0°0 0170°0 cuordnn?
(2,1°0)  (O¥T°0) (€550°0) (1750°0)

1080°0-  2LT°0- 92L0°0- 02L0°0- oo
(20T°0)  (20T'0)  (0660°0) (¥660°0) (8860°0) (S060°0) (9160°0) (£680°0) (¥680°0)

54L2G0 4050 4540660  44SESD  £54GGG'0  4xx6GG°0  xilTS0  s8EG0  4s8YG0 Ty

619POIN  8[9POIN L[PPOIN 9[9PON G[PPOIN ¥ IPPOIN EI9POIN  ZIPPOIN T [9POIN SATIVIMVA

(6)

(8)

()

9)

() @) (€ @

(D

¥O¥002 01 TOF861 W01} WOl :uonejur peaye porrad-§ 3unsedaioq

¥O¥00Z 01 TO¥86T wolj ¥+ 1 3unseddIo v d[qeL,

96



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

0020 8610 6610 8020 8120  20T0 2220  60C0  ¢gg’0  Ioirg arenbg uesy 100y
29€0  €LE0 G9€'0 Y00  T¥0  SPE0 0120  €0S0 1120 parenbs-y paisnipy
09 09 09 09 09 09 09 09 09 SUOTBAIZSGQ)
(€180°0)  (IS20°0)  (£990°0) (¥590°0) (8290°0) (00¥0°0) (€9€0°0) (22€0°0)  (1620°0)
w1120  waCIT0 G910 18600  S6L0°0 252000 IT10°0- 92700 9I€0°0- JuBISUO)
(221'0)  (9280°0)  (6920°0) (I¥80°0) (LE80°0)
€810 G810 8210  L/80°0  +IST'O 1=y
(102°0)  (S6T°0)  (8280°0) (££80°0)
250" 4ibTG 0" 4x682°0- +2x10€°0- srdnn?
(¥150°0) (0170°0)
€1100°0- 06£0°0- cuordnn?
(S2z'0)  (€12°0) (S¥60°0) (1060°0)
1820 €820 +GE€T0- +2+§92°0- v
#91'0)  (€¥T'0)  (SET°0)  (S2r0)  (PIT°0)  (LET'0)  (9€T'0)  (S21'0)  (VIT°0)
G0L00  €22000  SET'0  s«¥8T0 sx9EF0  6VI0  sib6E0  4xI82°0 48970 iy
61OPON  8[9POIN  LIPPO 9[9PON S[OPON ¥ [OPON  €[OPON  Z[OPOIN T [PPON STTIVIIVA

(6)

(8)

(2) (9) () )

(€)

(@

(D

706102 03 TOS00Z WO} :uoneul peaye poad-1 3unsedaio]

(uonepurt pa-Arejouowt AJuo) FOE10Z 03 1OS961 Woiy I+ 1 3unsedaro :SgvO d[qeL

97



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

092°0 852°0 6920 €820 8820 9920 0620  ¥8C0 8820  IOLIFarenbg ueapy 100y
088°0 288°0 2/80  8G8°0  €68°0  ¥80 1680 8580  ¥S80 parenbs-y paisnipy
09 09 09 09 09 09 09 09 09 SUOTBAIZSGQ)
(021'0)  (9IT'0)  (60T'0)  (201°0) (2860°0) (¥1S0°0) (¥8¥0'0) (S1S0°0) (8LE0°0)

€LT°0 VL0 655000 SIZ000-  PET'0-  8¥80°0  FEELO'0- 86100  HLEOO- JuBISUO)
091°0)  (S€T°0)  (€21'0)  (£21'0)  (82T'0)

PIT0 6IT0  T1.£0°0-  IET0-  €Cl'0- 1=y
(25200 (852700  (60T°0) (S0T°0)

446E8°0" 1k EVB'0-  14x9EE 0 +2+EVE0- srdnn?

