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Abstract

Using nonlinear Bayesian methods that fully account for the binding zero lower bound
(ZLB), we estimate a large-scale macro-finance DSGE model on US data. Counterfactual
analysis suggests that by easing financing conditions, quantitative easing facilitated a net
increase in aggregate investment. The resulting expansion of firms’ production capacities
lowered their marginal costs. These disinflationary supply side effects dominated over
the inflationary effects induced by the stimulus to aggregate demand. At the ZLB, the
concomitant rise in real interest rates, in turn, induced a net fall in aggregate consumption.
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1 Introduction

The outbreak of the COVID-19 pandemic has caused severe turmoil on financial mar-
kets, last seen during the Global Financial Crisis (GFC). The Federal Reserve (henceforth
Fed) responded to both events by quickly lowering its policy rate to levels near zero,
by providing liquidity to financial markets and by purchasing assets in large-scale. De-
spite their prominent role, the macroeconomic impact of these large-scale asset purchases
(LSAPs) – in particular their effect on inflation and output – remains subject to an open de-
bate.1 The empirical evidence that aims at answering this question is, by and large, limited
to Vector Autoregression models whose ability to distinguish the various channels through
which unconventional monetary policies affect the real economy is limited.2 To address
this, several studies developed structural models to analyze the effects of quantitative eas-
ing (QE).3 Due to the challenges posed by the zero lower bound (ZLB) and the resulting
nonlinear estimation, however, none of these studies confront their models with data cov-
ering the relevant sample period during which QE was undertaken. We close this gap by
investigating the effects of QE in a structural model that is estimated using data until 2019,
including data of the Fed’s balance sheet. Crucially, our nonlinear Bayesian likelihood
approach accounts for the ZLB as an occasionally binding constraint on nominal interest
rates.

Our quantitative investigation uncovers a new channel through which the Fed’s uncon-
ventional monetary policy measures may have actually lowered inflation. We document
that – by lowering firms’ costs for capital – the supply side effects of the asset purchases
did outweigh the inflationary effects stemming from an increase in aggregate demand,
thereby reducing inflation.4 We quantify this effect using an estimated macro-financial
DSGE model, which incorporates an agency problem in the banking sector that creates
an endogenous constraint to banks’ net worth. By limiting banks’ ability to obtain funds
from households, the balance sheet of the banking sector becomes a critical determinant

1The meta-analysis from Fabo et al. (2021) reports a large variance in the estimated effects of asset
purchases on both output and inflation across 54 studies and, moreover, highlights that research conducted
within central banks tends to report larger estimates.

2See for instance Kapetanios et al. (2012); Baumeister and Benati (2013); Gambacorta et al. (2014);
Boeckx et al. (2017) and Weale and Wieladek (2016) who, except for the latter, all use sign and zero restric-
tions on the response of macroeconomic variables to identify unconventional monetary policy shocks.

3Most notably, see Andres et al. (2004); Gertler and Karadi (2011, 2013); Chen et al. (2012) and Carl-
strom et al. (2017).

4The idea that the inflation response to QE shocks depends on a tug of war between demand and supply
side channels is also discussed in Sims et al. (2020). In a stylized model, the authors show that QE shocks
can generate an “endogenous cost-push wedge” in the Phillips Curve, so that QE is less inflationary than
conventional monetary policy shocks.
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of the cost of credit. These assumptions give rise to a term premium on government bonds
and a (credit) risk premium on capital claims. Central bank asset purchases can, in turn,
compress these risk premia, thereby easing financing conditions for firms. The portfolio
rebalancing channel further ensures that risk premia more broadly are compressed, even if
the specific asset under consideration is itself not purchased (d’Amico et al., 2012). That
is, by purchasing government bonds, the central bank effectively frees up balance sheet
(and thus risk-bearing) capacity of banks, which can then increase their supply of credit.
Finally, central bank liquidity provisions directly affect banks’ supply of credit by relaxing
their incentive compatibility constraints.

Our estimates suggest that for inflation, the fall in marginal costs associated with the
reduction in external financing costs outweighed the (positive) demand effects of asset pur-
chases, leading to a boost in output but a drop in inflation. We find that this disinflationary
effect of LSAPs caused a fall in inflation of about 0.9% annually. Specifically, by easing
financing conditions for firms, LSAPs triggered a net increase in aggregate investment of
nearly 8 percent relative to a counterfactual scenario without asset purchases. In other
words, LSAPs reduced the collapse of investment in the Great Recession by nearly 8 per-
cent. This support to firms’ production capacity reduced their marginal cost of production,
which eventually put downward pressure on price dynamics. We refer to this as the cost
channel of QE.

While already a relevant finding by itself, this decline in inflation also had an impor-
tant side-effect: at the ZLB, the accompanied fall in inflation expectations raised the real
interest rate on bank deposits held by households. Households, in turn, responded by re-
ducing their consumption expenditures by 1.2%. Hence, in order to enable the massive
relative increase in investment, asset purchases were actually crowding out consumption.
This crowding out effect, together with the cost channel, is inherent to unconventional
monetary policy because asset purchases (and purchases of private securities in particu-
lar) compress term and credit risk premia, while conventional monetary policy primarily
works through the expectations component of lending rates.

Our finding of a disinflationary effect of QE and the resulting decline in aggregate con-
sumption is robust to various modeling and sample choices. In an extension, we assume
that the central bank’s asset purchases follow endogenous reaction functions that aim at
stabilizing the economy, in line with Sims and Wu (2021), instead of modeling them as ex-
ogenous processes. While this exercise leaves our core results untouched, it suggests that
only the Fed’s private security purchases can be rationalized by such a QE-rule whereas
treasury bond purchases remain mostly exogenous. In another exercise, we show that our
core results are robust to the inclusion of borrowing households to the model: although
QE generates somewhat stronger expansionary output effects by stimulating the consump-
tion of borrowing households, the disinflationary effect and concomitant fall in aggregate
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consumption persists. With regards to the choice of the data sample, we show that the
finding of the disinflationary effect of QE is independent of whether we zoom in on the
last two decades, or use an extended sample starting in the early 1980s (as in Gust et al.,
2017).5 In contrast, when we exclude the post-2008 data, our counterfactuals suggest that
the demand-side effects of QE dominate and the measures appear to be inflationary, in ac-
cordance with previous results obtained in models that are either calibrated or estimated on
the basis of pre-2008 data.6 This underscores that post-crisis data, in which unconventional
monetary policies were actually conducted, is essential to identifying the disinflationary
effect of QE, and explains why previous model-based studies obtained different results.

To render a structural investigation of QE with post-2008 data possible, we employ the
novel Bayesian methods introduced in Boehl and Strobel (2020). This allows us to ac-
count for the binding ZLB on nominal interest rates in the estimation procedure. Accord-
ingly, we use the method of Boehl (2021) to solve for the ZLB as an occasionally binding
constraint (OBC). The resulting significant increase in computational speed compared to
alternative algorithms is necessary in the context of our large-scale nonlinear model. The
Bayesian filter for the likelihood inference of the nonlinear model is an adapted version of
Evensen (1994). Further, to allow us to sample from possibly multi-modal, disjoined and
high-dimensional posterior distributions, we apply the differential evolution Monte Carlo
Markov Chain method (ter Braak, 2006; ter Braak and Vrugt, 2008) with a tempering
extension (cf. Herbst and Schorfheide, 2019).

Related Literature
Our finding that QE can have undesirable effects on inflation challenges a number

of recent findings. Several empirical studies that use Structural Vector Autoregressions
(SVARs) find QE to have an expansionary effect on both activity and prices (Kapetanios et
al., 2012; Baumeister and Benati, 2013; Boeckx et al., 2017; Weale and Wieladek, 2016).
However, the results can vary strongly with the sample choice and identification method.
The results by Weale and Wieladek (2016), for instance, imply – if taken at face value –
that the Fed’s balance sheet expansion of would have caused output and inflation to in-
crease by 10% and 11%, respectively; numbers that appear implausibly large even in the
eyes of the most vocal proponents. Other studies arrive at more moderate effects, but im-

5While structural parameters are unaffected by whether QE was undertaken or not (or by whether the
ZLB is binding) even deep parameters on preferences or frictions may change over longer time horizons. In
the same fashion, the relative importance of structural shocks is likely to vary over time, so that the choice
of the sample period matters for the empirical investigation.

6Calibrated models include e.g. Curdia and Woodford (2010) and Gertler and Karadi (2011, 2013),
while Chen et al. (2012) and Carlstrom et al. (2017) estimate their models on pre-2008 data. Exceptions are
Hohberger et al. (2019, 2020), who estimate the model on EA data until 2018.
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pose the results on inflation by using sign restrictions (Kapetanios et al., 2012; Baumeister
and Benati, 2013), or estimate the effects using samples that stretch far back before QE
policies were enacted, but stop shortly after (Kapetanios et al., 2012). In contrast, some
SVAR studies already point to a negative (cumulative) effect of QE on inflation in line
with our result, including e.g. Gambacorta et al. (2014) for the UK, or Wu and Xia (2016)
for the US.

Our estimated effect on aggregate output is close to the effect reported by e.g. Gamba-
corta et al. (2014), but lies below that of Baumeister and Benati (2013). One reason for the
latter may be that Baumeister and Benati (2013) identify a shock to the spread between
the long-term rate and the short-term rate while keeping the short-term rate unchanged.
This approach does not distinguish between movements in the term premia and the expec-
tation component, thus potentially confounding asset purchases with forward guidance.
Our structural approach, on the other hand, is able to crystallize out the effect of QE on
term and credit risk premia, highlighting a richer transmission mechanism of QE that is
genuinely different from that of standard interest rate policy.

Somewhat surprisingly, consumption effects of QE are rarely discussed in the litera-
ture, and consumption responses are often not reported even when the employed models
feature this variable.7 In this respect, our paper contributes to filling a gap in the literature.
Similar to our finding, Carlstrom et al. (2017) report a fall in consumption in response to
QE in a model estimated on pre-crisis data. Di Maggio et al. (2020), on the other hand,
argue that indebted households, who refinanced their existing mortgage, increased their
consumption as borrowing costs declined. While this channel is absent in our baseline
model, our model extension with borrowing households is able to replicate this boost to
spending by indebted households. Yet, we find the effect on aggregate consumption to
remain negative.

While our results confirm that QE effectively eased financing conditions (see e.g. Bhat-
tarai and Neely, 2022, for a survey), they do question earlier conclusions by Debortoli et
al. (2020) and Sims and Wu (2020), that conventional and unconventional monetary pol-
icy are perfect substitutes. Their findings, however, rely on models that are highly stylized
and, in the absence of physical capital, do not capture a transmission mechanism that ac-
counts for the cost channel of QE. Relatedly, Krippner (2013) and Wu and Xia (2016)
provide shadow rates that map long-term rate movements induced by QE into a hypo-
thetical short rate, thereby assuming an equivalence of both policies. In contrast to these
papers, our results imply that unconventional measures cannot be simply taken to be a
substitute for conventional policy. Additionally, this cautions against the use of shadow
rates to circumvent the ZLB.

7See, e.g., Chen et al. (2012) and Gertler and Karadi (2013).
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From a more theoretical perspective, the notion that a loosening of financing condi-
tions can be associated with downward pressure on prices is well-aligned with the recent
literature. Consistent with the prevalence of supply-side effects, Barth and Ramey (2001);
Chowdhury et al. (2006); Abbate et al. (2016); Boehl (2017) and Sims et al. (2020) find
evidence in favor of a cost channel.8 Further, using Italian firm-level data on output prices
and interest rates paid on debt, Gaiotti and Secchi (2006) find the cost channel of conven-
tional monetary policy to be proportional to the working capital. A different, yet related,
channel is proposed by Gilchrist et al. (2017). Using granular micro-data, the authors show
that firms with binding liquidity constraints increased prices during the GFC, whereas un-
constrained firms did lower them. To rationalize this empirical finding, Gilchrist et al.
(2017) build a model with a cost channel for external finance. Lastly, the paper most re-
lated to the channel we identify is Acharya et al. (2020), who find that cheap credit to
impaired firms has a disinflationary effect by creating excess production capacities. Along
these lines, QE can be interpreted as an expansionary financial shock, which pushes down
the associated marginal costs and ultimately inflation. In models with a cost channel in
which firms borrow in advance of production to pay wages (as in Christiano et al., 2005;
Ravenna and Walsh, 2006) or capital (as in Fiore and Tristani, 2013), lower credit spreads
are associated with a decrease in firms’ marginal costs which is passed on to consumers in
the form of lower prices. Similarly, Boehl and Lieberknecht (2021) show analytically that
at the ZLB, the increasing costs of external financing (as measured by the credit spread)
in response to a financial shock can dominate firms’ price setting, which results in a flatter
Phillips curve at the ZLB.

The rest of the paper is organized as follows. Section 2 presents central elements of
our model. The methodology as well as the data used is explained in Section 3, followed
by a discussion of our posterior estimates in Section 4. Our main results are presented
in Section 5 in the form of counterfactual analyses of the Fed’s unconventional monetary
policy measures. In that section, we also explain the mechanisms underlying the disin-
flationary effect of QE and discuss the robustness of our results to alternative choices on
model features and sample. Finally, Section 6 concludes.

2 Model

Our model combines elements from Smets and Wouters (2007, henceforth SW) and
Gertler and Karadi (2013, henceforth GK). It thereby combines the most popular DSGE

8Abbate et al. (2016), for instance, show – using a SVAR with sign restrictions – that financial shocks
that lower firms’ funding costs and increase credit growth and stock prices actually reduce inflation in the
short run.
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model of the US economy (SW) with the most widely used framework with frictions in
the banking sector (GK). This facilitates a comparison with the previous literature, and
allows us to adopt priors for our parameter estimation that are widely accepted. The SW
model is designed such that its empirical performance is comparable to the performance
of VAR models, and therefore includes a number of features that are quantitatively im-
portant. Accordingly, our model features households, banks, and firms as well as a fiscal
and a monetary authority. It includes a host of real rigidities, such as habit formation in
consumption, investment adjustment costs, and variable capital utilization. Price and wage
setting are subject to nominal rigidities as in Calvo (1983) with indexation. The production
sector consists of intermediate good producers, capital good producers and retailers. The
government consumes final goods, collects taxes and issues long-term government bonds.
Monetary policy sets the short-term nominal rate according to a Taylor-type rule, which
is constrained by the ZLB. Additionally, it can purchase treasury bonds or private capital
assets and inject liquidity into the banking sector. As the real economy closely follows
the canonical setup by SW, this section only highlights the macro-financial linkages of the
model as well as the modeling of the set of monetary policy tools. We refer the reader to
Appendix C for a full description of the model.

2.1 Households
In the spirit of GK, a constant fraction f of household are bankers. The remaining frac-

tion 1− f are workers, who supply labor to intermediate good producers. Bankers reinvest
their gains in asset holdings of the bank. When a banker (exogenously) exits the banking
sector, she contributes to the households’ income by bringing home the accumulated prof-
its. Perfect consumption insurance within households ensures that workers and bankers
face the same consumption stream. As in SW, the expected lifetime utility of household i
is given by

Ut = E0

∞∑
t=0

βt

(
(Ci,t − hCt−1)1−σc

1 − σc

)
exp

(
σc − 1
1 + σl

L1+σl
i,t

)
, (1)

which depends on household i’s consumption, Ci,t, aggregate consumption, Ct, and hours
worked Li,t. Following SW, we assume that preferences are non-separable.9 The param-
eters β, h, σc, and σl are, respectively, the discount factor, the degree of external habit
formation in consumption, the coefficient of relative risk aversion, and the inverse of the
Frisch elasticity. The household earns the real wage, Wt, for her supplied labor, Li,t. She
saves in one-period bank deposits, Dt, which pay an interest rate, Rd

t , in government bonds,
Bh,t, which yield an interest rate, Rb

t , and in capital assets, Kh,t, with an associated inter-

9Assuming separable preferences does not change our main results.
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est rate, Rk
t . All interest rates are given in real terms. As in SW, the return on deposits,

Rd
t = vu,tRt, includes a risk-premium shock, vu,t, which drives a wedge between the risk-

free real rate and the return on deposits and follows an AR(1) process in logs. Since it
targets the required return on deposits, it can be interpreted as variations in the confidence
in the banking system.10 As in GK, savings in government bonds and capital are subject to
portfolio adjustment costs, which are quadratic in the deviations of Kh,t and Bh,t from their
respective target levels K̄h and B̄h with a common adjustment parameter κ. Household i’s
budget constraint reads

Ci,t +
Di,t

Rd
t
+ Qt[Ki,t +

1
2
κ(Ki,t − K̄i)2] + Qb

t [Bi,t +
1
2
κ(Bi,t − B̄i)2]

= Di,t−1 +WtLi,t + Rk
t Qt−1Ki,t−1 + Rb

t Qb
t−1Bi,t−1 − Tt +Pt,

(2)

where Tt denotes lump sum taxes raised by the government, andPt are profits of firms and
banks.

2.2 Banks
The banking sector draws on GK with the extensions that we outline below. Banks

collect deposits, Dt, from households and – together with their own net worth, Nt – use
these funds to purchase claims on the capital stock, Kb,t, and government bonds, Bb,t. The
balance sheet of a representative bank reads

QtKb,t + Qb
t Bb,t = Nt + Dt + Lq

t , (3)

where Lq
t denotes exogenous emergency liquidity injections by the Fed. When the inter-

bank market dried up during the height of the financial crisis, central bank liquidity was
a very important funding source. As such, these operations were essential in preserving
market functioning and preventing cascading fire sales which, ultimately, might have led to
a credit crunch (Bernanke, 2008; Fleming, 2012). In our model, these liquidity injections
directly support banks’ net worth when asset prices fall sharply. They thus ease banks’
financial constraints and prevent a collapse in bank lending as shown below. For simplic-
ity, we assume that central bank liquidity is lent at a zero nominal interest rate (i.e. their
gross real rate equals RL

t = 1/Πt+1, where Πt denotes gross inflation). Banks retain their
earnings and add them to their net worth. Thus, the law of motion for the bank’s net worth

10SW relate risk-premium shocks to the effects of net worth shocks in Bernanke et al. (1999).
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is

Nt = Rk
t Qt−1Kb,t−1 + Rb

t Qb
t−1Bb,t−1 − Rd

t−1Dt−1 − RL
t−1Lq

t−1. (4)

Note, that while the interest rate on deposits raised in period t−1 is determined in the same
period, the return on the bank’s assets is risky and depends on shocks at the beginning of
period t.

Bankers continue accumulating their individual net worth until they (stochastically)
exit their business, which occurs with probability 1 − θ. Draws from this lottery are i.i.d..
When a banker leaves the sector, she adds her terminal wealth, Vt, to the wealth of the
household she is member of. Therefore, bankers seek to maximize the expected discounted
terminal value of their wealth

Vt = max Etβ
Λt+1

Λt

[
(1 − θ)Nt+1 + θβVt+1

]
, (5)

where Λt denotes the Lagrangian multiplier with respect to the household’s budget con-
straint.

Banks operate under perfect competition. If financial intermediation was frictionless,
the risk adjusted return on the bank’s assets would thus equal the return on deposits. A
moral hazard/costly enforcement problem, however, ensures that bankers earn a strictly
positive excess return. Specifically, as in GK, bankers can divert a fraction of their assets
and transfer it to their respective households. If they do so, their depositors will with-
draw the remaining funds and force the bank into bankruptcy. Ultimately, this friction
creates an endogenous limit to the amount of deposits that households are willing to sup-
ply. Likewise, it constrains bankers’ ability to scale-up their balance sheet, resulting in
limits to arbitrage between short-term and long-term assets. In order to prevent a banker
from diverting assets, households keep their deposits at a bank only as long as the bank’s
continuation value is higher or equal to the amount that it can divert. This is captured by
the following incentive compatibility constraint

Vt ≥ λk,tQtKb,t + λbQb
t Bb,t − λCBLLq

t , (6)

where λ j for j ∈ {k, b} denotes the respective fraction of capital claims or government
bonds that the bank can divert. Following Dedola et al. (2013) and Gelain and Ilbas
(2017), we allow λk,t to be time-varying, following an AR(1) process in logs with mean
λk. Ultimately, this shock triggers variations in the divertibility of capital assets and can
be interpreted as variations in the trust that depositors have in the quality of banks’ capital
assets.
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In steady state, λk and λb are linked to the excess returns on capital claims and govern-
ment bonds over deposits. In our estimation, these excess returns are based on data for the
US treasury rate and the Gilchrist and Zakrajšek (2012) corporate spread. This results in
λk > λb, i.e., the collateral value of government bonds is higher than that of capital claims.
Finally, the last term in Equation 6 is due to the assumption that liquidity injections serve
to relax the incentive constraint of banks. The larger λCBL, the more effective central bank
liquidity will be in preventing fire sales.

To solve the bank problem, let an initial guess of the value function be of the form

Vt = νk,tQtKb,t + νb,tQb
t Bb,t + νn,tNt + νL,tL

q
t , (7)

where νk,t, νb,t, νd,t, and νL,t are time-varying coefficients. Maximizing (7) with respect to
Kb,t, Bb,t, and the Lagrangian multiplier on the incentive constraint, µt, subject to (6), yields
the following optimality conditions.11

νk,t = λk,t
µt

1 + µt
, (8)

νb,t = λb
µt

1 + µt
, (9)

QtKb,t =
νb,t − λb

λk,t − νk,t
Qb

t Bb,t +
νL,t + λCBL

λk,t − νkt
Lq

t +
νn,t

λk,t − νk,t
Nt. (10)

Intuitively, (10) states that banks’ demand for capital claims decreases in λk,t and λb, which
regulate the tightness of the incentive constraint. Central bank liquidity injections, Lq

t , on
the other hand, allow the banks to expand their demand for capital claims, hence sup-
porting aggregate investment and the buildup of production capacity. Verifying the initial
guess for the value function yields

νk,t = βEtΩt+1(Rk
t+1 − Rd

t ), (11)
νb,t = βEtΩt+1(Rb

t+1 − Rd
t ), (12)

νn,t = βEtΩt+1Rd
t (13)

νL,t = βEt

(
Ωt+1(Rd

t − RL
t ) + θρcbl

Λp,t+1

Λp,t

[
(1 + µt+1)νL,t+1 + µt+1λCBL

])
. (14)

11The constraint binds in the neighborhood of the steady state. For convenience, we make the assumption
that it is binding throughout all experiments.
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Ωt represents the banks’ stochastic discount factor and is given by

Ωt ≡
Λt

Λt−1

[
(1 − θ) + θ(1 + µt)νn,t

]
. (15)

Hence, the banks’ valuation of income streams increases with their survival probability, θ,
the tightness of their incentive constraint, µt, and the shadow value of net worth, νn,t.

2.3 Monetary policies and the ZLB
In response to the Great Recession, the Fed cut its policy rate to essentially zero. We

model conventional interest rate policy as a standard reaction function with the central
bank responding to deviations of inflation from its target, the output gap and its growth
rate. Moreover, in line with evidence reported by Caldara and Herbst (2019) we allow for
a response to fluctuations in corporate spreads.12 The policy rule is given by

Rs
t

Rn =

(Rs
t−1

Rn

)ρ[(Πt

Π

)ϕπ( Yt

Y∗t

)ϕy(
∆

( Yt

Y∗t

))ϕdy(Et[Rk
t+1]/Rd

t

Rk/Rd

)−ϕs]1−ρ

vr,t, (16)

where we refer to the unconstrained nominal policy rate Rs
t as the notional (or shadow) rate.

Y∗t denotes the potential output and ∆
( Yt

Y∗t

)
denotes the growth in the output gap. Parameter

ρ expresses an interest rate smoothing motive by the central bank over the notional rate
and ϕπ, ϕy, ϕdy, and ϕs are feedback coefficients.

Consistent with the observed data, we postulate a ZLB constraint for the nominal pol-
icy rate, formally given by

Rn
t = max

{
R̄,Rs

t

}
, (17)

which we take into account in our estimation procedure. For this purpose, R̄ denotes the
level at which the ZLB binds. The stochastic process vr,t follows an AR(1) in logs.

When the policy rate hit the ZLB in December 2008, the Fed started its large-scale
asset purchase program, under which it purchased different debt instruments in order to
suppress both credit and term premia. We distinguish between purchases of private (capi-
tal) securities and government bonds, both of which we assume to follow an AR(2) process

K̃cb,t =ρk,1K̃cb,t−1 + ρk,2K̃cb,t−2 + ϵQEK,t, (18)
B̃cb,t =ρb,1B̃cb,t−1 + ρb,2B̃cb,t−2 + ϵQEB,t, (19)

12The effects of including a response to an interest rate spread into the conventional monetary policy rule
are discussed, among others, by Carlstrom et al. (2017).
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where K̃t ≡
Kcb,t

PtYt
and B̃t ≡

Bcb,t

PtYt
denote, respectively, the central banks private security and

government bond purchases as a fraction of GDP. The advantage of an AR(2) process is
that it can capture the hump-shaped response of the asset purchases, thereby also ensur-
ing anticipation and stock effects at the moment the announcement was made. Finally,
liquidity injections are modeled as an AR(1) process

L̃t = ρcblL̃t−1 + ϵCBL,t, (20)

Similar to asset purchases, L̃ denotes central bank liquidity as percentage of GDP.

3 Estimation and Methodology

The fact that our sample includes a long episode in which the ZLB binds poses a host of
technical challenges. These are related to the solution, filtering and estimation of the model
in the presence of an occasionally binding constraint (OBC). While solution methods for
models with OBCs exists – as do nonlinear filters – the satisfactory combination of both
in the context of a large-scale DSGE model is computationally very expensive and was so
far deemed impossible. In this section, we first sketch the set of methods that allow us to
estimate such high dimensional models in the presence of a binding ZLB and then discuss
our choices with regard to the data.

3.1 Solution method
Throughout this paper, we apply the solution method for OBCs presented in Boehl

(2021). We refer to the original paper for details. The model is linearized around its
steady state balanced growth path and thereby implicitly detrended. Respecting the ZLB,
the original model with variable vector yt and shock vector εt can be represented as a
piecewise linear model with

N

∣∣∣∣∣∣ vt

wt−1

∣∣∣∣∣∣ + h max
{

p

∣∣∣∣∣∣Etvt+1

wt

∣∣∣∣∣∣ + m

∣∣∣∣∣∣ vt

wt−1

∣∣∣∣∣∣ , r̄
}
= Et

∣∣∣∣∣∣vt+1

wt

∣∣∣∣∣∣ , (21)

where

∣∣∣∣∣∣ vt

wt−1

∣∣∣∣∣∣ =
∣∣∣∣∣∣yt

εt

∣∣∣∣∣∣. wt−1 contains all the (latent) state variables augmented by the current

shocks, and vt contains all forward looking variables. N is the system matrix and r̄ is the
minimum value of the constrained variable rt (which is the nominal interest rate for our

purpose). The constraint is included with rt = max
{

p

∣∣∣∣∣∣Etvt+1

wt

∣∣∣∣∣∣ + m

∣∣∣∣∣∣ vt

wt−1

∣∣∣∣∣∣ , r̄
}

. Note that the

vector h contains the effects of rt onto all other variables. Then, denote by (k, l) ∈ N+0 the
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expected duration of the ZLB spell and the expected number of periods before the ZLB
binds.

It can be shown that the rational expectations solution to Equation (21) for the state s
periods ahead, (vt+s,wt+s−1), can be expressed in terms of wt−1 and the expectations on k
and l as

Fs(l, k,wt−1) =Nmax{s−l,0}N̂min{l,s} f (l, k,wt−1) + (I − N)−1(I − Nmax{s−l,0})hr̄ =

∣∣∣∣∣∣ vt+s

wt+s−1

∣∣∣∣∣∣ , (22)

where N̂ = (I − h ⊗ p)−1 (N + h ⊗ m) and

f (l, k,wt−1) =
{

vt : ΨNkN̂

∣∣∣∣∣∣ vt

wt−1

∣∣∣∣∣∣ = −Ψ(I − N)−1(I − Nk)hr̄
}
. (23)

Here, Ψ =
∣∣∣I −Ω∣∣∣ for vt = Ωwt−1 represents the linear rational expectations solution of

the unconstrained system as e.g. given in Blanchard and Kahn (1980).
Finding the equilibrium values of (l, k) must be done numerically. The crucial advan-

tage of the above representation over alternative methods such as Guerrieri and Iacoviello
(2015) is that the simulation of anticipated trajectories (and matrix inversions at runtime)
can be avoided when iterating over (l, k). This lends a reduction in computation time by
a factor of roughly 1500, which is necessary for our application. Ultimately, the resulting
transition function is a nonlinear state-space representation.13

3.2 Filtering and Estimation Method
Likelihood inference of models with an OBC requires a nonlinear Bayesian filter (e.g.

An and Schorfheide, 2007; Herbst and Schorfheide, 2019). Given the high dimensionality
of our model, the particle filter is not a feasible choice. The inversion filter used in Guerri-
eri and Iacoviello (2017) and discussed in e.g. Cuba-Borda et al. (2019) has the important
disadvantage that it is not a Bayesian filter and ignores uncertainty on the initial states
and the observations. This may not be a problem for small-scale models with only few
endogenous state variables and limited endogenous persistence (as studied in Atkinson
et al., 2020; Cuba-Borda et al., 2019). In that case, the respective misspecification of the
likelihood is justifiable because observables are assumed to be mainly driven by time-t
exogenous shocks and static cross-equation restrictions. However, the high dimensional-
ity of our model and the dynamic endogenous persistence of our state space renders the
inversion filter invalid for our case.

13The Python-implementation of the tools used for our analysis is freely available at https://github.
com/gboehl/pydsge.
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To bridge this gap, Boehl and Strobel (2020, henceforth BS) introduce the Ensemble
Kalman Filter (EnKF, Evensen, 1994) which can be understood as a hybrid of the particle
filter and the Kalman filter. The EnKF is initialized by sampling an ensemble of particles
from the initial distribution at t = 0. For each transition from t − 1 to t, instead of re-
sampling (particle filter), the EnKF applies statistical linearization to update the time-t
state estimate, (which again is represented by the ensemble) to match each new observation
vector. This allows us to efficiently approximate the distribution of states for large-scale
nonlinear systems with only a few hundred particles instead of several million or billion,
as with the particle filter, which is computationally advantageous.14 For a more detailed
discussion of the properties of the EnKF, see BS and Katzfuss et al. (2016). To obtain the
smoothed/historic shock innovations, we use a nonlinear path-adjustment smoother for
high-dimensional nonlinear models, which is also proposed by BS.

We sample from the posterior distribution using a tempered version of the differential
evolution Monte Carlo Markov chain method (ter Braak, 2006; ter Braak and Vrugt, 2008,
DE-MCMC).15 The DE-MCMC sampler is a subclass of ensemble MCMC methods. In-
stead of using a single Markov chain (as e.g. the Metropolis algorithm), such ensemble
samplers use a large number of chains (also called ensemble). Proposals for each iteration
are generated based on the state of the previous ensemble instead of an explicit proposal
distribution. The DE-MCMC sampler is hence self-tuning and the ensemble structure
makes massive parallelization straightforward. This is particularly important as both the
simulation and the filtering step are computationally expensive. The combination of DE-
MCMC with a tempering scheme inspired by Cai et al. (2020) has the advantage that it
is very robust to local maxima and odd-shaped or bimodal distributions.16 Finally, note
that while ensemble MCMC methods are rather unknown to the econometrics community,
those methods are widely used in the natural sciences.17

14For all estimations and for the numerical analysis, we use an ensemble of 400 particles. This number is
chosen to minimize sampling errors during likelihood inference. For the same reason we sample the initial
distribution of states from quasi-random low-discrepancy series (e.g. Niederreiter, 1988). For our model, the
evaluation of the likelihood for one parameter draw then would take about 2 seconds on a single CPU.

15We employ the Python package emcee provided by Foreman-Mackey et al. (2013) at https://

github.com/dfm/emcee. The implementation of the tempering scale is a straightforward extension dis-
cussed in the Appendix B.

16We initialize the posterior ensemble with 200 draws sampled from the prior distribution. We then use
11 temperature stages with each 200 iterations. We then let the sampler run 3500 iterations, of which we
keep the last 500 ensembles. Our posterior parameter distribution is thus represented by 500 × 200 = 10000
parameter sets. The full estimation is conducted on a machine with 40 Intel Xeon E5 CPUs and 32 GB RAM
and takes about 6 hours.

17At the time of writing, Foreman-Mackey et al. (2013) have accumulated more than 5600 citations on
Google scholar.
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Figure 1: Unconventional monetary policy measures: The Fed’s balance sheet expansion.
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See Appendix A for more details on their construction.

3.3 Data and calibration
In order to quantify the effects of LSAPs and liquidity injections undertaken in the

aftermath of the GFC, we estimate our model on quarterly data from 1998:I to 2019:IV.
Importantly, and different to earlier papers that also study the effects of LSAPs, we include
the ZLB period and data on the Fed’s balance sheet in our nonlinear estimation procedure.
The start of the sample for our baseline estimation is chosen at a later point in time. We do
so in order to adequately capture the current low interest rate environment and potential
structural changes in the economy, like a flatter Phillips curve and changes in the financial
system. The inclusion of the 2008–2019 data is key for the proper identification of the
effects of QE. This is intuitive, given that the shift of steady state measures such as the
labor and profit share is well-documented (c.f. Karabarbounis and Neiman, 2014; Barkai,
2020). It is also hard to argue that the nature of shocks – captured by the parameters of
exogenous processes – does not change over time. We discuss variations to the sample,
that is, estimations with samples that date back to the early 80s, in Section 5.4.
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We use a total of eleven observables in the estimation. This includes the real per capita
growth rates of GDP, consumption, and investment, real wage growth, a measure of labor
hours, the GDP deflator, and the Federal Funds Rate (FFR).18 As a measure of the credit
spread, we include the Gilchrist and Zakrajšek (2012, henceforth GZ) spread as quarterly
rates. The latter is an average credit spread on corporate bonds, very similar to Moody’s
BAA spread, yet it considers the entire spectrum of credit ratings from “single D” to “triple
A”.

For the unconventional monetary policies, we use three observables that we feed into
the model as the stock of exogenous policy shocks. First, we take 10-year equivalents of
the Fed’s US Treasury holdings divided by nominal GDP as measure for the Fed’s gov-
ernment bond purchases. Second, we sum up the current face value of mortgage-backed
securities and federal agency debt securities held by the Fed, both as a fraction of nominal
GDP, and use it as a measure for purchases of private capital securities. Although partly
government-guaranteed, agency debt carries some credit risk similar to MBS. As such,
these purchases map into the capital claims of our model, which are also private securi-
ties that carry a credit risk. Third, to measure the Fed’s emergency liquidity injections in
2008/09, we add – in line with Fleming (2012) – the central bank liquidity swaps, the net
portfolio holdings of the Commercial Paper Funding Facility, the term auction credit and
other loans held by the Fed, all as a fraction of nominal GDP. The latter mainly includes
the Asset-backed Commercial Paper Money Market Mutual Fund Liquidity Facility and
the Primary Dealer Credit Facility. Figure 1 shows those three time series.

To facilitate the nonlinear filtering, we assume small measurement errors for all vari-
ables with a variance that is 0.01 times the variance of the respective time series. Since
the Federal Funds rate is perfectly observable, we divide the measurement error variance
here again by 100. The measurement equations and a detailed description of the data are
delegated to Appendix A.

Finally, we fix several parameters prior to estimating the others. In line with SW,
we set the depreciation rate to δ = 0.025, the steady state government share in GDP
to G/Y = 0.18, and the curvature parameters of the Kimball aggregators for prices and
wages to ϵp = ϵw = 10. The steady state wage markup is set to λw = 1.1. We set the
decay factor for government bonds to 0.975, which implies an average maturity of 40
quarters consistent with our data of 10-year equivalents. The quarterly coupon is set to
0.04. Lastly, we calibrate the empirical lower bound of the nominal interest rate for the
U.S. to 0.05% quarterly. Setting it exactly to zero would imply that the ZLB never binds in

18We follow Justiniano et al. (2011) and add durable goods consumption into investment. Doing so
increases the volatility and pro-cyclicality of the investment series, both which are preferred by the data
leading to a notably higher marginal data density.
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our estimations, as the observed FFR remained strictly above zero. Our choice maintains
that the ZLB is considered binding throughout the period from 2009:I to 2015:IV.

4 Estimation

Tables 1 and 2 show our priors and posterior estimates. Estimates for the parameters
that govern the exogenous shock processes can be found in Appendix D and the conver-
gence plots and statistics are delegated to Appendix N. The priors for the parameters that
pertain to the real economy are chosen in line with SW – which forms the backbone of our
model.19 Our estimates of these parameters are closely aligned with those from Boehl and
Strobel (2020, BS), who estimate variations of the SW model using the same methodology
and sample as we do here. As in BS, the posterior mean of the coefficient of relative risk
aversion, σc is slightly below unity. The finding of σc being close to one (and well below
the prior mean) is widely shared in the literature (see e.g. SW, Gelain and Ilbas, 2017;
Kulish et al., 2017). The mean of the investment adjustment costs parameter, S ′′ = 7.185,
is rather high compared to the values slightly above 5 that are often found in the estima-
tions of standard medium-scale models (see e.g. Kulish et al., 2017, BS, SW). We explain
our high estimate with the presence of financial shocks and frictions in the banking sector,
which amplify the fluctuations in funding costs of investment, and ultimately increase the
volatility of investment. To match the observed data series for investment, this requires a
relatively larger investment adjustment costs. Both price and wage Phillips curves are es-
timated to be quite flat, with the estimated Calvo parameters of ζp = 0.831 and ζw = 0.76,
in line with BS and Kulish et al. (2017). The estimated feedback coefficient of the interest
rate rule to movements in the excess premium on capital assets, ϕs = 0.144, is of similar
magnitude as the feedback coefficients for the level and growth of the output gap. Esti-
mates of the latter parameters as well as those for the inflation response and the interest
rate smoothing ϕπ and ρ respectively, match the estimates in BS.

For the steady state leverage of financial intermediaries, LEV , we use a Gaussian prior
centered around 3 with a standard deviation of 1. Intuitively, a high LEV implies a high
initial vulnerability of the financial system to shocks that affect its asset prices or funding
costs. Conversely, it also implies that the small steady state net worth, which is associated
with a high leverage, will be replenished (reduced) faster by increased (compressed) excess
returns on banks’ assets, such that the financial system reverses more quickly to its original
state. Depending on the nature of the shock, this can come either with an amplification

19In contrast to Gust et al. (2017), the computational efficiency of our approach allows us to use the same
priors as in SW. As only exception, we follow Kulish et al. (2017) and BS in opting for a tight prior for the
common trend, γ. This prevents that the Great Recession induces an unrealistically low estimate of the trend
growth rate.
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or an attenuation of the effects of financial shocks to the real economy. As we are not
aware of prior estimates of this parameter in the context of a structural model, we opt for
choosing a rather wide prior.20 Our posterior distribution of LEV is centered around the
prior mean, albeit with a notably smaller standard deviation. For θ, the survival rate of
bankers, we choose a beta distribution for the prior with a mean of 0.95, corresponding to
an expected time horizon of the bankers of 5 years. This value is only slightly below the
value of 0.972 in GK, but the standard deviation of 0.05 allows for significant departures
from the prior mean. Generally, a higher θ is associated with a higher stochastic discount
factor of financial intermediaries and therefore shapes the persistence of the effects of QE
shocks. For θ, our results suggest that the data favors a relatively small value. The wide
prior for λCBL, the sensitivity of the incentive constraint to central bank liquidity injections,
reflects our agnostic approach to the effects of these programs. For λCBL = 0, liquidity
injections have no effect at all. In fact, the estimate for λCBL of 0.149 is quite low, allowing
only for limited effects of the Fed’s liquidity provision program. For the steady state term
premium, which measures the excess return of long-term government bonds over deposits
in our model, we choose a prior mean of 0.5, which is close to the average (quarterly)
10-year term premium since the 1980s as estimated by Adrian et al. (2013). Lastly, we use
information from the GZ-spread to form our prior and to estimate spread, which, in our
model, marks the excess return of capital assets over government bonds.

20Villa (2016) estimates a version of the model by Gertler and Karadi (2011) on US data, but calibrates
LEV and θ to fixed values.
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Table 1: Estimation results for the baseline model: parameters for the real economy

Prior Posterior

dist. mean std mean std 5% 95%

σc CRRA normal 1.500 0.375 0.938 0.073 0.816 1.054

σl Labor supply normal 2.000 0.750 0.858 0.283 0.361 1.264

βtpr Discount factor gamma 0.250 0.100 0.193 0.063 0.097 0.296

h Habit beta 0.700 0.100 0.838 0.027 0.800 0.879

S ′′ Inv. adj. cost normal 4.000 1.500 7.185 0.897 5.629 8.526

ιp Price indexation beta 0.500 0.150 0.240 0.078 0.102 0.357

ιw Wage indexation beta 0.500 0.150 0.422 0.124 0.209 0.617

α Capital share normal 0.300 0.050 0.236 0.014 0.210 0.258

ζp Price Calvo beta 0.500 0.100 0.831 0.046 0.763 0.910

ζw Wage Calvo beta 0.500 0.100 0.760 0.037 0.703 0.821

Φp Fixed cost normal 1.250 0.125 1.411 0.086 1.270 1.563

ψ Capital utilization beta 0.500 0.150 0.768 0.071 0.651 0.880

ϕπ Taylor rule: inflation normal 1.500 0.250 1.412 0.262 1.001 1.843

ϕy Taylor rule: gap normal 0.125 0.050 0.202 0.032 0.149 0.253

ϕdy Taylor rule: growth normal 0.125 0.050 0.169 0.040 0.107 0.239

ϕs Taylor rule: spread normal 0.125 0.050 0.144 0.039 0.083 0.211

ρ Taylor rule: smooting beta 0.750 0.100 0.823 0.030 0.776 0.872

γ Trend growth normal 0.440 0.050 0.303 0.051 0.238 0.405

π ME constant: inflation gamma 0.625 0.100 0.557 0.068 0.438 0.664

l ME constant: labor normal 0.000 2.000 1.510 0.602 0.573 2.442

Note: All prior distributions are characterized by their mean and standard deviation. ME
constant refers to the constant term in the respective measurement equation.
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Table 2: Estimation results for the baseline model: parameters for the financial sector and QE.