(9£90°0) (1650°0)

Zv€00°0- 08L00°0- cwordnn?
(162700 (892°0) (0ST°0) (0£T°0)

1690 w9E9°0 912°0- 012°0- drod

(L£20°0)  (2290°0)  (¥890°0) (8S90°0) (2250°0) (1250°0)  (8%90°0) (¥650°0) (06¥0°0)

20 GLL0  klll'0 5xi0T80  544G880 5xs0V6'0  4x4B6L°0  5xx906'0  x4xSS8'0  4sx [16°0 -yry

61OPON  819POIN  L[9PON 9[OPON S[PPOIN ¥ [9POIN  £19POIN  Z[9POIN 1 [9POI STTIVIIVA

(6)

(8)

(2)

(9)

()

)

(€)

@

(D

$O6102 01 TOS00Z WOIJ :uone[juI [enuue peaye porrad-1 Sunseosaio]

(uonepur paf-Arejouowt A1uo) ¥O610Z 01 TOS96T Woly I+ 1vy Sunsedaiod :9gv0 dqeL

98



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

L120 G120 G120 r4Al 6€2°0 €120 6€2°0 gceo L€2°0  Ioirg arenbg uesy jooy
870 0920 0920 061°0 L1800 122°0 6180°0 ¢61°0 ¢,60°0 parenbs-y paisnlpy
09 09 09 09 09 09 09 09 09 SuoneAlasqQO

(6060°0) (8180°0) (¥220°0) (122000 (G920°0) (¥2€0°0) (0,€0°0) (02€0°0) (80€0°0)
0¥80°0 GclL00 8€E0°0 6,L€0°0-  G€S0°0- 1€G0°0 ¢Lv0°0- ¢020°0 GEVO'0- juejsuo)
(221'0)  (€560°0) (0280°0) (0680°0) (€160°0)

9870°0  LE20°0  9S20°0-  LE80°0-  TIET00- iy
(212°0)  (002°0)  (9280°0) (6180°0)
125°0-  £520G°0-  4sxl1€0- +249TE°0- sodpnd
(L150°0) (2€70°0)

95100 108000 cwordrn?
(1v2°0)  (¥22°0) (¥960°0) (8260°0)

€520 1220 +5+€87°0- +x+B862°0- droyd
@L1'0)  (€ST'0)  GFT0)  (€€T°0)  (221'0)  (€¥1°0)  (L¥T°0)  (€€T°0)  (0ZT°0)
L290°0-  6S80°0-  2SE00-  9ZI0  xxlTE0  C8E00-  wOVED  OET0  sxibTE0 iy
61OPON 89POIN  L[9POIN  9[OPOIN  G[PPON ¥ [PPON  E€19PON  ZIPPON 1 19PON STTIVIIVA

(6) (8) (2) 9) (9 ¥) (€ @ (D

$O6102 01 TOS00Z WOIJ WO :uonejul peaye porrad-§ Sunseddio]

(uoneput pa-Arejouowt AJuo) FOE10Z 03 T1OS961 Woiy ¥+ 1 3unsesaroy :2zv0 d[qeL

99



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

€670 2250  ¢S¥0  ¢SF0  €9¥°0 960  6€9°0  €8S0  SI9°0  Joug arenbg ueay 100y
€050  ¥FP0 €850 €850 2950  FZEO0  99T0  LOSO  L12T0 parenbs-y paisn(py
8 8 8 8 8 8 8 8 8 SUONBAIISqO

81D (FL1D Q10D Q10D  (P€0'D)  (86C°0) (9sc0)  (282°0)  (6€C°0)
LLGC- €66°1- 166°1- G66°'1-  «L¢I'¢-  6€10°0 8¢€E0 ¥€90°0 ¢8¢0 luejsuo)
9reD  (OFT'D (95600 (6¥6°0)  (C¥6°0)

189'C-  €S6T-  LE6T-  896T-  4820°C- =iy
(922’1 (¥6L0)  (2£L0°0) (£680°0)

L9T'T  28S0'0  LI800 2ero s
(¥E€1°0) (1950°0)

951°0- 02¥0°0- cuordvn?
926'T)  (S8L°0) (¥2L0°0) (¥060°0)

90€'T-  2€V0'0 £080°0 8110 o
65D (SO'T)  (868'0)  (288°0)  (222°0)  (SL¥'0)  (8L€0)  (€8%°0)  (SSE0)

128'T-  1860-  0.60-  €650- SOU'T- ,¥80'T  ¥89°0 60T  129°0 =iy
619PON 81PPOIN L[9PON 9[9POIN SIPPON ¥ [9PON E£1PPOIN  Z[OPON T [9POIN SATIVIIVA

(6) (8) (2) 9) ) ¥) (€) @ (D

¥O1202 03 1O0Z0Z WO} :uoneyul peaye pouad-1 3unsedaio]