Prior Posterior

dist. mean std mean std 5% 95%

κτ Tax rule gamma 0.300 0.100 0.331 0.082 0.188 0.459

κ Portfolio adj. cost gamma 2.000 4.000 0.572 2.274 0.027 0.152

LEV stst. leverage normal 3.000 1.000 3.108 0.526 2.291 4.073

θ banker’s survival rate beta 0.950 0.050 0.823 0.045 0.751 0.898

λcbl inc. constraint: liquidity gamma 3.000 3.000 0.149 0.124 0.000 0.313

termspread stst. term spread gamma 0.500 0.100 0.548 0.105 0.379 0.712

spread stst. spread normal 0.500 0.100 0.468 0.073 0.349 0.582

ρcbl AR(1) liquidity prov. beta 0.500 0.200 0.720 0.047 0.646 0.798

rootb,1 AR(2) QE gov. bond beta 0.500 0.200 0.883 0.064 0.789 0.977

rootb,2 AR(2) QE gov. bond beta 0.500 0.200 0.899 0.059 0.810 0.982

rootk,1 AR(2) QE capital beta 0.500 0.200 0.891 0.052 0.808 0.965

rootk,2 AR(2) QE capital beta 0.500 0.200 0.872 0.058 0.781 0.960

σcbl Std. dev. liquidity prov. inv. gamma 0.100 0.250 0.717 0.046 0.642 0.795

σqeb Std. dev. QE gov. bond inv. gamma 0.100 0.250 0.239 0.025 0.197 0.281

σqek Std. dev. QE capital inv. gamma 0.100 0.250 0.272 0.022 0.235 0.307

Note: All prior distributions are characterized by their mean and standard deviation. stst.
refers to steady state.
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5 Quantitative Results

This section presents our quantitative results regarding the unconventional policy mea-
sures that the Fed undertook to support the financial system and to further ease the mone-
tary stance once the ZLB was reached. In Section 5.1, we use counterfactual experiments
to investigate the macroeconomic effects of the LSAPs through the lens of our estimated
model. We then examine the mechanisms that drive the disinflationary effect of these
measures in Section 5.2, and link the price response to the decrease in consumption in
Section 5.3, before discussing several robustness exercises in Section 5.4. Additionally,
Appendix F provides historic shock decompositions of key variables. These decompo-
sitions suggest that the major share of the GFC was caused by strong and long-lasting
risk premium shocks. Shocks on the marginal efficiency of investment or shocks to the
quality of banks’ capital assets only play a minor role. The model-implied ZLB durations
are discussed in Appendix G. Notably, while we do not target any empirical estimates of
ZLB spell durations (as e.g. Kulish et al., 2017) our estimates match respective expected
durations from survey data surprisingly well.

5.1 The Effects of the QE Measures
We quantify the effect of the Fed’s balance sheet operations – isolated for each in-

strument – by means of counterfactual simulations, which are summarized in Figures 2
and 3. In the left panels, the dashed lines indicate the mean of the respective smoothed
time series. The shaded areas correspond to simulated counterfactual series without the
balance sheet policies. All series are shown in percentage deviations from their respective
balanced growth path. The right panels show the median net effect of the policy measures
(in percent), cumulatively by adding one measure at a time.

When interest rates approached the ZLB in last quarter of 2008, the Fed started pur-
chasing private securities in order to further ease financing conditions. These holdings
reached 9.7% of GDP in 2015 when the Fed halted its purchases. The security purchases
consisted largely of mortgage-backed securities (MBS), but also included the (much)
smaller and more short-lived purchases of Federal agency debt.

The differences between the solid lines and the dashed-dotted lines in the right-hand
side panels in Figures 2 and 3 indicate that the effects of these private capital security pur-
chases were substantial, raising investment and output by up to 5.2% and 0.3%, respec-
tively. Compared to estimates from the SVAR literature, the estimated effects on output lie
close to e.g. Gambacorta et al. (2014), but below Baumeister and Benati (2013). The effect
persisted over roughly six years before gradually dissipating. The high persistence of the
effects of the LSAPs is captured by the high persistence of the AR(2) process, with all es-
timated roots around 0.9. In the model, capital security purchases basically reflect central
bank intermediation (see GK), which effectively compressed credit spreads. The resulting
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broad appreciation of asset prices via the no-arbitrage conditions bolsters banks’ balance
sheets and increases their net worth; an effect Brunnermeier and Sannikov (2016) call a
“stealth recapitalization” of banks. The increase in banks’ net worth, in turn, additionally
stimulates banks’ to purchase treasuries via the portfolio rebalancing channel, thus further
lowering the term premium (see e.g. Gagnon et al., 2011; d’Amico et al., 2012).

Notwithstanding the positive effects of LSAPs on economic activity, we observe an
inconvenient effect of private security purchases on inflation and, concomitantly, on con-
sumption. Our counterfactual suggests that the annualized inflation rate would have been
0.5% higher in the absence of private security purchases. The resulting drag on inflation
then implies an increase in the real deposit rate at the ZLB, which depresses consumption
by -0.8%. In line with this result, earlier empirical studies including e.g. Gambacorta
et al. (2014) for the UK, or Wu and Xia (2016) for the US, already point to a negative
(cumulative) effect of QE on inflation. Similarly, Carlstrom et al. (2017) report a fall in
consumption in response to a QE shock. Section 5.2 lays out the channels leading to the
disinflationary effect and associated fall in consumption.

By the end of 2010, the Fed also embarked in large-scale purchases of treasury bonds
in its second round of QE, which – after a short pause – was extended in September 2012
by the QE3 program. The government bond holdings of the Fed reached close to 17%
of GDP in terms of 10-year equivalents in 2014. According to our estimates, the duration
risk extracted through treasury purchases compressed the 10-year term premium by around
36bps and, together with MBS purchases, by around 102bps at the end of 2015. This es-
timate is well-aligned with an estimated 100-114bps fall by the end of 2015 reported in
the term structure literature (Abrahams et al., 2016; Ihrig et al., 2018). In line with earlier
studies, we find that purchases of riskier assets were more effective in compressing the
excess return on capital assets than purchases of government bonds. As such, MBS pur-
chases compressed the excess return by up to 52bps, whereas Treasury purchases, despite
their larger volume, reached only a peak effect of 28bps.21 This translates into a weaker
response of investment and ultimately output. Our counterfactual analysis suggests that
treasury purchases lifted GDP by 0.2% in 2014 ( dash-dotted line in Figures 2 and 3).
Again, this effect was driven by an increase in investment of about 3.5%. Similar to the
MBS purchases, however, the effect on aggregate consumption is negative with a decline
of 0.6% as government bond purchases also reduced inflation by another -0.4%.

Finally, to address elevated pressures in short-term funding markets at the onset of

21Krishnamurthy and Vissing-Jorgensen (2011), for instance, find that the default risk premium for cor-
porate bonds fell in response to QE1, thus lowering corporate bond yields. Relatedly, Caballero and Farhi
(2018) show that central bank purchases of risky assets (in contrast to save government bonds) in a swap for
safe assets (central bank reserves) can boost the economy and lower risk premia.
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the GFC, the Fed also initiated a number of programs to provide liquidity.22 We cap-
ture these programs under the umbrella of (emergency) liquidity provisions (denoted here
as CBL). In our model, they trigger a relaxation of the banks’ financial constraint and
are thus associated with a broad increase in banks’ supply of credit (c.f. Equation (10)).
These measures, depicted in dashed in Figures 2 and 3, prevented a sharp rise in the credit
spread, which otherwise would have increased another 113 basis points in the beginning
of 2009. Despite this large effect on financial conditions, however, the effect on output is
negligible. Our findings contrast those of Del Negro et al. (2017), who report large effects
of liquidity injections on the real economy. A potential reason for this discrepancy is the
high persistence of the liquidity shock in their model. With our low mean estimate for the
persistence parameter of the liquidity shock, ρcbl = 0.72, the effects of liquidity injections
were relatively short-lived, which dampens the effect through the expectations channel.

5.2 The disinflationary effect of Quantitative Easing
At a time when inflation was still depressed by the persistent effect of the GFC, the QE

measures exerted additional downward pressure on the price level. These disinflationary
effects were particularly pronounced close to the end of the Fed’s balance sheet expan-
sion in 2014, when they jointly reduced the (annualized) inflation rate by 0.9%, with the
maximum effect in the 95% credible set even reaching 1.6%. The main goal of QE in the
US was to create favorable financing conditions and to stimulate lending.23 Nonetheless,
our finding of a disinflationary effect of QE is highly policy relevant as in the US, LSAPs
create a trade-off for policymakers between the stabilization of prices and employment.

As we show below, this result reflects the underlying macroeconomic data and is not
a build-in feature of our model. Figure 4 plots the prior and posterior impulse response
functions to an impulse in private security purchases.24 Focusing on the inflation response,
the prior suggests a positive mean effect on (annualized) inflation peaking at 0.15%, with
the 95% credible set including a peak effect of around 2.5%. Thus, our prior implies
that an easing of borrowing conditions for firms stimulates aggregate investment and, ul-
timately, demand. Higher aggregate demand, in turn, increases factor demand, thereby
raising factor prices. Elevated marginal costs are, over time, passed on to consumers in
form of higher prices. Higher inflation further lowers real interest rates, which amplifies

22As discussed in Appendix F, our analysis attributes the Great Recession by and large to contractionary
risk premium shocks, which raise the required return on bank deposits and can be interpreted as shocks to
bank’s short-term funding.

23See the Fed’s statement from November 25th, 2008.
24For impulse response functions of government purchases and the measures of liquidity provision, the

reader is referred to Appendix E.

23

https://www.federalreserve.gov/newsevents/pressreleases/monetary20081125b.htm


the initial increase in aggregate demand. Such effects also prevail in all common models
of QE, including the original GK framework, which is a blueprint for our model.

According to the posterior response functions, however, the data favors a stronger
role for supply side effects in determining the response of inflation. Different to conven-
tional interest rate policy, QE lowers long-term rates primarily through a compression of
term and credit risk premia as opposed to the expectations component. As noted in Kiley
(2018), this has important implications for the effect on aggregate demand.25 To see this,
note that LSAPs can be interpreted as an expansionary financial shock that loosens banks’
balance sheet constraints and thus increases the supply of credit. At the same time, the
fall in the borrowing rate due to the compression of term and credit risk premia increases
credit demand. The result is a strong increase in investment. The associated rise in the
capital stock allows firms’ to reduce their rate of capital utilization. The latter lowers their
marginal costs and, ultimately, puts downward pressure on prices.

More formally, total production in our model is described by a standard Cobb-Douglas
function of the form Yt = F(Zt, Lt, K̄t), where K̄t is the effective capital in period t. Since –
in equilibrium – the marginal costs of production are linked to the marginal factor products,
at first order, it holds for marginal costs, mct, that

mct = (1 − α)wt − zt + α mpkt, (24)

with variables in small letters denoting percentage deviations from their respective steady
state. Marginal costs increase in real wages wt and the marginal product of effective cap-
ital, mpkt, while they decrease in total factor productivity, zt. As in SW, we additionally
allow firms to adjust their utilization rate of capital. That is, each period firms take their
capital stock as given and decide over the utilization rate, Ut, such that the effective capital
is given by K̄t = UtKt−1. The costs for changes in the utilization rate are described by
a function Ψ(Ut) that increases in deviations of Ut from its steady state value. Thus, the
marginal product of effective capital, mpkt, depends on the capital utilization rate and can,
up to a first-order approximation, be expressed as

mpkt =
ψ

1 − ψ
ut, (25)

where ψ ∈ (0, 1) depends positively on the elasticity of the capital utilization adjustment
cost function. In this setting, the estimate of ψ governs the extent to which an increase of

25In our estimated model, demand-side effects still dominate for conventional monetary policy shocks
through their direct effect on households’ consumption-savings decision. See Appendix H for a more de-
tailed discussion.
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capacity lowers the utilization rate and weighs on marginal costs.
For illustrative purposes, let us picture the central bank asset purchases as an exoge-

nous increase of the capital stock. With aggregate demand given, an increase in the capital
stock will mechanically lower the marginal product of effective capital and, correspond-
ingly, the utilization rate.26 Ceteris paribus, this directly translates into lower marginal
costs and, in turn, prices and inflation via the New Keynesian Phillips curve. If such an
increase in investment comes at the cost of aggregate consumption, this further supports a
decline in wages via the wealth effect on the labor supply, thereby adding to the downward
pressure on inflation.

The data strongly favors a role for the capacity channel that shapes a disinflationary
effects of QE. With ψ = 0.768, the mean estimate of the rigidities in the adjustment of
the utilization rate is well above the prior mean of 0.5. As implied by Equations (24)
and (25), a higher ψ strengthens the link between the utilization rate and marginal cost,
thereby increasing the sensitivity of inflation to changes in the capital stock resulting from
shocks to the central bank’s private asset purchases. This cost channel of QE is similar to
a mechanism identified by Acharya et al. (2020), who find that cheap credit to impaired
firms has a disinflationary effect by creating excess production capacity.

The magnitude of the effects of LSAPs on investment – and in turn on the build-up
of excess production capacity that ultimately cause the fall in inflation – also depends
on our estimates of the financial parameters. Our estimate of the steady state leverage
ratio LEV slightly above 3 is rather low compared to the leverage ratios of some financial
institutions during the 2008 crisis. However, as in Gertler and Karadi (2011), it captures
an average over financial (bank and non-bank) as well as non-financial firms. Higher
values of LEV are associated with a relatively attenuated expansion of investment and
output in response to LSAPs. To understand this, note that LSAPs first raise asset prices
and strengthen banks’ net worth. This is followed by a persistent compression of excess
returns, undoing the previous gains (see Equation (4)). For a high asset-to-net worth ratio,
the reduced profitability of banks’ assets cuts faster into the banks net worth and the gains
in the financial sector are only short-lived. This attenuates the investment response. With
a reduced expansion of the capital stock, the supply side effect of the capacity channel is
effectively dampened as well. Still, the disinflationary effect of LSAPs holds even for high
values of LEV .

Lastly, the estimate of survival probability of banker, θ, is well below its prior mean.
Bankers’ effectively shorter time horizon dampens the impact of any reduction in future

26While accounting for variable capital utilization enhances the model’s realism, note that the additional
margin of adjustment for firms is not strictly needed for the disinflationary effect, as the increasing capital
stock already affects marginal cost via the marginal cost Equation (24).
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profitability in the wake of QE on their lending behavior. Consequently, the low estimate
of θ supports the stimulating effect of LSAPs on aggregate investment and the build up of
excess production capacity.27

5.3 The decrease in consumption
The dominance of the supply side effects of QE on inflation is closely linked to the

negative response of aggregate consumption which is determined by the Euler equation
inherited from SW

ct =
h/γ

(1+h/γ)ct−1 +
1

1+h/γEtct+1 +
(σc−1)(WhL/C)
σc(1+h/γ) (lt − Etlt+1) − (1−h/γ)

(1+h/γ)σc
(rn

t − Etπt+1 + vu,t). (26)

27Next to the parameters pertaining to endogenous mechanisms, the persistence of the estimated QE-
processes supports the disinflationary effect. Conversely, as illustrated in Appendix J, a high persistence
in the AR(2) processes for QE does not suffice on its own to generate disinflationary effects of QE. The
persistence of the QE processes affects the size of the QE effects in our analysis, yet not their direction. This
is in contrast to Gödl-Hanisch et al. (2021), who provide a detailed discussion of how the time profile of QE
determines the output response.
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According to Equation (26), consumption is driven by the real interest rate and – due
to the non-separability in the utility function – by fluctuations in hours worked, lt. With the
nominal rate, rn

t , at the ZLB, the disinflationary effect of QE implies an increase in the real
rate on households’ savings in deposits and therefore puts pressure on consumption. Hours
worked increase in step with aggregate output. The effects of both channels are shaped by
our estimate of the coefficient of relative risk aversion, σc which is below unity and well
below its prior mean. This strengthens the effect of the real rate on consumption. It also
implies that the future mean reversion in labor hours puts further pressure on consumption.
In that constellation, sticky wages contribute to the decline in consumption by increasing
the swings in hours worked and dampening the cost-pressure on prices; habit formation
lends it persistence. Figure 5 illustrates that if σc would remain at its prior mean, an
expansion in the Fed’s capital asset holdings, through its effect on the real rate, would
initially trigger a short-lived decline of consumption, followed by a increase well above its
initial level due to a rise in labor hours. In contrast, the low estimate of σc again confirms
that the negative QE effects on consumption and inflation in our model are driven by the
data.
5.4 Robustness

In this section, we briefly discuss the robustness of our main results with respect to
some of the choices in the design of our analysis. Further details are delegated to our
Online Appendix.

Endogenous QE. The potentially stabilizing effects of rule-based large-scale asset pur-
chases have received some attention in the literature (Ellison and Tischbirek, 2014; Kiley,
2018; Sims and Wu, 2020, 2021). Following Sims and Wu (2020, 2021), we replace the
fully exogenous processes for both type of central bank asset purchases by separate en-
dogenous QE rules, which are only active when the nominal rate is at the ZLB. As in the
conventional Taylor rule, we allow for responses of LSAPs to inflation, output gap mea-
sures and the credit spread. Details are delegated to Appendix I. Our estimation results
confirm that the negative effect on prices and the positive effect on aggregate output via
investment are robust to the modeling of QE as endogenous feedback rules. Whereas the
observed private security purchases can indeed be explained by variations in the state of
the economy, the series of government bond purchases is largely driven by bond purchase
shocks, implying that its representation by an exogenous process is a good approximation.

Sample Choice. We repeat our benchmark analysis for an extended sample from 1983:I
to 2019:IV that covers the Great Moderation in Appendix K. This exercise confirms our
main results. In contrast, when we estimate the benchmark model on pre-crisis data only
(1983:I-2008:IV), the deflationary effect of LSAPs disappears (see Appendix J). This un-
derscores that the discrepancy between our result and those in previous studies derived
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from models that were either calibrated or estimated only on pre-crisis data (e.g., Gertler
and Karadi, 2011; Chen et al., 2012; Carlstrom et al., 2017) can largely be explained by
the sample choice. Overall, this exercise emphasizes that the parameter estimates and
hence the model dynamics are crucially determined by the sample that is employed in the
estimation of the structural model. Omitting the decade in which unconventional mon-
etary policies were actually conducted, thus opens the door for misleading conclusions
regarding the effects of quantitative easing on the real economy.

Further Model Versions. We investigate the effects of QE in a model that includes bor-
rowing households, which finance their expenditures through bank loans (or mortgages),
in Appendix L. This exercise is motivated by the fact that in the benchmark model, all
agents are savers. However, a fraction of US households are net borrowers and likely
profited from decreasing loan or mortgage rates in the wake of QE as documented in Di
Maggio et al. (2020).28 We document that the QE effect on output is larger than in the
benchmark model, peaking at around 1%. This can be traced back to the increase of con-
sumption by borrowers, for which QE lowers their refinancing costs. The disinflationary
effect of QE, however, remains in this model version with inflation falling about 0.7%.
Overall, our main results are robust to the inclusion of borrowing households.

In addition, we estimate a model version in which we replace the risk premium shock
by the capital quality shock proposed in Gertler and Kiyotaki (2010). This alters the
interpretation of the GFC, which is no longer explained by the risk premium shock but
instead by a combination of shocks. Our main results regarding the effects of QE remain,
however, robust.

28Di Maggio et al. (2020) present evidence that households, which refinanced their mortgages during
QE1, and hence faced reduced mortgage payments, spent a notable fraction of their interest rate savings on
durable consumption.
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Figure 2: Counterfactual simulations without the balance sheet policies and their cumulative net effects

Note: Left panels show the paths of key variables after the GFC (dashed lines) and
counterfactual simulations without liquidity provisions (dark shade), and treasury
purchases (grey), and MBS purchases (light-grey). The right panels show the cumulative
net effects of liquidity injections (dashed lines) plus treasury purchases (dashed-dotted)
plus MBS purchases (solid) with 95 % credible sets. Variables are shown in percentage
deviations from the balanced growth path. Results are obtained from 2000 simulations
drawn from the posterior. ZLB durations are determined endogenously given the shocks
for every simulated draw.
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Figure 3: Counterfactual simulations without the balance sheet policies and their cumulative net effects

Note: Left panels show the paths of key variables after the GFC (dashed lines) and
counterfactual simulations without liquidity provisions (dark shade), and treasury
purchases (grey), and MBS purchases (light-grey) with 95 % credible sets. The right
panels show the cumulative net effects of liquidity injections (dashed lines) plus treasury
purchases (dashed-dotted) plus MBS purchases (solid). Variables are shown in
percentage deviations from the balanced growth path. Results are obtained from 2000
simulations drawn from the posterior. ZLB durations are determined endogenously given
the shocks for every simulated draw.
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Figure 4: Impulse response functions of a shock to private security purchases

Note: Posterior (dashed line, light-grey shades) and prior (solid line, dark grey shades)
impulse response functions with respective 95% credible sets based on 2000 draws.
For each draw, the strength of the shock is chosen such that the peak of the corresponding
stochastic process matches the peak of the empirical time series. See Appendix M for
details. Prior draws are adjusted for high autoregressive coefficients which can be
identified independently from the model. with mean/std of 0.9 and 0.05 Annualized
measures where applicable.
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Figure 5: Impulse response functions to a shock of capital securities purchases for different σc

Note: Posterior mean impulse responses in solid line with 95% credible set obtained from
2000 draws from the posterior distribution. Dashed line: impulse responses at the
posterior mean with σc = 1.5 at its prior mean. For each draw, the strength of the shock is
chosen such that the peak of the corresponding stochastic process matches the peak of the
empirical time series. See Appendix M for details. Annualized measures where
applicable.
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6 Conclusion

After several years of recovery from the Global Financial Crisis, the Fed embarked
again in large-scale asset purchases once the policy rate reached the ZLB in spring 2020.
Using a nonlinear Bayesian likelihood approach that fully accounts for the ZLB on nomi-
nal interest rates, we are the first to provide a structural investigation of the macroeconomic
effects of QE. Our large-scale New Keynesian model includes several channels for QE to
have macroeconomic effects and is estimated over a sample that covers data until 2019.

According to our results, the QE programs in the aftermath of the GFC caused a dis-
inflationary effect of roughly 0.9 percent, as the expansion of the production capacity
relative to a scenario without QE, triggered by a net increase in investment of around 8
percent, lowered the marginal cost of firms. Thus, different to conventional monetary pol-
icy, the supply side effects of LSAPs dominate their aggregate demand effects. We call this
the cost channel of quantitative easing. With aggregate consumption contracting, LSAPs
raised output only by roughly 0.4 percent. Our results are robust across different model
versions and to the specification of QE as exogenous or endogenous.

Our finding of a disinflationary effect of QE is highly policy relevant. In the US,
LSAPs create a trade-off for policymakers between stabilizing prices and employment.
For the Euro Area, the result may be even more pressing as its Asset Purchase Programme
was explicitly undertaken with the goal to stabilize inflation and inflation expectations at
a time when fears of deflation surged. In times when central banks in developed coun-
tries review the robustness of their monetary policy strategies against the backdrop of a
higher likelihood of future ZLB episodes, our novel results provide a useful guidance of
the macroeconomic effects of large-scale asset purchases.
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Appendix A Data

The following measurement equations are used:

Real GDP growth = γ + (yt − yt−1),
Real consumption growth = γ + (ct − ct−1),

Real investment growth = γ + (it − it−1),
Real wage growth = γ + (wt − wt−1),

Labor hours = l + lt,

Inflation = π + πt,

Federal funds rate = (
π

βγ−σc
− 1) ∗ 100 + rt,

GZ-spread = spread + Et [̃rk
t+1 − rt],

Gov. bonds purchases = bcb,t,

Corp. bonds purchases = kcb,t,

Liquidity injections = lq
t .

The observables are constructed as follows:

• GDP: ln(GDP/GDPDEF/CNP16OV ma)*100

• CONS: ln( (PCEC-PCEDG) / GDPDEF / CNP16OV ma)*100

• INV: ln( (GPDI+PCEDG) / GDPDEF / CNP16OV ma)*100

• LAB: ln(13*AWHNONAG * CE16OV / CNP16OV ma)*100

• INFL: ln(GDPDEF)*100

• WAGE: ln(COMPNFB / GDPDEF)*100

• FFR: FEDFUNDS/4

• GZ Spread: GZSpread/4

• CB GBonds: Treasury Securities/GDP

• CB CBonds: (WSHOMCB+FEDDT)/GDP

• CB Liquidity: (WACBS +WCPFF + TERAUCT + OTHLT)/GDP
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Due to artificial dynamics in the civilian noninstitutional population series that arise from
irregular updating (Edge et al., 2013), we use a 4-quarter trailing moving average, denoted
CNP16OV ma, to calculate per capita variables. We take log changes for GDP, CONS,
INV and WAGE in our measurement equations. Data for the GZ spread is downloaded
from the Federal Reserves Board.29 Data for the 10-year equivalents of the Fed’s SOMA
Treasury security holdings are extracted from the Domestic Open Market Reports pub-
lished by the New York Fed.30 All other data is downloaded from the FRED database of
the St. Louis Fed, with the above mnemonics representing:

• GDP: GDP - Gross Domestic Product, Billions of Dollars, Quarterly, Seasonally
Adjusted Annual Rate, FRED

• GDPDEF: Gross Domestic Product: Implicit Price Deflator , Index 2012=100, Quar-
terly, Seasonally Adjusted , FRED

• CNP16OV: Civilian noninstitutional population, Thousands of Persons, Quarterly,
Seasonally Adjusted, FRED

• CNP16OV ma: a four-quarter trailing average of CNP16OV

• PCEC: Personal Consumption Expenditures, Billions of Dollars, Quarterly, Season-
ally Adjusted Annual Rate, FRED

• PCEDG: Personal Consumption Expenditures: Durable Goods, Billions of Dollars,
Quarterly, Seasonally Adjusted Annual Rate, FRED

• GPDI: Gross Private Domestic Investment, Billions of Dollars, Quarterly, Season-
ally Adjusted Annual Rate, FRED

• AWHNONAG: Average Weekly Hours of Production and Nonsupervisory Employ-
ees: Total private, Hours, Quarterly, Seasonally Adjusted, FRED

• CE16OV: Employment Level, Thousands of Persons, Quarterly, Seasonally Ad-
justed, FRED

• COMPNFB, Nonfarm Business Sector: Compensation Per Hour, Index 2012=100,
Quarterly, Seasonally Adjusted, FRED

29See https://www.federalreserve.gov/econresdata/notes/feds-notes/2016/files/

ebp_csv.csv.
30We collected the data for the SOMA Domestic Securities Holdings in Ten-Year Equivalents from the

Open Market Reports, downloaded from https://www.newyorkfed.org/markets/annual_reports.
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• FEDFUNDS: Effective Federal Funds Rate, Percent, FRED

• GZ Spread: A corporate bond credit spread with a high information content for
economic activity constructed by Gilchrist and Zakrajšek (2012) using secondary
market prices of senior unsecured bonds issued by a large representative sample of
US non-financial firms. Quarterly, Percent, Federal Reserve Board.

• WSHOMCB: Current face value of mortgage-backed obligations held by Federal
Reserve Banks: All Maturities, Millions of Dollars, Quarterly, Not Seasonally Ad-
justed, FRED

• WCPFF: Net Portfolio Holdings of Commercial Paper Funding Facility LLC, Bil-
lions of Dollars, Quarterly, Not Seasonally Adjusted, FRED

• WACBS: Central Bank Liquidity Swaps, Millions of Dollars, Quarterly, Not Sea-
sonally Adjusted, FRED

• FEDDT: Federal agency debt securities held by the Federal Reserve: All Maturities,
Millions of Dollars, Quarterly, Not Seasonally Adjusted, FRED

• TERAUCT: Term auction credit held by the Federal Reserve: All Maturities, Mil-
lions of Dollars, Quarterly, Not Seasonally Adjusted, FRED

• OTHLT: Other loans held by the Federal Reserve: All Maturities, Millions of Dol-
lars, Quarterly, Not Seasonally Adjusted, FRED

Appendix B Likelihood tempering

The stage-n tempered likelihood πn(Y |θ) (for the data Y and parameter vector θ) is
given by

πn(Y |θ) = [P(Y |θ)]ϕn P̃(θ). (B.1)

where P̃(θ) is the prior density of θ and ϕn ∈ [0, 1] is the temperature. We wish to increase
ϕn slowly from 0 to 1. Increasing ϕn too quickly bears the risk of ending up in a local
maximum of the posterior distribution.

We fix the number n = 1, 2, · · · ,N of tempering stages ex-ante and set ϕ0 = 0. First, we
obtain an approximation of the posterior mode πmax(Y |θ) by using the global optimization
routine suggested by Hansen et al. (2003). We define the temperature for each stage n as

ϕn =
ϕn−1(N − n) + ln πmax(Y |θ)−ln P̃(θn−1)

ln π(Y |θn−1)−ln P̃(θn−1)

N − n + 1
, (B.2)

where θn−1 is the parameter vector of the maximum likelihood value obtained in stage n−1.
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Appendix C Full model (for online publication)

For our analysis, we extend a standard medium scale model as in Smets and Wouters
(2007) with financial intermediates as in Gertler and Karadi (2013) and conventional mon-
etary policy tools. Time is discrete, and one period in the model represents one quarter.
The model features households, banks, intermediate good producers, capital good produc-
ers, retailers, labor unions, a fiscal and a monetary authority. The model includes habit
formation in consumption, investment adjustment costs, variable utilization of productive
capital and nominal rigidities that give rise to a price and wage Phillips curves as in Smets
and Wouters (2007) to enhance the empirical plausibility of the model dynamics.

Appendix C.1 The household structure
There is a continuum of households. In the spirit of Gertler and Karadi (2013), we

assume that a constant fraction f of each household’s members works as banker, whereas
the remaining fraction (1 − f ) consists of workers who supply labor to the intermediate
good producers. While workers receive their wage income every period, bankers reinvest
their gains in asset holdings of the bank over several periods. Only when a banker (exoge-
nously) exits the banking sector, she contributes to the households’ income by bringing
home the accumulated profits. Perfect consumption insurance within households ensures
that workers and bankers face the same consumption stream. The expected lifetime utility
of any household i is given by

Ut = E0

∞∑
t=0

βt

(
(Ci,t − hCt−1)1−σc

1 − σc

)
exp

(
σc − 1
1 + σl

L1+σl
i,t

)
(C.1)

where parameters β, h, σc, and σl are, respectively, the discount factor, the degree of
external habit formation in consumption, the coefficient of relative risk aversion, and a
weight on the disutility of labor. Ci,t and Li,t denote consumption and hours worked of
household i. The household earns the real wage, Wt, for her supplied labor, Lp,t. She can
save in one-period bank deposits, Dt, that pay an interest rate, Rd

t , in government bonds,
Bh,t, that yield an interest rate, Rb

t , and in capital assets Kh,t with an associated interest rate,
Rk

t . These interest rates are already in real terms. Capital claims, just like government
bonds, are modeled as long-term assets. As for all stock variables, we use the end-of-
period notation, so that Dt denotes the household’s deposits at the end of period t. The
return on deposits, Rd

t = vu,tRt, includes a disturbance term, vu,t which drives a wedge
between the risk-free real rate and the return on deposits. We assume vu,t to follow an
AR(1) process in logs. Households spend their funds on consumption Ct, and save in
new deposits, bonds and capital. Savings in government bonds and capital are, as in e.g.
Chen et al. (2012) and Gertler and Karadi (2013), subject to portfolio adjustment costs
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with adjustment parameter κ, once portfolios exceed a level of Kh,t ≥ K̄h and Bh,t ≥ B̄h,
respectively. The budget constraint of households, in real terms, reads

Ct +
Dt

Rd
t
+ Qt[Kh,t +

1
2
κ(Kh,t − K̄h)2] + Qb

t [Bh,t +
1
2
κ(Bh,t − B̄h)2]

= Dt−1 +WtLt + Rk
t Qt−1Kh,t−1 + Rb

t Qb
t−1Bh,t−1 − Tt +Pt.

(C.2)

Tt denotes lump sum taxes raised by the government to finance government spending, and
Pt are profits of monopolistic firms and banks that accrue to the households. Maximizing
(C.1) subject to (C.2) and rearranging the first order conditions yields the Euler equation,
a condition for the optimal supply of labor and two no-arbitrage conditions:

1 = βEt

[
exp

(
σc − 1
1 + σl

(L1+σl
t+1 − L1+σl

t )
)(Ct+1 − hCt

Ct − hCt−1

)−σc]
Rd

t , (C.3)

Wh
t = (Ct − hCt−1)Lσl

t , (C.4)

EtRk
t+1 = Rd

t [1 + κ(Kh,t − Kh)], (C.5)

EtRb
t+1 = Rd

t [1 + κ(Bh,t − Bh)]. (C.6)

Appendix C.2 Firm sectors
The model contains three types of firms. Intermediate goods are produced by perfectly

competitive firms, which use capital and labor as inputs for production. Monopolistically
competitive retailers buy a continuum of intermediate goods, and assemble them into a
final good. Nominal frictions make the retailers optimization problem dynamic. Addi-
tionally, a capital producing sector buys up capital from the intermediate good producer,
repairs it, and builds new capital, which it sells to the intermediate good sector again.
Investment in new capital is subject to investment adjustment costs.

Intermediate good producers
Intermediate good producers are in monopolistic competition, employ labor and capital

services from households, and set their prices as markups over the marginal cost. Firm i
produces according to the Cobb-Douglas Function

Ym,t(i) = ezt Kt(i)α
(
γtLt(i)

)1−α
− γtΦ. (C.7)

Here, Ym,t(i) are intermediate goods, zt is a TFP-shock, Kt(i) is the effective capital used
in production defined as Kt(i) = Ut(i)Kt−1(i), and parameter α is the output elasticity with
respect to effective capital. γt represents the labor-augmenting growth rate in the economy,
and Φ is the fixed cost of production.
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At the end of each period the intermediate good producer sells the capital stock that
it used for production to the capital producer which repairs the capital, and purchases the
capital stock that it is going to use in the next period from the capital producer. To finance
the purchase of the new capital at the price Qt per unit, it issues a claim for each unit of
capital it acquires to banks, which trade at the same price. The interest rate the firm has to
pay on the loans is Rk

t . Under the assumption that the competitive firms make zero profits,
the interest rate on their debt will just equal the realized ex-post return on capital. Further-
more, we assume that the firm incurs costs of capital utilization that are proportional to the
amount of capital used, Ψ(Ut)Pm,tKt−1. This assumptions for the utilization costs are set to
match the setting in Smets and Wouters (2007). In steady state it holds that Ψ(·) = 0. The
operating profit of firm i is therefore

Pm,t(i)Yt(i) −WtLt(i) − Ψ(Ut(i))Pm,tKt−1(i).

Note that Pm,t, the price of the intermediate good, represents the marginal cost from the
viewpoint of final good producers, which purchase intermediate goods. Each period the
firm determines its optimal capital purchase by maximizing

Et[βΛt,t+1(−Rk
t+1QtKt(i)+Pm,t+1(i)[Ym,t+1(i)−Ψ(Ut(i))Kt(i)]−Wt+1Lt+1(i)+(1−δ)Qt+1Kt(i))]

with respect to Kt(i). As all firms make the same decisions, we can drop the index i. In
optimum the ex-post return then is as follows

Rk
t+1 =

Pm,t+1[αYm,t+1

Kt
− Ψ(Ut+1)] + (1 − δ)Qt+1

Qt
. (C.8)

Additionally, the choices for optimal labor input and optimal capital utilization yield the
first order conditions

Wt = Pm,t(1 − α)
Ym,t

Lt
. (C.9)

Ψ′(Ut)Kt−1 = α
Ym,t

Ut
⇔ Ψ′(Ut) = α

Ym,t

Kt

(C.10)
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Capital good producers
Capital evolves according to the following law of motion

Kt = (1 − δ)Kt−1 + vi,t

(
1 − S

(
It

It−1

))
It, (C.11)

where δ is the depreciation rate and the function S (·), indicates a cost of adjusting the
level of investment. In steady state it holds that S = 0, S ′ = 0, and S ′′ > 0. and vi,t

follows an AR(1) process in logs. The capital good producer’s role in the model is to
isolate the investment decision that becomes dynamic through the introduction of convex
investment adjustment costs, which is a necessary feature to generate variation in the price
of capital. Capital good producers buy the used capital, restore it and produce new capital
goods. Since capital producers buy and sell at the same price, the profit they make is
determined by the difference between the quantities sold and bought, i.e. investment.
Capital producers bear the resource costs associated with changes in investment. They
choose the optimal amount of investment to maximize

E0

∞∑
t=0

βtΛ0,t

{
Qt

(
1 − S

(
It(k)

It−1(k)

))
vi,t − 1

}
It.

The first order condition of the capital producer reads

1 = Qtvi,t

(
1 − S

(
It

It−1

)
− S ′

(
It

It−1

)
It

It−1

)
+Et

Λt,t+1Qt+1vi,t+1S ′
(

It+1

It

) (
It+1

It

)2


Final good producers
Final good producers buy the goods produced by the intermediate good producers and

sell them to final good producers. They act under monopolistic competition. Each period,
retailers firms face a constant probability of being able to optimally adjust their prices,
ζp. Those firms, which cannot optimally adjust their prices in a given period, index their
prices to a weighted average of last periods inflation and steady state inflation. These
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assumptions give rise to the following maximization problem for firm i

max
Pt(i)

Et

∞∑
s=0

(
βζp

)s Λt,t+s

Πt,t+s

[
Pt(i)Πs

l=1(Πıp

t+l−1Π
1−ıp) − MCt+s

]
Yt+s(i) (C.12)

s.t.
Yt+s(i)
Yt+s

= G
′−1

Pt(i)Πs
l=1(Πıp

t+l−1Π
1−ıp)

Pt+s
τt+s

 . (C.13)

Pt(i) is the price set by firm i, Πt,t+s is the accumulated change in the aggregate price level
between periods t and t + s, Λt,t+s is the stochastic discount factor of the firm, Yt+s is the
demand by final good firms for intermediate goods. Parameter ıp is the degree of price
indexation. Function G governs how the relative price of firm i affects the amounts of
goods it can sell. We make the same assumptions on G as Smets and Wouters (2007).31

Furthermore, τt+s ≡
∫ 1

0
G′

(
Yt+s(i)
Yt+s

)
Yt+s(i)
Yt+s

di. The aggregate price index is in this case given
by

Pt = [(1 − ζp)(P∗t )G
′−1

[
P∗t τt

Pt

]
+ ζpΠ

ıp

t−1Π
(1−ıp)Pt−1G

′−1

Πıp

t−1Π
(1−ıp))Pt−1τt

Pt

 (C.14)

where P∗t is the optimal price in period t. The price markup set by final goods producers,
vp,t, is time-varying and subject to markup shocks, vp,t, which follow an AR(1)-process in
logs.

Retailers
Retailers act under perfect competition. They buy the goods from final good producers,

bundle them in final goods. and sell them to the public. Their maximization problem reads

max
Yt ,Yt(i)

PtYt − Pt(i)Yt(i) (C.15)

s.t.
[∫ 1

0
G

(
Yt(i)
Yt

, λp,t

)
di

]
= 1. (C.16)

Unions and Labor Packers
The supply of labor to intermediate good firms is organized by unions and labor pack-

ers. Households of both types supply labor to a labor union, which differentiates the labor
services and sets wages. Unions act in monopolistic competition with each other and set

31That is that G′ > 0, G′′ < 0, and G(1) = 1. As shown by Kimball (1995), the assumptions on G imply
that the demand for a good is decreasing in its relative price, and that the elasticity of demand for a good
increases with its relative price, which in turn implies a higher persistence of aggregate inflation dynamics.
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their wages, Wt(i), as a markup over the average marginal rate of substitution between
consumption and leisure of households. We assume that the wage setting process, in the
same way as price setting, is subject to a Calvo type friction, and that unions, which can-
not adjust their wages in a given period, index their last wage to a weighted average of
last periods inflation and steady state inflation. Labor packers buy the labor services from
unions, bundle them, and provide them to intermediate good firms at the wage Wt. Thus,
the maximization problem of labor packers is

max
Lt ,Lt(i)

WtLt −Wt(i)Lt(i) (C.17)

s.t.
[∫ 1

0
Gw

(
Lt(i)
Lt

, λw,t

)
di

]
= 1, (C.18)

where Lt is labor provided by labor packers to intermediate good firms, Lt(i) denotes the
labor services sold by unions to labor packers, and Gw is the labor aggregator on which we
make the same assumptions as on G. The wage markup, λw,t, is time-varying and subject
to wage markup shocks, vw,t, which follows an AR(1)-process in logs.

Labor unions observe the average marginal rate of substitution between consumption
and leisure of all households and charge a markup on top of it. Their maximization prob-
lem is

max
Wt(i)

Et

∞∑
s=0

(βζw)sΛt,t+s

Πt,t+s

[
Wt(i)Πs

l=1(Πıw
t+l−1Π

1−ıw) −Wh
t+s

]
Lt+s(i) (C.19)

s.t.
Lt+s(i)
Lt+s

= G
′−1
w

(
Wt(i)Πs

l=1(Πıw
t+l−1Π

1−ıw)
Wt+s

τw
t+s

)
. (C.20)

Wt(i) is the wage set by union, i. Wh
t is the households’ marginal rate of substitution be-

tween consumption and leisure (i.e. the wage that would prevail in the absence of wage set-
ting power). Parameter ıw is the degree of wage indexation, and τw

t+s ≡
∫ 1

0
G′w

(
Lt+s(i)
Lt+s

)
Lt+s(i)
Lt+s

di.
The aggregate wage index is in this case given by

Wt = [(1 − ζw)(W∗
t )G

′−1
w

[
W∗

t τ
w
t

Wt

]
+ ζwΠ

ıw
t−1Π

(1−ıw))Wt−1G
′−1
w

[
Π

ıw
t−1Π

(1−ıw))Wt−1τ
w
t

Wt

]
, (C.21)

where W∗
t is the optimal wage set by labor unions in period t.

Appendix C.3 Banks
The banking sector builds on Gertler and Karadi (2013) with some extensions that

we outline below. Banks collect deposits Dt from households and – together with their
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own net worth Nt – use these funds to purchase capital securities from intermediate good
producers, Kb,t, and purchase government bonds Bb,t. Given these financial operations, the
balance sheet of a representative bank then follows as

QtKb,t + Qb
t Bb,t = Nt + Dt + Lq

t , (C.22)

where Lq
t denotes exogenous emergency liquidity injections by the Federal Reserve. For

simplicity, we assume that central bank liquidity is lent at a zero nominal interest rate (i.e.
their real rate equals RL

t = 1/Πt+1, where Πt denotes gross inflation). Banks retain their
earnings and add it to their current net worth.

Bankers continue accumulating their net worth until they (involuntarily) exit the busi-
ness, which occurs randomly with exogenous probability, 1 − θ. Conversely, bankers
continue their operations with probability θ. Draws from this lottery are i.i.d. and do not
depend on the banker’s history. When a banker leaves the sector, she adds her terminal
wealth, Vt, to the wealth of the household she is member of. Therefore, bankers seek to
maximize the expected discounted terminal value of their wealth

Vt = max Et

∞∑
i=0

(1 − θ)θiβi+1Λt+1+i

Λt
Nt+1+i,

= max Etβ
Λt+1

Λt
[(1 − θ)Nt+1 + θVt+1] , (C.23)

where Λt denotes the household’s Lagrangian multiplier with respect to the budget con-
straint.

For the fraction, θ, of banks, which survives the exit lottery and continues to operate
their business, this gives rise to the following law of motion for their aggregate net worth

Ne,t = θ[Rk
t Qt−1Kb,t−1 + Rb

t Qb
t−1Bb,t−1

−Rd
t−1Dt−1 − RL

t−1Lq
t−1].

(C.24)

Note that while the interest rate on deposits raised in period t−1 is determined in the same
period, the return of assets is risky and only determined after the realization of shocks at
the beginning of period t.