(uonepur pay-1edsy AJuo) FO610Z 03 TOS96T Woyj I+ 1 Junsesdio :8gv0 2[qeL

100



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

1S90 6590 290  0€9°0  SIZ0  S88°0 6880 8880  ¢I80 Joug orenbg uesp 1004
1680 8880 €060 8680 8980 860 9620  96.0 080 parenbs-y paisnipy
8 8 8 8 8 8 8 8 8 SUONBAIISqQ

@TTD  BSTD (00D (90T'D  (S86°0) (I1S€'0)  (S¥€0)  (88€0)  (¥62°0)

9/8'T-  9.0C-  L9T'Z- W€z~ 290'T-  08%0  LISO  86¥0  ZISO JuEISUO)

(656'0)  (956'0)  (S08'0)  (9¥8'0)  (€82°0)

86G'T-  69LT-  «EV0C-  «€90°C-  L6TT- =iy

(vev'D  (6¥0'D)  (8580°0) (€0T°0)

098'T 0S80  ¥¥T0 5€20°0 sodnnd

(L21°0) (9920°0)

I1ET°0- 0T£00°0- cwordvn?

(12T (650°D) (0680°0) (20T°0)

858'T-  SIL0- 6ET°0 SE10°0 dvoy?

(062°0)  (082°0) (6€2°0)  (8¥2'0) (€22°0) (1€2°0)  (812°0)  (I€2°0)  (861°0)

GZL0 49180  xIPL0  wI€L0 549280  sxu€6TT w€lT'T  5sG8TT VLT’ -yry

610PON 819POIN L[OPON 9[9POIN SIPPO ¥ [9PON  E€[PPON  ZIPPOIN I [PPOIN STTIVIIVA

(6)

(8)

()

9)

() #) (€)

(@

(D

¥O 1202 01 1O0Z0Z WO} :uone[jur [enuue peaye porrad-1 Sunseosaio]

(uonepur pa[-1edsy A1uo) ¥O6102 03 IOS96T woly I+ uvy 3unsedaiod :62vO0 d[qeL

101



1'0>d 4 ‘60°0>d 4k ‘T00>d 4ss

w@mwﬁ—uﬂwuw& Ul SI1I0119 pIepuelsS

¥79°0 9¢<°0 0670 887°0 orvo €9.°0 2280 €8L°0 962°0  Ioirg arenbg uesA 100y
€a10 GeEV0 1160 €160 909°0 681°0- L6€°0- 05¢°0- L9T°0- parenbs-y paisnlpy
8 8 8 8 8 8 8 8 8 suonealssqQ

(€98'0) (£289°0) (16S50) (9850) (605°0) (00€0) (9s¢0) (g62°0)  (08C°0)

VIVI-  9TFT-  L€T1-  €€TT-  «9TT1-  6SE0  FEFO0  I2F0  €SF0 JUB)ISUOD)
2002 (28T (899°0)  (2¥90)  (L¥S0)

VILZ- LOLT- s4906'T- 4606 T- 44GS6°T- =iy
(b8 (6827  (191°0) (622°0)

. . . . v—1
166T-  6S6'T-  9820°0 S12°0 oo
(61€0) (0£80°0)

. . v—1
¥2200°0 £2800°0 cuoodoe?
0s8'2) (2152 (6£T°0) (112°0)

. . . . v—1
1927 01T 80€0°0 €91°0 dooy?
859°2) (126%) (259D  (Ssv'D) (18500 (Sh0'Q)  (296'0)  (868°T)  (8SL°0)

800%-  1.6'€-  VOT'T-  060'T- «GL8'T-  G9L'T  G2L000-  SIET  ZI200- vy
61°PON  8TPPOIN LI9POI 9[9POIN S[OPOIN ¥ [PPON  EPPOIN  ZI9POIN 1 [OPON STTIVIHVA

(6) (8) (2) 9) ) ¥) (€) @ (D

$O1202 01 10020 WoIj woij :uonejul peaye porrad-§ 3unsedaio]

(uonepur pay-1edsy AJuo) FO610Z 01 TOS96T Woyj ¥+ 1 Junsesdio :0SVO 2[qeL

102



Previous volumes in this series

1287 Banks’ regulatory risk tolerance Mikael Juselius, Aurea Ponte
September 2025 Marques and Nikola Tarashev
1286 How Do Quantitative Easing and Tightening  Egemen Eren, Denis Gorea and
September 2025 Affect Firms? Daojing Zhai
1285 R* in East Asia: business, financial cycles, and Pierre L. Siklos, Dora Xia and
August 2025 spillovers Hongyi Chen
1284 What is needed for convergence? The role of Bryan Hardy and Can Sever
August 2025 finance and capital
1283 Comparing search and intermediation Gabor Pinter, Semih Uslii and Jean-
August 2025 frictions across markets Charles Wijnandts
1282 Market whiplash after the 2025 tariff shock: ~ Gabor Pinter, Frank Smets and
August 2025 an event-targeted VAR approach Semih Usli
1281 Integrating balance sheet policy into Benoit Mojon, Phurichai
July 2025 monetary policy conditions Rungcharoenkitkul and Dora Xia
1280 CBDC and banks: disintermediating fast and  Rhys Bidder, Timothy Jackson and
July 2025 slow Matthias Rottner
1279 Central bank and media sentiment on central Boris Hofmann, Xiaorui Tang and
July 2025 bank digital currency: an international Feng Zhu

perspective
1278 Soybean yield prediction in Argentina using  Emiliano Basco, Diego Elias,
July 2025 climate data Maximiliano Gémez Aguirre and

Luciana Pastore

1277 Firm-level CO2 emissions and production Pablo Acevedo, Elias Albagli,

July 2025 networks: evidence from administrative data Gonzalo Garcia-Trujillo and Maria
in Chile Antonia Yung

1276 Economic activity, inflation, and monetary John Aguirre, Alan Ledesma,

July 2025 policy after extreme weather events: ENSO Fernando Perez and Youel Rojas
and its economic Impact in the Peruvian
economy

1275 Decoding climate-related risks in sovereign ~ Sofia Anyfantaki, Marianna Blix

July 2025 bond pricing: a global perspective Grimaldi, Carlos Madeira, Simona

Malovana and Georgios
Papadopoulos

All volumes are available on our website www.bis.org.


https://www.bis.org/author/gabor_pinter.htm
https://www.bis.org/author/semih_%C3%BCsl%C3%BC.htm
https://www.bis.org/author/jean-charles_wijnandts.htm
https://www.bis.org/author/jean-charles_wijnandts.htm
http://www.bis.org/

	BIS Working Papers No 1288
	The Capital Puzzle
	Abstract
	1 Introduction
	2 Related literature
	3 New Keynesian model before and after capital
	3.1 Canonical closed economy (with omitted or fixed capital)
	3.2 Model with endogenous state variable
	3.3 Model with endogenous capital
	3.3.1 What does change in the model?
	3.3.2 The real interest rate gap

	3.4 The long-termreal interest rate

	4 Interest-rate smoothing
	4.1 Smoothing the policy rule
	4.2 The mechanics of smoothing
	4.3 Different solutions for the capital puzzle
	4.3.1 Fixing with very high interest-rate smoothing
	4.3.2 Fixing with very low interest-rate smoothing and small adjustment cost
	4.3.3 An atypical situation: when the income effect dominates


	5 Can Smets andWouters (2007) do it?
	5.1 Impulse response functions
	5.2 Interest-rate smoothing

	6 Forecasting inflation with the real interest rate gap
	6.1 The importance of investment adjustment costs
	6.2 Forecasting with historical data

	7 The monetary policy stance under a pre-pandemic lens
	8 Conclusion
	References
	Related literature
	New Keynesian model before and after capital
	Canonical closed economy (with omitted or fixed capital)
	Model with endogenous state variable
	Model with endogenous capital
	What does change in the model?
	The real interest rate gap

	The long-term real interest rate

	Interest-rate smoothing
	Smoothing the policy rule
	The mechanics of smoothing
	Different solutions for the capital puzzle
	Fixing with very high interest-rate smoothing
	Fixing with very low interest-rate smoothing and small adjustment cost
	An atypical situation: when the income effect dominates


	Can smets2007shocks do it?
	Impulse response functions
	Interest-rate smoothing

	Forecasting inflation with the real interest rate gap
	The importance of investment adjustment costs
	Forecasting with historical data

	The monetary policy stance under a pre-pandemic lens
	Conclusion
	Glossary of symbols
	Model derivation
	Canonical closed economy (with omitted or fixed capital)
	Model with endogenous capital

	Steady state
	Forecasting other measures of inflation
	Canonical NK model expanded with endogenous capital
	smets2007shocks's model
	SmetsWouters2024's model



	Online Appendix
	OA1 Forecasting othermeasures of inflation
	OA1.2 Smets andWouters (2007)’s model
	OA1.3 Smets andWouters (2024)’s model

	Previous volumes in this series