Each period new bankers enter the financial intermediation business. As in Gertler and
Karadi (2011), their starting capital makes up a share, ω, of last periods asset holdings of
the banking sector. The net worth of new banks is therefore

Nn,t = ω[Qt−1Kb,t−1 + Qb
t−1Bb,t−1] (C.25)
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Combined, the aggregate net worth of the financial intermediation sector is

Nt = Ne,t + Nn,t. (C.26)

Banks operate under perfect competition. If financial intermediation was frictionless,
the risk adjusted return on the bank’s asset should equal the return on deposits. As in
Gertler and Karadi (2013), however, bankers can divert a fraction of their assets and trans-
fer it to their respective households. If they do so, their depositors will withdraw their
remaining funds and force the bank into bankruptcy. This moral hazard/costly enforce-
ment problem creates an endogenous limit to the amount of deposits that households are
willing to supply. While the latter ensures that bankers earn a strictly positive excess re-
turn, it also creates limits to arbitrage, as bankers can not scale-up their balance sheet to
arbitrage away any price differences. In order to prevent a banker from diverting a fraction
of assets, households keep their deposits at a bank only as long as the bank’s continua-
tion value is higher or equal to the amount that the bank can divert. Formally, the latter
condition is given by the following incentive compatibility constraint of the bank

Vt ≥ λk,tQtKb,t + λbQb
t Bb,t − λcblL

q
t , (C.27)

where λ j for j ∈ {k, b} denotes the respective fraction of capital claims or government
bonds that the bank can diverted. Following Dedola et al. (2013) and Gelain and Ilbas
(2017), we allow λk,t to be time-varying, formally following an AR(1) process in logs with
mean λk. Ultimately, this shock triggers variations in the divertibility of capital assets and
can be interpreted as variations in the trust depositors have in the quality of banks’ capital
assets.

To solve the bank problem, let an initial guess of the value function be of the form

Vt = νk,tQtKb,t + νb,tQb
t Bb,t + νn,tNt + νL,tL

q
t , (C.28)

where νk,t, νb,t, νd,t, and νL,t are time-varying coefficients. Maximizing (C.28) with respect
to Kb,tandBb,t subject to (C.27) yields the following first order conditions for capital claims,
governments bonds, and µt, the Lagrangian multiplier on the incentive compatibility con-
straint

νk,t = λk,t
µt

1 + µt
, (C.29)

νb,t = λb
µt

1 + µt
, (C.30)

νn,tNt + (λcbl + νL,t)L
q
t = (λk,t − νk,t)QtKb,t + (λb − νb,t)Qb

t Bb,t. (C.31)
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Given that the incentive compatibility constraint binds32, we can rewrite the last equation
above as

QtKb,t =
νb,t − λb

λk,t − νk,t
Qb

t Bb,t +
νL,t + λL

λk,t − νkt
Lq

t +
νn,t

λk,t − νk,t
Nt. (C.32)

Intuitively, (C.32) states that banks’ demand for capital claims decreases in λ j for j ∈ {k, b},
which regulate the tightness of the incentive constraint with respect to capital claims and
government bonds. Central bank liquidity injections Lq

t , on other hand, support the demand
for capital claims.

Substituting the demand for capital claims into (C.28), and combining the result with (C.29)
one can write the terminal value of the banker as a function of its net worth

Vt = (1 + µt)νntNt + [(1 + µt)νL,t + µtλL]Lq
t (C.33)

A higher continuation value, Vt, is associated with a higher shadow value of holding an ad-
ditional marginal unit of assets, or put differently, with a higher shadow value of marginally
relaxing the incentive compatibility constraint. Then, define the bank’s stochastic discount
factor as

Ωt ≡
Λt

Λt−1

[
(1 − θ) + θ(1 + µt)νn,t

]
, (C.34)

and substitute (C.33) into the Bellman equation (C.23). Using the law of motion for net
worth (C.24), one can then write the value function as

Vt =βEt

[
Ωt+1((Rk

t+1 − Rd
t )QtKb,t + (Rb

t+1 − Rd
t )Qb

t Bb,t + (Rd
t − RL,t)L

q
t + Rd

t Nt)
]

+ βEt

[
Λt+1

Λt
θ[(1 + µt+1)νL,t+1 + µt+1λL]Lq

t+1

]
Finally, verifying the initial guess for the value function yields

νk,t = βEtΩt+1(Rk
t+1 − Rd

t ), (C.35)
νb,t = βEtΩt+1(Rb

t+1 − Rd
t ), (C.36)

νn,t = βEtΩt+1Rd
t (C.37)

νL,t = βEt
[
Ωt+1(Rd

t − RL
t ) + θρcbl

Λt+1

Λt
[(1 + µt+1)νL,t+1 + µt+1λL]

]
, (C.38)

32The constraint binds in the neighborhood of the steady state. For convenience, we make the assumption
that it is binding throughout all experiments.
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where the last equality follows from the fact that Lq
t follows an AR(1) in logs with persis-

tence parameter ρcbl.

Appendix C.4 Policy and market clearing
The policy makers in our model are the central bank as conductor of interest rate policy

and QE, and the government sector.

Monetary Policy
We model conventional monetary policy as a standard reaction function with the cen-

tral bank responding to deviations of inflation from its target, the output gap its growth
rate and the credit spread

Rs
t

Rn =

(Rs
t−1

Rn

)ρ[(Πt

Π

)ϕπ( Yt

Y∗t

)ϕy(
∆

( Yt

Y∗t

))ϕdy(Et[Rk
t+1]/Rd

t

Rk/Rd

)−ϕs]1−ρ

vr,t, (C.39)

with the ZLB constraint
Rn

t = max
{
R̄,Rs

t

}
, (C.40)

where we refer to the unconstrained nominal rate Rs
t as the notional (or shadow) rate.

Y∗t denotes the potential output and ∆
( Yt

Y∗t

)
denotes the growth in the output gap. The

parameter ρR expresses an interest rate smoothing motive by the central bank over the
notional rate and ϕπ, ϕy, ϕdy, and ϕs are feedback coefficients. The max-operator in (C.40)
reflects the zero lower bound (ZLB) on the nominal interest rate Rn

t , which we take into
account in our estimation procedure. For this purpose, R̄ denotes the exact level at which
the ZLB binds.33 When the economy is away from the ZLB, the stochastic process vr,t

– which follows an AR(1) in logs – represents a regular interest rate shock. However,
when the nominal interest rate is zero, vr,t may not directly affect the level of the nominal
interest rate. Instead, vr,t affects the expected path of the notional rate, first through its own
persistence and second through the persistence in the notional rate, and therefore alter the
expected duration of the lower bound spell. At the ZLB, it can hence be viewed as a
forward guidance shock.

We capture emergency liquidity injections with as an exogenous variable that eases
banks’ incentive compatibility constraint (C.27) and thereby stimulates lending. In our
estimation, we feed these liquidity injections into the model and assume they follow AR(1)

33Given that, empirically, the Federal Funds rate remained strictly above zero, we choose R̄ to be slightly
above one in our estimation. Moreover, due to the fact that the Fed never implemented negative rates, we
use the term “zero lower bound” and “effective lower bound” interchangeably.
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process in logs. That is, formally

L̃t = ρcblL̃t−1 + ϵCBL,t, (C.41)

where L̃ ≡ Lq
t

PtYt
denotes central bank liquidity as percentage of GDP.

In our analysis, we divide large scale asset purchases into private (capital) security
purchases and government bond purchases, both which we assume to follow an AR(2)
process in logs.

K̃cb,t =ρk,1K̃cb,t−1 + ρk,2K̃cb,t−2 + ϵQEK,t, (C.42)
B̃cb,t =ρb,1B̃cb,t−1 + ρb,2B̃cb,t−2 + ϵQEB,t. (C.43)

Similar to the liquidity injections, K̃ and B̃ denote, respectively, the central banks capital
claim and government bond purchases as a fraction of GDP.

Fiscal policy and market clearing
Government spending, Gt, is exogenous and follows an AR(1) process

Gt = Gegt , (C.44)
and gt = ρggt−1 + ϵ

g
t , (C.45)

where G is the steady state government consumption, ρg is the autocorrelation of govern-
ment consumption, and ϵg

t is a shock to government spending. The government finances
its expenditures, by issuing government bonds, which are bought by banks and the central
bank, as well as by raising lump sum taxes, Tt. Taxes follow a simple feedback rule, such
that they are sensitive to the level of public debt,

Tt = T + κτ(Bt−1 − B), (C.46)

where T and B are the steady state levels of tax revenue and government debt, respectively.
κτ is set to ensure that the real value of debt grows a rate smaller than the gross real rate on
government debt. As shown by Bohn (1998), this rule is a sufficient condition to guarantee
the solvency of the government.

Rb
t =

ξ + κbQb
t

Qb
t−1

. (C.47)

The flow budget constraint of the government reads

Gt + Rb
t Qb

t−1Bt−1 = Qb
t Bt + Tt (C.48)
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As for market clearing, the aggregate resource constraint in real terms reads

Yt = Ct + It +Gt + a(Ut)Kt−1, (C.49)

where the last term on the right hand side of the equation marks the resource costs of
adjusting the utilization of installed capital. Finally, in the asset market we have

Kt = Kb,t + Kh,t + Kcb,t, (C.50)
Bt = Bb,t + Bh,t + Bcb,t. (C.51)

Appendix C.5 Linearized Equilibrium conditions
This subsection briefly presents the linearized equilibrium conditions. Small letters

denote the log-deviation of the corresponding variable from its steady state value.

Non-financial part of the economy
With the exception of Equations (C.55), (C.56), and the equation for the return on

capital, the equations in this subsections are identical to those of the model by Smets and
Wouters (2007).

Equation (C.52 is the Euler equation for consumption. The presence of habit formation
justifies the presence of lagged consumption in the equation.

ct =
h/γ

(1 + h/γ)
ct−1 +

1
1 + h/γ

Et[ct+1] +
(σc − 1)(WhL/C)
σc(1 + h/γ)

(lt − Et[lt+1])...

−
(1 − h/γ)

(1 + h/γ)σc
(rn

t − Et[πt+1] + vu,t),
(C.52)

The deposit rate is given by
rd

t = rrt + vu,t, (C.53)

and the relationship between the real and the nominal interest rate is given by the Fisher
equation

rrt = rn
t − Et[πt+1]. (C.54)

The linearized conditions that relate to the households’ choices of capital assets and
government bonds are

κKhkh,t =
Rk

R
(
rk

t+1 − rd
t ), (C.55)

κBhbh,t =
Rb

R
(
rb

t+1 − rd
t ). (C.56)
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The efficient wage equals the marginal rate of substitution between consumption and
leisure and reads

wh
t =

1
(1 − hγ)

(ct − hγct−1) + σllt. (C.57)

Equation (C.58) is the linearized first order condition for investment

it =
1

1 + β
[it−1] +

β

1 + β
Et[it+1] +

1

(1 + β)γ2S ′′
qk

t (C.58)

where β = βγ(1−σc). The dynamics of investment are governed by Tobins q. S ′′ is the
steady state value of the second derivative of the investment adjustment cost function. The
accumulation equation of physical capital reads

kt = (1 − δ)/γkt−1 + (1 − (1 − δ)/γ)ît + (1 − (1 − δ)/γ)(1 + β)γ2S ′′vi,t. (C.59)

The marginal cost of the firms and the marginal product of capital are given by (C.60) and
(C.61), while (C.62) is the equation for the return on capital.

mct = wt − zt + α(lt − kt) (C.60)

mpkt = wt − kt + lt (C.61)

Rkrk
t = MC ∗ MPK(mct + yt − kt) + (1 − δ)qt − Rkqt−1. (C.62)

The relation between physical capital and effective capital is given by (C.63). Here, pa-
rameter ψ is the elasticity of the capital utilization adjustment cost function and normalized
to be between zero and one.

kt = ut + kt−1. (C.63)

ut =
1 − ψ
ψ

mpkt. (C.64)

(C.65) is the aggregate production function, and (C.66) is the aggregate resource con-
straint.

yt = Φ(αkt + (1 − α)lt + zt) (C.65)

yt =
G
Y

gt +
C
Y

ct +
I
Y

it +
RkK

Y
ut (C.66)

πt =
β

1 + ıpβ
Etπt+1 +

ıp

1 + ıpβ
πt−1 +

(1 − ζpβ)(1 − ζp)

(1 + βıp)ζp((Φ − 1)ϵp + 1)
(wt − zt + αlt − αkt)

(C.67)
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Equation (C.67) is the New Keynesian Phillips curve. The last term in parenthesis cor-
responds to the marginal cost of production. As we employ the Kimball aggregator, the
sensitivity of inflation to fluctuations in marginal cost is affected by the market power of
firms, represented by the steady state price markup, (Φ − 1).34 Furthermore, the curvature
of the Kimball aggregator, ϵp, affects the adjustment of prices to marginal cost, since a
higher ϵp implies a higher degree of strategic complementarity in price setting and damp-
ens the price adjustment to shocks.

wt =
1

1 + βγ
(wt−1 + ıwπt−1) +

βγ

1 + βγ
Et[wt+1 + πt+1] −

1 + ıwβγ

1 + βγ
πt

+
(1 − ζwβγ)(1 − ζw)

(1 + βγ)ζw((λw − 1)ϵw + 1)
(wh

t − wt)

(C.68)

Equation (C.68) is the Wage Phillips curve. wh
t is the wage that would prevail in the

absence of market power by unions. Therefore, (wt − wh
t ) is the wage markup. Analogous

to Equation (C.67), the terms λw and ϵw represent the steady state wage markup and the
curvature of the Kimball aggregator for labor services.

The financial sector
The variable µt is the Lagrangian multiplier on the incentive constraint of financial

intermediaries.
Linearizing the banks’ first order conditions for capital assets and bonds yields

λk

λk − νk
(ν̂k,t − λ̂k,t) = µ̂t, (C.69)

ν̂b,t = ν̂k,t − λ̂k,t, (C.70)

The first order condition for the Lagrangian multiplier of the incentive constraint can
be linearized as

(λ̂k,t − ν̂kt)Kb + (λk − νk)Kb(qt + kb,t)

=QbBb(νbν̂b,t + (νb − λb)(qb
t + bb,t)) + (νL + λL)Lq

t + νnN(ν̂n,t + nt)
(C.71)

Note: as the steady state of central bank liquidity injections is zero, Lq
t denotes absolute

deviations instead of log-deviations.

34Note, that in equilibrium, the fixed cost parameter is related to the steady state price markup by a zero
profit condition.
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The shadow value of capital assets, government bonds and net worth for financial
intermediaries are

νkν̂k,t = βΩEt(Ω̂t+1(Rk − Rd) + Rkrk
t+1 − Rdrd

t ) (C.72)

νbν̂b,t = βΩEt(Ω̂t+1(Rb − Rd) + Rbrb
t+1 − Rdrd

t ) (C.73)

ν̂n,t = EtΩ̂t+1 + rd
t (C.74)

Note, that we can omit the shadow of central bank liquidity injections for financial inter-
mediaries as it does not affect the rest of the equilibrium dynamics.

Acknowledging that Λt
Λt−1

Rd
t = 1, we can linearize the stochastic discount factor of

financial intermediaries as

ΩΩ̂t = Ωrd
t−1 + θ((1 + µ)νnν̂n,t + νnµµ̂t) (C.75)

The remaining equations are the linearized law of motion of bankers, and the linearized
equation, defining the starting capital that new bankers have, when they enter the sector

Nnt =
θ
γ [(Rk − R)Kb(qt−1 + kb,t−1) + RkKbrk

t + (Rb − R)QbBb(qb
t−1 + bb,t−1) + QbBbRbrb

t

+(R − RL)Lq
t−1 − RdDrd

t−1 + RdNnt−1] + Nnn,t, (C.76)

and

Nnnn,t =
ω

γ
(Kb(qt−1 + kb,t−1) + QbBb(qb

t−1 + bb,t−1))) (C.77)

Policy and exogenous processes
The fiscal sector can be summarized by the linearized budget constraint, which already

entails the tax rule (C.78), and the linearized return on long-term bonds, (C.79).

RbQbB
γ

(rb
t + qb

t−1 + bt−1) ∗Ggt − κτbt−1
B
γ
= QbB(qb

t + bt), (C.78)

−Rb(rb
t + qb

t−1) = κτqb
t (C.79)

Equation (C.80) is the linearized Taylor rule in terms of the shadow interest rate.

rn
t = max{0, rs

t }, (C.80)

L̃t = ρcblL̃t−1 + ϵCBL,t, (C.81)
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where L̃ ≡ Lq
t

PtYt
denotes central bank liquidity as percentage of GDP.

In terms of the overall capital (bond) stock, central bank asset purchases can be written
as

xk,t = kt −
Kb

K
kb,t −

Kh

K
kh,t, (C.82)

xb,t = bt −
Bb

B
bb,t −

Bh

B
bh,t. (C.83)

In order to match them with the observables, which are defined relative to GDP, they can
be rewritten as

K̃cb,t = xk,tQK/(4Y), (C.84)

B̃cb,t = xb,tQbB/(4Y). (C.85)

Finally, the stochastic drivers of our model are the following eleven processes

vu,t =ρuvu,t−1 + ϵ
u
t , (C.86)

zt =ρzzt−1 + ϵ
z
t , (C.87)

gt =ρggt−1 + ϵ
g
t + ρgzzt, (C.88)

vr,t =ρrvr,t−1 + ϵ
r
t , (C.89)

vi,t =ρivi,t−1 + ϵ
i
t , (C.90)

vp,t =ρpvp,t−1 + ϵ
p
t − µpϵ

p
t−1, (C.91)

vw,t =ρwvw,t−1 + ϵ
w
t − µwϵ

w
t−1, (C.92)

vlk,t =ρlkvlk,t−1 + ϵ
lk
t , (C.93)

K̃cb,t =ρk,1K̃cb,t−1 + ρk,2K̃cb,t−2 + ϵQEK,t, (C.94)
B̃cb,t =ρb,1B̃cb,t−1 + ρb,2B̃cb,t−2 + ϵQEB,t, (C.95)

L̃t =ρcblL̃t−1 + ϵCBL,t. (C.96)

where the last three processes are the unconventional policy tools employed by the central
bank. It holds that ϵk

t
iid
∼ N(0, σ2

k) for all k = {u, z, g, r, i, p,w, lk,QEK,QEB,CBL}.

Additional equations
Additional to the equations above, the model features equations for a flex-price-flex-

wage equilibrium, which is used to define output under these conditions and consequently
the output gap. The full set of equations including equations describing various excess
premia, the leverage ratio, the sum of all unconventional monetary policy measures (e.g.
the central banks balance sheet), the notional nominal interest rate, and the equations for
the observables are made available on github. All yaml-files with the full set of equi-
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librium equations as well as the derivation of the steady state can be downloaded at
https://github.com/gboehl/projectlib/tree/master/yamls.

Appendix D Additional parameter estimates for the benchmark model

Table D.3: Estimation results for the baseline model: exogenous shock processes

Prior Posterior
dist. mean std mean std 5% 95%

ρg AR(1) fiscal beta 0.500 0.200 0.704 0.145 0.547 0.985
ρr AR(1) monetary beta 0.500 0.200 0.751 0.086 0.620 0.895
ρz AR(1) technology beta 0.500 0.200 0.983 0.018 0.960 0.999
ρi AR(1) MEI beta 0.500 0.200 0.721 0.070 0.611 0.833
ρp AR(1) price markup beta 0.500 0.200 0.744 0.124 0.541 0.940
ρw AR(1) wage markup beta 0.500 0.200 0.273 0.110 0.096 0.453
ρu AR(1) risk premium beta 0.500 0.200 0.880 0.019 0.849 0.912
ρlk AR(1) financial beta 0.500 0.200 0.915 0.031 0.864 0.965
µp MA(1) price markup beta 0.500 0.200 0.641 0.158 0.392 0.884
µw MA(1) wage markup beta 0.500 0.200 0.425 0.093 0.275 0.567
ρgz Fiscal technology normal 0.500 0.250 0.574 0.138 0.325 0.777
σg Std. dev. fiscal inv. gamma 0.100 0.250 0.202 0.051 0.129 0.296
σr Std. dev. monetary inv. gamma 0.100 0.250 0.076 0.007 0.065 0.087
σz Std. dev. technology inv. gamma 0.100 0.250 0.349 0.036 0.290 0.407
σi Std. dev. MEI inv. gamma 0.100 0.250 0.435 0.055 0.340 0.517
σp Std. dev. price markup inv. gamma 0.100 0.250 0.114 0.015 0.091 0.138
σw Std. dev. wage markup inv. gamma 0.100 0.250 0.605 0.049 0.521 0.683
σu Std. dev. risk premium inv. gamma 0.100 0.250 0.570 0.102 0.395 0.723
σlk Std. dev. financial inv. gamma 0.100 0.250 0.412 0.095 0.269 0.587

Note: All prior distributions are characterized by their mean and standard deviation.

Appendix E Additional impulse response functions of the benchmark model

Figures E.6 and E.7 show the impulse response functions with respect to a shock of
central bank liquidity provisions and a shock of government bond purchases, respectively.
The impulse responses of a conventional monetary policy shock are shown in Figure E.8.
The simulations shown in this section abstract from the added effects of a binding zero
lower bound.
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Figure E.6: Impulse response functions to a shock of central bank liquidity provision

Note: Posterior sample obtained from 2000 draws from the posterior distribution. Solid lines represent the
mean. For each draw, the strength of the shock matches the peak of the empirical time series. The prior
impulse responses are omitted because they are much wider than the posterior. Displaying it would render
the figure less informative. Annualized measures where applicable.

In our model, emergency liquidity provisions relax financial conditions as captured by
the balance sheet constraint (C.22) and the incentive compatibility constraint (C.27). From
the bank’s first order condition, it then follows that an injection of emergency liquidity by
the Fed into the financial system effectively raises the banking sector’s demand for capital
assets (see, Equation C.32). The ensuing dynamics are illustrated in Figure E.6. As a
consequence of the banking sector’s increased demand for capital assets the credit spread
is compressed. The associated rise in asset prices augments the net worth of the banking
sector. As in the case of the central bank’s purchase of capital assets, the lower credit
rates stimulate investment by firms and, in turn, increases economic activity. With finan-
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cial constraints only briefly relaxed and physical investment being subject to investment
adjustment costs, the investment boom is, however, dampened and rather short-lived. As a
result, the extension of firm’s production capacity is only small. As discussed in the main
body of the paper, while the Fed’s liquidity provision did stabilize the financial sector in
the US, we do not find any sizable effect on the real economy.

Figure E.7 illustrates the impulse response functions with respect to a shock to the cen-
tral bank’s government bond purchases. The size of the shock in Figure E.7 is set such that
the peak of the corresponding stochastic process matches the peak of the empirical time
series. The ensuing increase in government bond prices raises the net worth of banks. This
allows banks to expand their credit supply and hold more capital assets on their balance
sheet. Next to the price effect, banks perform a portfolio shift from government bonds
to other assets. The lowered interest rates on Treasuries due to the purchases by the cen-
tral bank spill over to lending rates such that the credit spread shrinks. As with the other
instruments of unconventional monetary policy, investment increases. Given a similar per-
sistence as for the shock on capital securities purchases, the effect of Treasury purchases
on the real economy is similar to those of private security purchases. The triggered invest-
ment boom is sufficient for the extension of production capacity to be substantial and for
supply effects to outweigh the demand effects on inflation. Furthermore, the qualitative
similarities are also grounded in the close co-movement of asset returns in the model. A
lowering of asset-specific returns directly spills over to other markets. Equations C.69
and C.70 show that – abstracting from shocks to the collateral value of capital assets – the
shadow values of all assets move perfectly together.

While qualitatively the effect of government bond purchases on the real economy are
very similar to the effects of capital asset purchases, there are quantitative differences. As
in Gertler and Karadi (2013), it holds that the lower divertibility of government bonds
compared to capital assets implies that for a given dollar value of bond purchases, the
financial constraint is eased to a lesser degree than with capital asset purchases. The
differences in divertibility can directly be traced back to the estimated differences in steady
state spreads of both assets. More precisely, it can be shown that λb =

Rb−R
Rk−Rλk. A direct

comparison of dollar figures for a given stimulus to output is given in the Appendix H.
Lastly, Figure E.8 shows the effect of a conventional accommodative monetary policy

shock. A decrease in the short-term nominal interest rate eases financial conditions for the
banking sector via lower deposit rates. As with unconventional monetary policy, this gives
rise to an increase in investment and ultimately raises output. However, in contrast to QE, it
simultaneously induces a rise in consumption by households via their Euler equation. With
all components of aggregate private demand expanding, the demand effect on inflation
dominates the supply effects. Conventional monetary policy therefore raises output and
inflation simultaneously. A more detailed comparison of conventional and unconventional
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Figure E.7: Impulse response functions to a shock of government bond purchases

Note: Posterior (in orange) and prior (in blue) impulse response functions with respective 95% credible sets
based on 2000 draws. Solid lines represent the mean. For each draw, the strength of the shock is chosen
such that the peak of the corresponding stochastic process matches the peak of the empirical time series.
See Appendix M for details. Prior draws are adjusted for high autoregressive coefficients which can be
identified independently from the model.

monetary policy is provided in Appendix H.
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Figure E.8: Impulse response functions to a monetary policy shock

Sampled from the posterior distribution with 95% confidence intervals.

Note: Posterior (in orange) and prior (in blue) impulse response functions to an accommodative 25 basis
point monetary policy shock with respective 95% credible sets based on 2000 draws. Solid lines represent
the mean.

Appendix F The Macroeconomic Context of Quantitative Easing: Historical shock
decompositions

The expansion of the Federal Reserve’s balance sheet took place against the backdrop
of the GFC and the subsequent Great Recession. This section embeds our previous results
in the context of that macroeconomic environment and lays out the role that our estimation
ascribes to the structural driving forces in our model for the dynamics of the last decades.
Figures F.9 and F.10 show the historical decompositions of a selection of smoothed states
into the contributions of the different shocks. The effect of each shock is normalized
as suggested by Boehl and Strobel (2020), implying that each shock reflects the exact
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contribution, independently of any ordering effects that might occur in nonlinear models.

Figure F.9: Historical shock decomposition of the baseline model

Note: Historical decomposition of the smoothed states into the contribution of the different shocks.
Variables are shown in percentage deviations from their steady state (growth path). Means over 2000
simulations drawn from the posterior. The contribution of each shock is normalized and calculated as in
Boehl and Strobel (2020). Annual measures where applicable. ZLB durations are determined
endogenously given the shocks for every simulated draw.

As the figures show, the previously discussed effects of the quantitative easing mea-
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Figure F.10: Historical shock decomposition of the baseline model

Note: Historical decomposition of the smoothed states into the contribution of the different shocks.
Variables are shown in percentage deviations from their steady state (growth path). Means over 2000
simulations drawn from the posterior. The contribution of each shock is normalized and calculated as in
Boehl and Strobel (2020). Annual measures where applicable. ZLB durations are determined
endogenously given the shocks for every simulated draw.

sures on the real economy, here captured by ϵQEB, ϵQEK and ϵCBL, only make up a small part
of the overall picture. Instead, the historical decomposition points towards variations in
the risk premium shock, ϵu

t , as the most important driver of the observables. This financial
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shock affects banks’ funding conditions and has a demand shock type effect on the real
economy in our model. Besides its role in the GFC, it was also identified as a main driver
in the pre-crisis period by Smets and Wouters (2007). As such, the high risk premium
can not only explain the 2008-2009 drop in consumption, but can also account for a large
share of the fall in investment. Ultimately, the lasting effect of an elevated risk premium
resonates in a high estimate of ρu of 0.876. The plunge in investment is further supported
by a fall in the efficiency of investment, ϵ i

t . The other financial shock ϵ lk
t to the divertibility

of capital assets, λk,t, that we adopted from Dedola et al. (2013), substantially raises the
credit spread during the financial crisis. Yet, to our surprise, it only plays a minor role in
driving macroeconomic dynamics.35

The finding of a flat Phillips Curve is mirrored in the dynamics of inflation. While
the risk premium shock persistently depresses the price level, the dip of inflation in 2009
is explained by exogenous movements in the firms’ price markup. In fact, this process
governs almost all high-frequency movements in inflation. As expected, the technology
level zt is a driver of the low-frequency dynamics, which is reflected in a very high estimate
of ρz. A similar result holds for the process of government spending, which only plays a
secondary role.36

Through the lens of our model, the Federal Reserve’s interest rate policy in the pre-
crisis period can be considered “too low for too long” as it was driven by a series of
accommodative monetary policy shocks consistent with the view of Taylor (2007). The
Fed’s preemptive rate cuts in mid-2007 and 2008, on the other hand, appeared to have
prevented an even further fall in aggregate demand at the onset of the GFC. Finally, note
that our estimate of the notional rate differs conceptually from those inferred from affine
term structure models, such as Krippner (2013) or Wu and Xia (2016). Our estimate
reflects the implications of a Taylor-type policy rule and is not based on information of the
cross-section of yields. Instead, the estimate provides a counterfactual, indicating by how
much lower the short-term rate would have been given the levels of inflation and the output
gap.37 As we assume that at the ZLB, the Fed considers the shadow rate for interest rate

35We also experimented with various other financial shocks, such as the capital quality shock in Gertler
and Karadi (2011). However, we find that the risk-premium shock together with the investment-specific
technology shock, the latter of which has also been interpreted as a financial shock (see, e.g. Justiniano et
al., 2011; Gust et al., 2017; Kulish et al., 2017), delivers the most robust results.

36Our specification of monetary policy shocks allows for forward guidance effects at the ZLB. However,
we find that, in the absence of additional data input such as, e.g., detailed data on the yield curve, nonlinear
filters do not perform reliably well in identify forward guidance shocks at the ZLB. For a related discussion,
see Boehl and Strobel (2020).

37Note that this ignores the general equilibrium effect of such lower rates: if rates would have been lower,
inflation and output would have been higher, and, in turn, the Federal Funds Rate would have been higher
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smoothing rather than the nominal rate, the shadow rate directly enters the model. It thus
is an important measure as it drives the expected ZLB durations in our model, which are
endogenously determined by our solution method. These are discussed in the next section.

Appendix G Model-implied expected ZLB durations

The long duration of the ZLB is largely interpreted by our estimation as an endogenous
response of the central bank to the deterioration of fundamentals via the Taylor rule rather
than an active lower-for-longer policy.

Figure G.11 shows the dynamics and the distribution of the expected duration of the
ZLB spell over the sample. The mean expected durations vary between five and ten quar-
ters throughout the ZLB years. Although we neither target nor use any prior information
on the actual expectations of market participants on the duration of the ZLB, for the most
our results are in close range to expected durations in survey data (see e.g. Figure 2 in
Kulish et al., 2017). The lower panels of Figure G.11 show the distributions of expected
ZLB durations at different points in time. In 2009:I, most of the probability mass lies on
the duration of seven quarters. The same holds for 2011:I, although the probability mass
is more spread out over neighboring durations. In the first quarters of 2012 and 2013, for
which survey data shows high expected durations, the distribution shows that considerable
probability mass is allocated to the expected durations bins of nine and ten or higher. This
closely matches the mean of the Primary Dealer Survey in these quarters.

Our results concerning the expected durations of the ZLB are quite similar to those
in Boehl and Strobel (2020, BS), confirming that the inclusion of the financial sectorá la
Gertler and Karadi (2013) does not fundamentally alter the interpretation of business cycle
dynamics. BS also provides a comparison to the expected durations obtained by Gust et
al. (2017) who obtain an average ZLB spell of merely 3.5 quarters, and those obtained
by Kulish et al. (2017), who use survey data to construct priors on expected durations,
which they estimate directly. As in BS, but in contrast to the other aforementioned papers,
our sample also includes the more recent episode of monetary policy normalization. In
the December 2015 the Fed raised the FFR by 25bps, which remained between 0.25%
to 0.5% p.a. until 2016:IV. By doing so, the FED arguably left the ZLB as we define
it in Section3.3 in the paper. However, the mean of the smoothed nominal interest rate
as implied by the estimated model remains at the ZLB until that later date. The model
therefore interprets the still very low federal fund rate in 2016 to have the same effects on
equilibrium dynamics as a binding ZLB. This might capture uncertainty effects that could
not explicitly included in our modeling approach.

than our shadow rate.

67



Figure G.11: Model-implied expected ZLB durations and selected cross-sectional distributions

Note: Means over 2000 simulations drawn from the posterior.

Appendix H Comparing the effects of QE and interest rate policy

There has been an active debate on whether unconventional monetary policy measures
can act as a substitute for conventional interest rate policy once the nominal interest rate
is constrained by the ZLB.38 In this section, we briefly compare the effectiveness of the
LSAPs with a standard accommodative monetary policy shock using our estimated model
and discuss differences in their transmission mechanisms.

38To name a few, see e.g. Eberly et al. (2019); Doniger et al. (2019); Galı́ (2019); Sims and Wu (2021).
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Figure H.12: Comparing a conventional monetary policy shock with a shock to capital security purchases

Note: Posterior impulse response functions to an accommodative annualized 25 basis points monetary
policy shock in red and posterior impulse response functions to a capital purchases shocks in blue. For each
draw from the posterior, the size of the QE shock is chosen such that the peak effect of QE on output equals
the peak effect to the monetary policy shock. Posterior sample obtained from 2000 draws from the posterior
distribution. Solid lines represent the mean with 95% credible sets.

An accommodative monetary policy shock, which lowers the federal funds rate by 25
basis points (annualized), creates a peak output response of around 0.19%. First, we ask
the question of how large, as a percentage of GDP, asset purchases have to be, in order to
achieve a similar effect on output. Figures H.12 and H.13 summarize the result for capital
asset and government bond purchases, respectively. As for the IRFs in the main body, for
each draw from the posterior, the size of the QE shock is chosen such that its peak response
on output equals the peak response of a quarterly 25 basis points monetary policy shock
(c.f. Appendix M).
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Figure H.13: Comparing a conventional monetary policy shock with a shock to government bond purchases

Note: Posterior impulse response functions to an accommodative annualized 25 basis points monetary
policy shock in red and posterior impulse response functions to a capital purchases shocks in blue. For each
draw from the posterior, the size of the QE shock is chosen such that the peak effect of QE on output equals
the peak effect to the monetary policy shock. Posterior sample obtained from 2000 draws from the posterior
distribution. Solid lines represent the mean with 95% credible sets.

Before turning to the results, let us stress one important caveat of this comparison. We
do not restrict the short-term rate to remain unchanged, which – in our model – implies
that the central bank additionally lowers the policy rate to counter the disinflationary effect
of QE. The reason for doing so lies in the different model-implied expected durations of
the ZLB for each posterior draw which render a comparison difficult. With this caveat in
mind, we find – in line with our previous results – that an expansion of the Fed’s balance
sheet of 1.7% of GDP through capital asset purchases is needed in order to stimulate output
by the same amount as a 25 basis points monetary policy shock. In the case of treasury
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purchases, this number even increases to 2.6% of GDP. To put this numbers into context,
in 2019 this translated into roughly 364 and 557 Billion Dollar, respectively.

These results are comparable in size to Doniger et al. (2019), who find that treasuries
worth 2% GDP have to be purchased in order to achieve a similar effect on output as a
25bps rate cut using the FRB/US model. Nonetheless, there is a word of caution and the
above numbers are to be interpreted carefully. First, across the posterior, there is a large
heterogeneity of how large the volume of the purchases must be to get comparable output
effects. The corresponding posterior standard deviations of the above numbers are 1.26%
and 2.27% of GDP for capital asset and treasury purchases, respectively. Second, there
are crucial differences in the dynamics of several variables when comparing a standard
monetary policy shock with a LSAPs. Specifically, as outlined above, we find LSAPs to
exercise downward pressure on prices, consistent with a dominant cost channel, and to
induce a non-negligible decline in consumption.

The reason for this lies in the different transmission mechanisms. Specifically, stan-
dard rate cuts stimulate consumption via the Euler equation and investment via the decline
in expected short rates, thus leading to a broad-based rise in aggregate demand. Instead,
asset purchases primarily affect long-term rates by compressing term and credit risk pre-
mia, which – through the lens of our model – leads to a substantially larger effect on
investment. The resulting expansion in production capacities, however, lowers marginal
cost and ultimately puts downward pressure on prices. With real rates rising at the ELB,
consumption is in fact discouraged.

Appendix I The role of endogenous QE

So far we have treated the central bank’s unconventional monetary policies as if each
measure was undertaken as an (unexpected) policy shock. This has the advantage that, at
least for the onset of the financial crisis, it is unlikely that agents anticipated the Federal
Reserve’s new and unconventional measures as an endogenous response to the deteriora-
tion of certain fundamentals, or that they could easily learn about the sensitivity of the
central bank’s policy tools to the dynamics of different economic variables – the tapper
tantrum may be one example. In comparison, our assumption that changes in the Fed’s
balance sheet are a mixture of surprises and anticipated autoregressive paths is less de-
manding while still capturing the stock effects of these purchases. Additionally, no further
complexity is added to the already large model at hand. Nonetheless, the potentially sta-
bilizing effects of rule-based large-scale asset purchases have received some attention in
the literature. Ellison and Tischbirek (2014), Kiley (2018) and Sims and Wu (2021), for
instance, model QE as a response to inflation or measures of output. Other papers focus on
the response of asset purchases to a financial spread (see, e.g., Gertler and Karadi, 2011;
Dedola et al., 2013). Here, we investigate how endogenizing QE affects our main results.
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Following Sims and Wu (2021), we specify our QE rules for capital asset and govern-
ment bond purchases such that they are only active when the nominal rate is at the ZLB.
This prevents that the muted response of the Fed’s balance sheet prior to the ZLB period
is interpreted as unexpected deviations from the estimated rules in the context of our anal-
ysis. To this end, we replace Equations (18) and (19) from our benchmark model with QE
rules that, in linearized form, read

K̃cb,t =(1 − ρk,1)
ϕk

1 − ϕk

(rt − rn
t ) − ρ(rt−1 − rn

t−1)
1 − ρ

+ ρk,1K̃cb,t−1 + ϵQEK,t, (I.1)

B̃cb,t =(1 − ρb,1)
ϕb

1 − ϕb

(rt − rn
t ) − ρ(rt−1 − rn

t−1)
1 − ρ

+ ρb,1B̃cb,t−1 + ϵQEB,t. (I.2)

From the term, (rt−rn
t )−ρ(rt−1−rn

t−1)
1−ρ it follows that the endogenous part of either rule is deacti-

vated when the prevailing nominal interest rate coincides with the notional rate. When the
nominal rate is at the ZLB, however, this term incorporates the same response to inflation,
to the output gap and its growth rate, as well as to the excess return on capital assets, that
is present in the linearized version of the conventional monetary policy rule. The reaction
to fundamentals in either QE rule becomes stronger, the deeper the fall of the notional rate
below the ZLB. The parameters ϕk and ϕb scale the reaction of the purchasing rules for
capital assets and government bonds, respectively. Next to the endogenous part of each
rule, we continue to allow for autoregressive components. Apart from these rules, we leave
the model unchanged and the model with endogenous QE nests our benchmark model for
ϕk = ϕB = 0.

Tables I.4 and I.5 show the posterior estimates. Allowing for a policy reaction to
inflation at the ZLB via the QE rules results in a higher feedback coefficient ϕπ than in
the case of exogenous QE (1.55 at the mean vs. 1.20). The other feedback coefficients
as well as the interest rate smoothing parameter, ρ are broadly in line with the previous
estimates. The conventional monetary policy shock, which now affects LSAPs through its
effect on the notional rate slightly gains in estimated persistence and volatility. While the
estimates of ρqek = 0.98 and ρqeb = 0.99 show that the exogenous autoregressive terms are
still central to the dynamics of the central bank’s asset purchases, the estimates of ϕk and
ϕb close to one allow for a meaningful role of the endogenous components of the rules as
well.

Figure I.14 illustrates that our main results are unaffected by the choice to model
LSAPs as exogenous or endogenous. In line with our benchmark analysis, both, capi-
tal asset and government bond purchases result in an increase in investment via the easing
of financial constraints. As in the previous section, the large surge in aggregate investment
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Table I.4: Parameter estimates for the model with endogenous QE

Prior Posterior
dist. mean std mean std mode 5% 95%

σc normal 1.500 0.375 1.006 0.054 1.033 0.916 1.093
σl normal 2.000 0.750 1.161 0.354 1.057 0.619 1.709
βtpr gamma 0.250 0.100 0.163 0.055 0.113 0.078 0.252
h beta 0.700 0.100 0.803 0.050 0.841 0.719 0.869
S ′′ normal 4.000 1.500 7.151 0.965 8.350 5.645 8.669
ιp beta 0.500 0.150 0.241 0.091 0.261 0.098 0.388
ιw beta 0.500 0.150 0.439 0.125 0.543 0.251 0.656
α normal 0.300 0.050 0.195 0.015 0.177 0.170 0.219
ζp beta 0.500 0.100 0.787 0.047 0.794 0.722 0.864
ζw beta 0.500 0.100 0.735 0.082 0.765 0.594 0.846
Φp normal 1.250 0.125 1.241 0.056 1.183 1.155 1.331
ψ beta 0.500 0.150 0.870 0.047 0.871 0.795 0.949
ϕπ normal 1.500 0.250 1.546 0.218 1.617 1.162 1.874
ϕy normal 0.125 0.050 0.176 0.040 0.156 0.115 0.243
ϕdy normal 0.125 0.050 0.170 0.038 0.221 0.108 0.232
ϕs normal 0.125 0.050 0.152 0.047 0.158 0.078 0.233
ϕb beta 0.900 0.050 0.925 0.032 0.941 0.876 0.973
ϕk beta 0.900 0.050 0.976 0.009 0.981 0.970 0.984
ρ beta 0.750 0.100 0.781 0.024 0.818 0.743 0.819
κτ gamma 0.300 0.100 0.282 0.081 0.249 0.149 0.407
κ gamma 2.000 4.000 0.544 1.799 0.050 0.030 0.437
LEV normal 3.000 1.000 3.154 0.439 3.163 2.403 3.857
θ beta 0.950 0.050 0.940 0.025 0.946 0.903 0.981
λcbl gamma 3.000 3.000 0.137 0.134 0.060 0.000 0.294
termspread gamma 0.500 0.100 0.514 0.109 0.400 0.349 0.710
spread normal 0.500 0.100 0.417 0.054 0.378 0.332 0.505
γ normal 0.440 0.050 0.384 0.018 0.387 0.353 0.410
π gamma 0.625 0.100 0.653 0.072 0.685 0.537 0.775
l normal 0.000 2.000 0.046 0.557 0.279 -0.834 0.962

increases aggregate output and induces disinflation by expanding the firms’ production
capacities.

Quantitatively, however, there are some changes with respect to the case with exoge-
nous QE. In particular, the disinflationary effect of QE is amplified in this version of the
model. The higher estimate of ϕπ and the stabilizing role of the LSAP rules for inflation
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Table I.5: Parameter estimates for the model with endogenous QE (continued)

Prior Posterior
dist. mean std mean std mode 5% 95%

ρr beta 0.500 0.200 0.702 0.143 0.738 0.445 0.871
ρg beta 0.500 0.200 0.953 0.020 0.958 0.921 0.982
ρi beta 0.500 0.200 0.749 0.066 0.740 0.643 0.854
ρz beta 0.500 0.200 0.884 0.052 0.893 0.803 0.966
ρp beta 0.500 0.200 0.815 0.167 0.904 0.500 0.968
ρw beta 0.500 0.200 0.434 0.303 0.198 0.150 0.996
ρu beta 0.500 0.200 0.845 0.049 0.817 0.783 0.933
ρlk beta 0.500 0.200 0.857 0.080 0.902 0.726 0.990
ρcbl beta 0.500 0.200 0.659 0.045 0.662 0.581 0.727
ρqeb beta 0.500 0.200 0.987 0.004 0.989 0.980 0.994
ρqek beta 0.500 0.200 0.980 0.004 0.985 0.974 0.985
µp beta 0.500 0.200 0.696 0.180 0.824 0.385 0.904
µw beta 0.500 0.200 0.502 0.207 0.322 0.266 0.898
ρgz normal 0.500 0.250 0.297 0.123 0.362 0.113 0.504
σg inv. gamma 0.100 0.250 0.262 0.020 0.245 0.228 0.292
σz inv. gamma 0.100 0.250 0.337 0.038 0.336 0.273 0.396
σr inv. gamma 0.100 0.250 0.098 0.012 0.088 0.079 0.115
σi inv. gamma 0.100 0.250 0.487 0.064 0.456 0.390 0.586
σp inv. gamma 0.100 0.250 0.108 0.018 0.105 0.082 0.139
σw inv. gamma 0.100 0.250 0.595 0.051 0.644 0.517 0.678
σu inv. gamma 0.100 0.250 0.605 0.206 0.808 0.245 0.862
σlk inv. gamma 0.100 0.250 0.502 0.204 0.681 0.142 0.756
σcbl inv. gamma 0.100 0.250 0.723 0.045 0.758 0.656 0.796
σqeb inv. gamma 0.100 0.250 0.396 0.051 0.380 0.355 0.451
σqek inv. gamma 0.100 0.250 0.128 0.048 0.125 0.089 0.162

require a higher slope of the price Phillips curve to, in order to match the observed inflation
dynamics, counteract the stabilizing role of endogenous QE (ζp = 0.79 at the mean vs 0.88
in the case of exogenous QE). As a consequence, when the stabilizing asset purchases are
removed in the counterfactual experiments, the effect on inflation is more pronounced.39

The expansionary effect of QE on output is stronger than in the previous case, due to an
attenuated decline in consumption. The latter is the result of a higher estimate of the coeffi-

39Note that for a significant portion of draws from the posterior, removing the stabilizing asset purchases
in our counterfactual experiment results in indeterminate equilibrium dynamics.
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Figure I.14: Counterfactual simulations without the QE measures for the model with endogenous QE and
their net contributions

Note: For the counterfactual simulations, all QE shocks and the coefficients of the rule for QE are set to
zero. Variables are shown in percentage deviations from their steady state (growth path). Effects in both
graphs are cumulative. Means over 1978 out of 2000 simulations drawn from the posterior. Annualized
measures where applicable. ZLB durations are determined endogenously given the shocks for every
simulated draw.

cient of relative risk aversion (σc = 1.01 at the mean vs. 0.89). As discussed in Section5.2
in the paper, the higher σc, the stronger the support of the expansion in labor hours on
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consumption. Notwithstanding some marginal quantitative changes in the result, however,
our main findings are robust to the introduction of endogenous QE rules.

Lastly, Figure I.15 shows that for the case of government bond purchases, the modeling
choice of an endogenous rule is not supported by our analysis. The green area in the
upper panel shows the dynamics of government bond purchases that are interpreted as
feedback to fundamentals via the endogenous part of the QE rule. The orange and blue
area, which explain the bulk of the Fed’s bond purchases, represent unconventional and
conventional monetary policy exogenous shocks. This underlines that the dynamics of
the Fed’s bond holdings are not well matched by the endogenous feedback rule. Instead,
for the Fed’s MBS purchases, the fraction that can be explained in the context of the
estimated rule is far larger. Over time as QE becomes a part of the regular toolkit of
central banks and the uncertainty surrounding its use is resolved, the representation of
LSAPs as known feedback rules in economic models will become more and more justified.
Our result highlights the challenge of adequately representing the different types of policy
tools via feedback rules in an estimated model.
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Figure I.15: Historical decomposition of (endogenous) asset purchases

Note: Historical shock decomposition of the (endogenous) central bank asset purchases (government bonds
on top and MBS purchases on the bottom). The orange area, labeled “QE shocks” reflects the exogenous
disturbance term in the respective QE rule (I.1) and (I.2). Similarly, the blue area singles out the monetary
policy shock in the standard Taylor rule (Eq. 16). The green area, instead, sums over all remaining
structural shocks and thus represents the share of asset purchases explained by the endogenous response.
Means over 2000 simulations drawn from the posterior.
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Appendix J Estimation of the benchmark model using the pre-crisis sample from
1983 – 2008

We are not the first to study the effects of central bank asset purchases in the context
of a structural model. Our contribution, however, is to conduct an investigation within
the context of a model that is estimated on a sample that includes the period in which QE
was undertaken. In contrast to our finding of a disinflationary effect of LSAPs, papers,
which use models that were either calibrated (see, e.g., Gertler and Karadi, 2011, 2013)
or estimated only on pre-2008 data (see, e.g., Chen et al., 2012; Carlstrom et al., 2017),
point towards a positive effect of LSAPs on both, output and inflation. In this section, we
re-estimate our model on a pre-crisis sample from 1983:I to 2008:III. The starting date is
chosen as in Gust et al. (2017) and Kulish et al. (2017), while the end date reflects last
quarter before the ZLB was binding. We find that if we ignore post-2008 data, our results
align well with the previous literature. This underlines that the main results of this paper
are not driven by modeling choices, but rather by the fact that we account for post-crisis
data.40

As the Federal Reserve did not conduct unconventional monetary policies prior to the
financial crisis, we remove the three shock processes of the Fed’s balance sheet and their
respective observables from the estimation. Consequently, we also exclude all parameters
from the estimation that are associated with the three shock processes as well as λcbl, which
scales the effects of emergency liquidity provisions. Instead, we fix the roots of the ex-
ogenous processes for private security and government bond purchases at root1=0.95 and
root2=0.85, which closely corresponds to the posterior mean values implied by our esti-
mation in Section 5. These parameters were identified independently of the other model
parameters and are entirely driven by the time series of the central bank’s balance sheet
that are fed into the estimation in Section 5. Due to a lack of an independently identified
λcbl, we do not consider central bank liquidity provision in this section

Figures J.16 and J.17 show the posterior impulse response functions to a shock to
private security and treasury purchases, respectively. The size of the shock is again chosen
such as to match the peak of the observable series for the Fed’s private security purchases.
In line with our results in Section 5 as well as in the previous literature, the expansion of
the Fed’s balance sheet raises asset prices improves the net worth and reduces the leverage
of banks in the model. After a brief initial increase that follows from the hump-shape
dynamics of central bank purchases, the alleviation of financial constraints, reduces the

40In addition, we repeat our analysis for a longer sample that covers the Great Moderation as well as
the recent decades. For this extended sample from 1983:I to 2019:IV, our main results are confirmed. The
results of this exercise are included in Appendix K.
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credit spread. As a consequence, quantitative easing stimulates aggregate investment and
output.

Figure J.16: Impulse response functions of a shock to private security purchases from the model estimated
from 1983 to 2008

Note: Posterior impulse response function with 95% credible set. Posterior sample obtained from 2000
draws from the posterior distribution. Solid lines represent the mean. For each draw, the strength of the
shock is chosen such that the peak of the corresponding stochastic process matches the peak of the
empirical time series. See Appendix M for details. Annualized measures where applicable.

Importantly, in contrast to our baseline analysis and consistent with the previous liter-
ature, LSAPs now increase inflation at the mean. This is the result of several differences
in the parameter estimates that are displayed in Table J.6 and J.7 compared to the esti-
mates in our baseline analysis. The low estimate of ψ = 0.56 points towards a reduced
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Figure J.17: Impulse response functions of a shock to government bond purchases from the model estimated
from 1983 to 2008

Note: Posterior impulse response functions with 95% credible set. Posterior sample obtained from 2000
draws from the posterior distribution. Solid lines represent the mean. For each draw, the strength of the
shock is chosen such that the peak of the corresponding stochastic process matches the peak of the
empirical time series. See Appendix M for details. Annualized measures where applicable.

importance of the cost channel of QE. The higher share of incumbents that survives each
period in the banking sector, θ = 0.95, results in a higher vulnerability of the aggregate
net worth and lending capacity of the sector to the compressed returns of assets on their
balance sheet in the wake of LSAPs. This implies a moderated expansion of investment
and the production capacity and ultimately reduced downward pressure on inflation. At
the same time, the increased estimates of σl implies a slightly stronger response of the
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households reservation wage to the increase in labor hours that comes with the expansion
of output. With inflation and real activity rising, the increase in the policy rate now ex-
ceeds the increase in the inflation rate. Hence households face a higher real interest rate on
deposits, reducing their consumption. This reduction in consumption is only marginally
counteracted by a higher coefficient of relative risk aversion, σc. The lower estimates of h,
S ′′, ζp and ζw exhibit a lower degree of real and nominal rigidities in the pre-crisis sample.

Table J.6: Parameter estimates for the pre-crisis sample: 1983:I to 2008:II

Prior Posterior
dist. mean std mean std mode 5% 95%

σc normal 1.500 0.375 1.019 0.109 0.896 0.845 1.196
σl normal 2.000 0.750 1.695 0.641 1.837 0.657 2.716
βtpr gamma 0.250 0.100 0.210 0.065 0.237 0.099 0.309
h beta 0.700 0.100 0.691 0.050 0.745 0.606 0.769
S ′′ normal 4.000 1.500 5.755 0.832 5.546 4.375 7.051
ιp beta 0.500 0.150 0.345 0.114 0.363 0.162 0.524
ιw beta 0.500 0.150 0.545 0.139 0.521 0.300 0.760
α normal 0.300 0.050 0.207 0.011 0.195 0.190 0.227
ζp beta 0.500 0.100 0.691 0.081 0.639 0.593 0.863
ζw beta 0.500 0.100 0.628 0.113 0.602 0.495 0.867
Φp normal 1.250 0.125 1.518 0.074 1.511 1.393 1.637
ψ beta 0.500 0.150 0.560 0.111 0.621 0.385 0.740
ϕπ normal 1.500 0.250 1.906 0.283 1.979 1.398 2.345
ϕy normal 0.125 0.050 0.038 0.076 0.002 -0.024 0.194
ϕdy normal 0.125 0.050 0.215 0.039 0.212 0.150 0.275
ϕs normal 0.125 0.050 0.155 0.042 0.143 0.080 0.219
ρ beta 0.750 0.100 0.751 0.032 0.786 0.703 0.803
κτ gamma 0.300 0.100 0.300 0.091 0.305 0.156 0.442
κ gamma 2.000 4.000 0.350 1.018 0.101 0.044 0.256
LEV normal 3.000 1.000 3.163 0.546 2.998 2.307 4.087
θ beta 0.950 0.050 0.950 0.017 0.935 0.924 0.977
termspread gamma 0.500 0.100 0.503 0.092 0.406 0.351 0.647
spread normal 0.500 0.100 0.552 0.067 0.550 0.446 0.666
γ normal 0.440 0.050 0.455 0.027 0.446 0.416 0.507
π gamma 0.625 0.100 0.664 0.081 0.730 0.521 0.789
l normal 0.000 2.000 -1.094 1.852 -2.260 -3.566 2.290

Overall this exercise emphasizes that the parameter estimates and hence the model
dynamics are crucially determined by the sample that is employed in the estimation of the
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Table J.7: Parameter estimates for the pre-crisis sample: 1983:I to 2008:II (continued)

Prior Posterior
dist. mean std mean std mode 5% 95%

ρr beta 0.500 0.200 0.614 0.097 0.528 0.455 0.784
ρg beta 0.500 0.200 0.967 0.019 0.976 0.946 0.991
ρi beta 0.500 0.200 0.602 0.126 0.554 0.413 0.792
ρz beta 0.500 0.200 0.916 0.027 0.927 0.870 0.960
ρp beta 0.500 0.200 0.879 0.125 0.958 0.700 0.993
ρw beta 0.500 0.200 0.918 0.114 0.977 0.727 0.996
ρu beta 0.500 0.200 0.786 0.055 0.766 0.696 0.876
ρlk beta 0.500 0.200 0.953 0.035 0.972 0.910 0.994
µp beta 0.500 0.200 0.628 0.117 0.690 0.428 0.797
µw beta 0.500 0.200 0.575 0.115 0.602 0.395 0.758
ρgz normal 0.500 0.250 0.368 0.085 0.375 0.239 0.518
σg inv. gamma 0.100 0.250 0.234 0.017 0.239 0.206 0.260
σz inv. gamma 0.100 0.250 0.298 0.026 0.294 0.255 0.340
σr inv. gamma 0.100 0.250 0.108 0.008 0.103 0.094 0.120
σi inv. gamma 0.100 0.250 0.616 0.084 0.612 0.474 0.727
σp inv. gamma 0.100 0.250 0.079 0.010 0.085 0.063 0.094
σw inv. gamma 0.100 0.250 0.391 0.069 0.390 0.267 0.491
σu inv. gamma 0.100 0.250 0.457 0.123 0.507 0.280 0.644
σlk inv. gamma 0.100 0.250 0.319 0.084 0.323 0.202 0.479

structural model. Naturally, this holds as well for the estimated dynamic consequences
of LSAPs. Omitting the decade in which unconventional monetary policies were actually
conducted from the sample, thus opens the door for misleading conclusions regarding the
effects of quantitative easing on the real economy.

Appendix K Estimation of benchmark model using the full sample from 1983 –
2019

This section present the results of the estimation of the model using the full sample
from 1983:I until 2019:IV, which includes the Great Moderation. The parameter esti-
mates are shown in Tables K.8 and K.9. Along many lines the parameter estimates display
a strong similarity to the estimates derived from the baseline sample. Parameters S ′′,
h, ζp and ζw imply a substantially higher degree of real and nominal rigidities than in
the pre-crisis sample. Similarly, the estimate of βtpr = 0.16 is much closer to the value
from the baseline sample than the one implied by the pre-crisis sample, driven by the
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low interest environment. The demand and supply effects of LSAPs on inflation are only
marginally shifted by the parameter estimates in the extended sample. The mean estimate
of ψ = 0.692 implies that the variable capital utilization channel is a tad less active than
in the baseline sample. As with the pre-crisis sample, the value of σc marginally above
unity points to slightly stronger consumption demand effects than measured in the baseline
sample. Whereas the low estimate of LEV = 1.992 points toward stronger amplification of
the investment response to QE via the banking sector, the high estimated survival rate of
bankers, θ signals the opposite. Notable is the high estimate of σl = 3.341 that translates
into a stronger increase of the reservation wage, given the expansion of labor hours in the
wake of QE. However, as in the baseline sample, a flat wage Phillips curve – as implied by
the estimate of ζw = 0.898 – limits any upward pressure from the labor market on marginal
cost and hence inflation.

Overall, Figure K.18 shows that our main findings – the disinflationary effect of QE
and the accompanied fall in consumption – are qualitatively robust to the longer sample.
In fact, even quantitatively, the effects are very comparable. The fall in inflation is now
estimated to have peaked at -0.55% (instead of -0.7%), in part driven by a slightly smaller
expansion in investment of 8% (instead of 9%). The marginally muted rise in real rates
than induced aggregate consumption to decline by only 0.9% (instead of 1.7%) ultimately
leading to a somewhat larger expansion of economic activity of 0.9% (instead of 0.4%).

For completeness, Figures K.19 and K.20 also show the prior and posterior IRFs to a
shock to capital securities and government bond purchases, respectively. All in all, and
as already discussed in the previous section, this exercise underlines the importance of
including the pre-crisis data in the estimation.
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Table K.8: Parameter estimates for the extended sample: 1983:I to 2019:IV

Prior Posterior
dist. mean std mean std mode 5% 95%

σc normal 1.500 0.375 1.157 0.098 1.166 1.001 1.318
σl normal 2.000 0.750 3.341 0.462 3.542 2.558 4.080
βtpr gamma 0.250 0.100 0.130 0.042 0.123 0.060 0.193
h beta 0.700 0.100 0.719 0.044 0.714 0.646 0.790
S ′′ normal 4.000 1.500 7.016 0.993 6.902 5.463 8.693
ιp beta 0.500 0.150 0.247 0.093 0.169 0.099 0.399
ιw beta 0.500 0.150 0.475 0.123 0.492 0.278 0.676
α normal 0.300 0.050 0.192 0.009 0.191 0.176 0.206
ζp beta 0.500 0.100 0.876 0.027 0.863 0.834 0.918
ζw beta 0.500 0.100 0.898 0.025 0.900 0.872 0.931
Φp normal 1.250 0.125 1.289 0.062 1.348 1.188 1.390
ψ beta 0.500 0.150 0.692 0.069 0.694 0.579 0.805
ϕπ normal 1.500 0.250 1.306 0.212 1.099 0.961 1.579
ϕy normal 0.125 0.050 0.205 0.025 0.196 0.169 0.250
ϕdy normal 0.125 0.050 0.189 0.043 0.211 0.114 0.256
ϕsprd normal 0.125 0.050 0.112 0.043 0.119 0.042 0.181
ρ beta 0.750 0.100 0.764 0.031 0.765 0.718 0.818
κτ gamma 0.300 0.100 0.307 0.084 0.269 0.169 0.440
κ gamma 2.000 4.000 1.028 4.797 0.056 0.031 0.094
LEV normal 3.000 1.000 1.992 0.269 1.829 1.571 2.431
θ beta 0.950 0.050 0.973 0.014 0.978 0.953 0.993
λcbl gamma 3.000 3.000 0.160 0.132 0.064 0.000 0.354
termspread gamma 0.500 0.100 0.522 0.114 0.568 0.333 0.692
spread normal 0.500 0.100 0.392 0.059 0.407 0.315 0.480
γ normal 0.440 0.050 0.380 0.027 0.377 0.338 0.426
π gamma 0.625 0.100 0.528 0.054 0.524 0.445 0.615
l normal 0.000 2.000 1.699 0.715 1.564 0.839 2.895
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Table K.9: Parameter estimates for the extended sample: 1983:I to 2019:IV (continued).

Prior Posterior
dist. mean std mean std mode 5% 95%

ρr beta 0.500 0.200 0.631 0.072 0.680 0.531 0.762
ρg beta 0.500 0.200 0.986 0.006 0.988 0.978 0.995
ρi beta 0.500 0.200 0.790 0.051 0.766 0.714 0.873
ρz beta 0.500 0.200 0.986 0.014 0.987 0.980 0.997
ρp beta 0.500 0.200 0.537 0.123 0.557 0.339 0.725
ρw beta 0.500 0.200 0.403 0.173 0.375 0.130 0.637
ρu beta 0.500 0.200 0.848 0.037 0.860 0.793 0.911
ρlk beta 0.500 0.200 0.809 0.036 0.786 0.747 0.867
ρcbl beta 0.500 0.200 0.743 0.034 0.730 0.687 0.800
rootb,1 beta 0.500 0.200 0.913 0.048 0.940 0.842 0.984
rootb,2 beta 0.500 0.200 0.927 0.045 0.931 0.854 0.987
rootk,1 beta 0.500 0.200 0.893 0.048 0.851 0.819 0.966
rootk,2 beta 0.500 0.200 0.910 0.041 0.936 0.844 0.972
µp beta 0.500 0.200 0.389 0.134 0.407 0.168 0.587
µw beta 0.500 0.200 0.383 0.157 0.356 0.139 0.598
ρgz normal 0.500 0.250 0.285 0.070 0.291 0.173 0.400
σg inv. gamma 0.100 0.250 0.256 0.015 0.253 0.232 0.281
σz inv. gamma 0.100 0.250 0.391 0.031 0.416 0.341 0.441
σr inv. gamma 0.100 0.250 0.092 0.007 0.085 0.082 0.103
σi inv. gamma 0.100 0.250 0.497 0.040 0.498 0.430 0.560
σp inv. gamma 0.100 0.250 0.110 0.010 0.117 0.093 0.128
σw inv. gamma 0.100 0.250 0.432 0.034 0.430 0.378 0.486
σu inv. gamma 0.100 0.250 0.475 0.120 0.421 0.278 0.656
σlk inv. gamma 0.100 0.250 0.554 0.115 0.645 0.403 0.753
σcbl inv. gamma 0.100 0.250 0.559 0.029 0.568 0.514 0.607
σqeb inv. gamma 0.100 0.250 0.179 0.015 0.177 0.155 0.202
σqek inv. gamma 0.100 0.250 0.199 0.013 0.204 0.178 0.220
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Figure K.18: Counterfactual simulations without QE measures and their net effects: extended sample

Note: Results based on the posterior estimates from the model estimated on the extended sample from
1983:I to 2019:IV. Variables are shown in percentage deviations from their steady state (growth path).
Effects in both graphs are cumulative. Means over 1990 out of 2000 simulations drawn from the posterior.
Annualized measures where applicable. ZLB durations are determined endogenously given the shocks for
every simulated draw.
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Figure K.19: Impulse response functions of a shock to private security purchases in the model estimated
from 1983:I to 2019:IV

Note: Posterior impulse response functions in orange, with 95% credible set. Prior impulse response
functions in blue. Sample obtained from 2000 draws from the respective distribution. Solid lines represent
the mean. For each draw, the strength of the shock is chosen such that the peak of the corresponding
stochastic process matches the peak of the empirical time series. See Appendix M for details. Annualized
measures where applicable.
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Figure K.20: Impulse response functions of a shock to government bond purchases in the model estimated
from 1983:I to 2019:IV

Note: Posterior impulse response functions in orange, with 95% credible set. Prior impulse response
functions in blue. Sample obtained from 2000 draws from the respective distribution. Solid lines represent
the mean. For each draw, the strength of the shock is chosen such that the peak of the corresponding
stochastic process matches the peak of the empirical time series. See Appendix M for details. Annualized
measures where applicable.
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Appendix L QE counterfactuals in the model versions with borrowing households

In our baseline analysis, we follow Gertler and Karadi (2013) and model the repre-
sentative household as a “saver”, with its savings taking the form of bank deposits or
investments into capital claims and government bonds. As a consequence, Equation (26)
in the main body of the text shows that the real rate on deposits is the relevant rate for
households’ consumption expenditures. With expansionary QE inducing a disinflationary
effect, the increasing real rate on deposits reduces the consumption of saving households
at the ZLB. However, a fraction of US households are net borrowers and likely profited
from decreasing loan or mortgage rates in the wake of QE as documented in Di Maggio et
al. (2020).41 For this reason, we estimate an extended model vintage in which a share, χ,
of households are “borrowers”. These households borrow in the form of long-term private
loans (or mortgages) to finance their consumption. This channel is comparable to the one
presented in Chen et al. (2012) and allows for a direct impact of loser financing conditions
on private consumption.

Appendix L.1 The model
The model is populated by two types of households. We assume a continuum of impa-

tient households with mass χ and a continuum of patient households of mass 1−χ. Again,
we impose - in the spirit of Gertler and Karadi (2013) - that a constant fraction f of the
patient household works as banker, whereas the remaining fraction 1− f consists of work-
ers who – like impatient households – supply labor to the intermediate good producers.
The patient household have the same structure as the household sector in the benchmark
model. As banks extend loans to borrowing households, they feature and extended balance
sheet. The firm sector is unchanged.

Appendix L.1.1 Impatient Households
Following the literature, we assume that these impatient households have a the discount

factor βm which is smaller than the discount factor of patient, saving households, i.e. βm <
βp. Apart from this difference, the utility functions of both household types share the same
structure and the same parameters. The budget constraint of impatient households reads

Cm,t + Rp
t Qp

t−1Bp
m,t−1 = WtLm,t + Qp

t Bp
m,t, (L.1)

41Di Maggio et al. (2020) present evidence that households which refinanced their mortgage during QE1,
and hence faced reduced mortgage payments, spent a notable fraction of their interest rate savings on durable
consumption. A direct comparison to our results is, however, complicated as the consumption series which
we use in our estimation reflects changes in non-durables, consistent with the data treatment by Justiniano
et al. (2011).
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where Cm,t and Lm,t denote the impatient household’s consumption expenditures and hours
worked. RP

t and QP
t denote, respectively, the interest rate and price of private loans, Bp

m,t.
Price and yield of private loans are related through

Rp
t =

ξ + κpQp
t

Qp
t−1

,

where ξ is the coupon (or redemption) and κp denotes the decay factor (Woodford, 1998,
2001).

To guarantee the stationarity of the borrowing households debt, we assume that bor-
rowing households incur a small disutility from their debt. This induces an adjustment of
impatient household’s consumption, when their debt is on an explosive path. The extended
utility function reads

Ut = E0

∞∑
t=0

βt
m


(
(Cm,t − hCm,t−1)1−σc

1 − σc

)
exp

(
σc − 1
1 + σl

L1+σl
m,t

)
− Θ

(
Bp

m,t

Bp
m

)1+Γ
Bp

m

1 + Γ

 (L.2)

The discount factor has a household-specific subscript i, because we assume the discount
factor of impatient households βm to be smaller than the discount factor of patient house-
holds, i.e. βm < β. Θ is the weight on the disutility of debt, whereas Γ is the debt-elasticity
of disutility from debt. We choose a very small value for Θ and set Γ such that explo-
sive debt is prevented. The first order conditions from maximizing (L.2) subject to the
impatient households budget constraint (L.1) read:

Ucm,t = (Cm,t − hCm,t−1)−σcexp
(
σc − 1
1 + σl

L1+σl
m,t

)
, (L.3)

Ucm,t = βmEtUcm,t+1Rp,t+1 + Θ

(
Bp

m,t

Bp
m

)Γ
(L.4)

Wh
t = (Cm,t − hCm,t−1)Lσl

m,t. (L.5)

While the reservation wage derived from the optimization problem has the same form as
for patient household, the Euler equation slightly differs. The linearized Euler equation
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for impatient households can be derived as

⇒ cm,t =
h/γ

(1 + h/γ(1 − Θ̃))
cm,t−1 +

(1 − Θ̃)

(1 + h/γ(1 − Θ̃))
cm,t+1...

+
(σc − 1)(WhLm/Cm

σc(1 + h/γ(1 − Θ̃))
[lt − (1 − Θ̃)Etlt+1] −

(1 − Θ̃)(1 − h/γ)

σc(1 + h/γ(1 − Θ̃))
Etrp,t+1 − Γ̃b

p
t

(L.6)

with Θ̃ := Θ
Ucm

and Γ̃ := Θ̃Γ(1−h/γ)
σc(1+h/γ(1−Θ̃))

. For Θ = 0 the Euler equations of both household
types have the same form. Accordingly, we choose a very small value for this parameter.
Γ is set such that stability of bp

t is ensured.

Appendix L.1.2 Banks
The presence of borrowing households gives rise to an additional asset on the banking

sector’s balance sheet. Loans to impatient households are denoted Bp
b,t. The balance sheet

of a representative bank then follows as

QtKb,t + Qb
t Bb,t + Qp

t Bp
b,t = Nt + Dt + Lq

t , (L.7)

The law of motion for the bank’s net worth now reads

Nt = Rk
t Qt−1Kb,t−1 + Rb

t Qb
t−1Bb,t−1 + Rp

t Qp
t−1Bp

b,t−1

−Rd
t−1Dt−1 − RL

t−1Lq
t−1.

(L.8)

Bankers continue accumulating their individual net worth until they (involuntarily)
exit the business. When a banker leaves the sector, she adds her terminal wealth, Vt, to the
wealth of the patient household she is member of. Therefore, bankers seek to maximize
the expected discounted terminal value of their wealth

Vt = max Et

∞∑
i=0

(1 − θ)θiβi+1
p
Λp,t+1+i

Λp,t+i
Nt+1+i,

= max Et

[
βp
Λp,t+1

Λp,t
(1 − θ)Nt+1 + θVt+1

]
, (L.9)

whereΛp,t denotes the patient household’s Lagrangian multiplier with respect to the budget
constraint. In the extended model, loans to borrowing households feature as well in the
incentive constraint of banks.

Vt ≥ λk,tQtKb,t + λbQb
t Bb,t + λpQp

t Bp
b,t − λLLq

t , (L.10)
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where λ j for j ∈ {k, p, b} denotes the respective fraction of capital claims, government
bonds or private loans that the bank can diverted. In steady state, the λ j’s for j ∈ {k, p, b}
determine – together with other estimated parameters such as the discount factor of patient
households, βp, and the trend growth rate, γ – the returns on capital claims and government
bonds, Rk and Rb, as well as the private loan rate Rp. We set the prior mean of the relevant
parameters such that the respective excess returns over the deposit rate are based on data
for the US treasury rate, Gilchrist and Zakrajšek (2012) corporate spread and mortgages
rates for private households. This results, a priori, in λb < λp < λk, which intuitively
can be motivated by the fact that, in general, the collateral value of government bonds is
higher than that of mortgage loans and capital claims The reason is that treasury bonds
enjoy higher credit ratings and are subject to less liquidity risks than mortgage loans or
capital claims.

To solve the bank problem, let an initial guess of the value function be of the form

Vt = νk,tQtKb,t + νb,tQb
t Bb,t + νp,tQ

p
t Bp

b,t + νn,tNt + νL,tL
q
t , (L.11)

where νk,t, νb,t, νp,t, νd,t, and νL,t are time-varying coefficients. Maximizing (L.11) with
respect to Kb,t, Bb,t and Bp

b,t subject to (L.10) yields the following first order conditions
for capital claims, governments bonds, private loans, and µt, the Lagrangian multiplier on
the incentive compatibility constraint

νk,t = λk,t
µt

1 + µt
, (L.12)

νb,t = λb
µt

1 + µt
, (L.13)

νp,t = λp
µt

1 + µt
, (L.14)

νn,tNt + νL,tL
q
t = (λk,t − νk,t)QtKb,t + (λb − νb,t)Qb

t Bb,t + (λp − νp,t)Q
p
t Bp

b,t. (L.15)

Analogously to the benchmark model, we can rewrite this last equation as

QtKb,t =
νb,t − λb

λk,t − νk,t
Qb

t Bb,t +
νp,t − λp

λk,t − νk,t
Qp

t Bp
b,t +

νL,t + λL

λk,t − νkt
Lq

t +
νn,t

λk,t − νk,t
Nt. (L.16)

Intuitively, (L.16) states that banks’ demand for capital claims decreases in λ j for j ∈
{k, p, b}, which regulate the tightness of the incentive constraint with respect to capital
claims, mortgage loans over government bonds. Central bank liquidity injections Lq

t , on
other hand, support the demand for capital claims.

Substituting the demand for capital claims into (L.11), and combining the result with (L.12)
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one can write the terminal value of the banker as a function of its net worth

Vt = (1 + µt)νntNt + [(1 + µt)νL,t + µtλL]Lq
t (L.17)

A higher continuation value, Vt, is associated with a higher shadow value of holding an ad-
ditional marginal unit of assets, or put differently, with a higher shadow value of marginally
relaxing the incentive compatibility constraint. Then, define the bank’s stochastic discount
factor as

Ωt ≡
Λp,t

Λp,t−1

[
(1 − θ) + θ(1 + µt)νn,t

]
, (L.18)

and substitute (L.17) into the Bellman equation (L.9). Using the law of motion for net
worth (L.8), one can then write the value function as

Vt =βpEt

[
Ωt+1((Rk

t+1 − Rd
t )QtKb,t + (Rb

t+1 − Rd
t )Qb

t Bb,t

+ (Rp
t+1 − Rd

t )Qp
t Bp

b,t + (Rd
t − RL,t)L

q
t + Rd

t Nt)
]

+ βpEt

[Λp,t+1

Λp,t
θ[(1 + µt+1)νL,t+1 + µt+1ΛL]Lq

t+1

]
Finally, verifying the initial guess for the value function yields

νk,t = βpEtΩt+1(Rk
t+1 − Rd

t ), (L.19)
νb,t = βpEtΩt+1(Rb

t+1 − Rd
t ), (L.20)

νp,t = βpEtΩt+1(Rp
t+1 − Rd

t ), (L.21)
νn,t = βpEtΩt+1Rd

t (L.22)

νL,t = βpEt
[
Ωt+1(Rd

t − RL
t ) + θρcbl

Λp,t+1

Λp,t
[(1 + µt+1)νL,t+1 + µt+1λL]

]
, (L.23)

Appendix L.2 Parameters
As for government bonds, we set the quarterly coupon to ξ = 0.04 and κp = 0.975.

We estimate the share of impatient household, χ and the steady state excess return of
private loans over government bonds, ppremium, in addition to the parameters included
in the estimation of the benchmark model with one household type. For our prior of χ, we
choose a beta distribution with mean 0.3 and variance 0.1. The mean of this prior is set to
match previous estimates on the share of financially restricted households in the US in the
literature on hand-to-mouth agents (see, e.g., Kaplan et al., 2014). Our choice for the prior
for ppremium is motivated by the spread of mortgage rates and treasuries and follows a
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gamma distribution. As observable for the loan spread for capital assets, we use Moody’s
BAA spread in the estimation. Overall, the parameter estimates of this model vintage do
not differ substantially from our benchmark model. We estimate the fraction of impatient
households to equal χ = 0.395. This is somewhat higher than the estimate in Kaplan et al.
(2014), which motivates our prior, but within a expectable range.

Appendix L.3 The effects of QE

Figure L.21: Counterfactual simulations without QE measures for the model with borrowing households and
their respective net effects

Note: Variables are shown in percentage deviations from their steady state (growth path). Effects in both
graphs are cumulative. Means over 2000 simulations drawn from the posterior. Annual measures where
applicable.

Figure L.21 and L.22 repeat the counterfactual analysis of Section 5.1 in the main
body of the textfor the model with borrowers. The overall effects of the unconventional
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Figure L.22: Counterfactual simulations without QE measures for the model with borrowing households and
their respective net effects

Note: Variables are shown in percentage deviations from their steady state (growth path). Effects in both
graphs are cumulative. Means over 2000 simulations drawn from the posterior. Annual measures where
applicable.

monetary policy measures are consistent with the effects obtained in the model without
borrowers. Despite a similar increase in investment, the overall effect on output is – as
expected – larger, peaking at around 0.9%. The reason for this larger output effect can be
traced back to the smaller fall in aggregate consumption, which is now attenuated by the
rise in consumption from borrowers. The disinflationary effects, however, are comparable
to those in the benchmark model. Overall, we conclude that our results of an expansionary
output effect of quantitative easing as well as the tendency towards a disinflationary effect
of central banks asset purchases are robust to the inclusion of borrowing households into
the analysis.
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Table L.10: Posterior estimates for the model with borrowing and lending households.

Prior Posterior
dist. mean std mean std mode 5% 95%

σc normal 1.500 0.375 1.096 0.070 1.131 0.991 1.200
σl normal 2.000 0.750 0.856 0.275 1.047 0.447 1.316
βtpr gamma 0.250 0.100 0.124 0.038 0.125 0.059 0.180
h beta 0.700 0.100 0.797 0.027 0.794 0.753 0.838
S ′′ normal 4.000 1.500 6.779 0.994 7.026 5.238 8.506
ιp beta 0.500 0.150 0.296 0.088 0.305 0.159 0.446
ιw beta 0.500 0.150 0.418 0.115 0.180 0.229 0.607
α normal 0.300 0.050 0.193 0.009 0.196 0.179 0.208
ζp beta 0.500 0.100 0.832 0.039 0.807 0.777 0.886
ζw beta 0.500 0.100 0.762 0.040 0.792 0.695 0.827
Φp normal 1.250 0.125 1.418 0.067 1.441 1.312 1.535
ψ beta 0.500 0.150 0.776 0.070 0.746 0.661 0.884
ϕπ normal 1.500 0.250 1.296 0.160 1.285 1.052 1.538
ϕy normal 0.125 0.050 0.209 0.031 0.201 0.162 0.255
ϕdy normal 0.125 0.050 0.167 0.041 0.175 0.098 0.233
ϕsprd normal 0.125 0.050 0.160 0.039 0.184 0.097 0.224
ρ beta 0.750 0.100 0.793 0.030 0.800 0.746 0.843
ρr beta 0.500 0.200 0.709 0.090 0.700 0.565 0.857
ρg beta 0.500 0.200 0.672 0.062 0.706 0.581 0.780
ρi beta 0.500 0.200 0.779 0.051 0.794 0.700 0.861
ρz beta 0.500 0.200 0.985 0.014 0.985 0.978 0.996
ρp beta 0.500 0.200 0.536 0.141 0.549 0.291 0.757
ρw beta 0.500 0.200 0.286 0.113 0.202 0.096 0.461
ρu beta 0.500 0.200 0.838 0.035 0.819 0.788 0.893
ρlk beta 0.500 0.200 0.910 0.030 0.889 0.874 0.954
ρcbl beta 0.500 0.200 0.775 0.038 0.779 0.707 0.834
rootb1 beta 0.500 0.200 0.896 0.060 0.917 0.803 0.978
rootb2 beta 0.500 0.200 0.892 0.064 0.913 0.793 0.978
rootk1 beta 0.500 0.200 0.899 0.047 0.939 0.829 0.969
rootk2 beta 0.500 0.200 0.886 0.049 0.873 0.805 0.960
µp beta 0.500 0.200 0.466 0.142 0.554 0.233 0.687
µw beta 0.500 0.200 0.403 0.094 0.338 0.253 0.551
ρgz normal 0.500 0.250 0.655 0.094 0.678 0.517 0.819
σg inv.gamma 0.100 0.250 0.149 0.032 0.113 0.094 0.193
σz inv.gamma 0.100 0.250 0.377 0.035 0.402 0.318 0.433
σr inv.gamma 0.100 0.250 0.076 0.007 0.072 0.065 0.086
σi inv.gamma 0.100 0.250 0.411 0.046 0.406 0.336 0.487
σp inv.gamma 0.100 0.250 0.128 0.015 0.141 0.104 0.150
σw inv.gamma 0.100 0.250 0.574 0.046 0.540 0.499 0.651
σu inv.gamma 0.100 0.250 0.556 0.116 0.603 0.377 0.751
σlk inv.gamma 0.100 0.250 0.412 0.064 0.367 0.306 0.516
σcbl inv.gamma 0.100 0.250 0.677 0.036 0.708 0.615 0.734
σqeb inv.gamma 0.100 0.250 0.247 0.026 0.234 0.205 0.292
σqek inv.gamma 0.100 0.250 0.259 0.022 0.231 0.223 0.293
κτ gamma 0.300 0.100 0.323 0.086 0.253 0.179 0.453
κ gamma 2.000 4.000 1.199 2.680 0.112 0.066 3.124
LEV normal 3.000 1.000 1.605 0.120 1.573 1.480 1.732
θ beta 0.950 0.050 0.876 0.028 0.897 0.829 0.921
λcbl gamma 3.000 3.000 0.274 0.306 0.097 0.000 0.589
χ beta 0.300 0.100 0.395 0.077 0.320 0.270 0.523

¯termspread gamma 0.500 0.100 0.615 0.097 0.494 0.456 0.778
¯ppremium gamma 0.100 0.030 0.097 0.024 0.094 0.058 0.138

¯spread normal 0.500 0.100 0.449 0.044 0.489 0.382 0.522
γ̄ normal 0.440 0.050 0.253 0.029 0.238 0.208 0.298
π̄ gamma 0.625 0.100 0.633 0.074 0.571 0.513 0.754
l̄ normal 0.000 2.000 0.854 0.541 1.144 -0.014 1.719
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Appendix M Calculating the peak-response of the AR(2) processes for exogenous
QE

Throughout the paper we normalize the impulse response functions of the exogenous
QE shocks such that their peak response matches the empirical peak response. To do so,
we derive an analytic representation of the peak response of an autoregressive process of
second order in this section. Let this AR(2) be given by

xt = ρ1xt−1 + ρ2xt−2 + ϵt. (M.1)

The two autoregressive parameters ρ1 and ρ2 can be expressed in terms of the roots of the
process

ρ1 = λ1 + λ2, (M.2)
ρ2 = −λ1λ2. (M.3)

The implicit two-dimensional system is given by∣∣∣∣∣∣xt

yt

∣∣∣∣∣∣ = A
∣∣∣∣∣∣xt−1

yt−1

∣∣∣∣∣∣ + bϵt, (M.4)

where yt = xt−1 is an auxiliary variable and

A =
∣∣∣∣∣∣λ1 + λ2 −λ1λ2

1 0

∣∣∣∣∣∣ , (M.5)

b =
∣∣∣∣∣∣10
∣∣∣∣∣∣ . (M.6)

We want to find the impulse response

xt+s = Ω(s)ϵt. (M.7)

Assuming ϵt̄ = 0 for all t̄ , t, we can iterate (M.4) forward to express∣∣∣∣∣∣xt+s

yt+s

∣∣∣∣∣∣ = Asbϵt. (M.8)

Denote the spectral decomposition of A as A = QΛQ−1 withΛ = diag(λ1, λ2) (A is clearly
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non-singular for λ1, λ2 , 0) and acknowledge that

Ak = QΛkQ−1. (M.9)

A pair of eigenvectors {q1, q2} of A is given by

q1 = (λ1, 1), (M.10)
q2 = (λ2, 1). (M.11)

Let Q =
∣∣∣q1 q2

∣∣∣. Since Λ is diagonal it holds that Λk = diag(λk
1, λ

k
2) and we can rewrite

(M.8) as ∣∣∣∣∣∣xt+s

yt+s

∣∣∣∣∣∣ = Q
∣∣∣∣∣∣λs

1 0
0 λs

2

∣∣∣∣∣∣ Q−1bϵt. (M.12)

Inserting Q and reduction finally yields for the impulse response in (M.7) that

Ω(s) =
λ1+s

1 − λ1+s
2

λ1 − λ2
. (M.13)

We are looking for the peak response of (M.1). This can be found by setting the first
derivative of Ω(s) to zero. Hence

∂Ω(s)
∂s

=
λ1+s

1 ln λ1 − λ
1+s
2 ln λ2

λ1 − λ2

.
= 0. (M.14)

The solution is

1 + s =
ln

{
ln λ1
ln λ2

}
ln λ1 − ln λ2

, (M.15)

which can directly be inserted into (M.13) to give the peak effect of the AR(2) process.
Assume that λ1, λ2 ∈ [0, 1] to ensure stationarity and to exclude oscillating dynamics.
Then both ln λ1 and ln λ2 are defined and smaller than zero. It follows that ln λ1

ln λ2
> 0,

ensuring that ln
{

ln λ1
ln λ2

}
is defined as well.

Appendix N Convergence statistics for the DE-MCMC of the benchmark model

The figures in this section show the 200 chains used for the estimation of the bench-
mark model. Including the tempering period we have a total of 5000 samples, of which we
keep the last 500. That means that the posterior contains 500 × 200 = 10, 000 parameter
draws. We check for convergence using the method of integrated autocorrelation time
(IAT) with a window size of c = 50, as suggested by Goodman and Weare (2010). Note
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that the it is not trivial to find a sufficient statistics for convergence since the samples in
the chain are not independent. In particular, we do not use the plain Ensemble-MCMC
sampler that is proposed in Goodman and Weare (2010), but we use the Differential evo-
lution extension as proposed in ter Braak (2006) and ter Braak and Vrugt (2008) as this
allows to better handle odd-shaped or bimodal distributions. Naturally, the snooker up-
dater suggested by ter Braak and Vrugt (2008) biases the IAT statistics as it increases
autocorrelation times per chain.

Figure N.23: Traceplots (1 out of 7) of the 200 DE-MCMC chains for selected parameters: baseline model.

Note: The left panel shows a histogram of the parameter distribution. The right displays the trace of each of
the chains over time.
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Figure N.24: Traceplots (2 out of 7) of the 200 DE-MCMC chains for selected parameters: baseline model.

Note: The left panel shows a histogram of the parameter distribution. The right displays the trace of each of
the chains over time.

Figure N.25: Traceplots (3 out of 7) of the 200 DE-MCMC chains for selected parameters: baseline model.

Note: The left panel shows a histogram of the parameter distribution. The right displays the trace of each of
the chains over time.
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Figure N.26: Traceplots (4 out of 7) of the 200 DE-MCMC chains for selected parameters: baseline model.

Note: The left panel shows a histogram of the parameter distribution. The right displays the trace of each of
the chains over time.

Figure N.27: Traceplots (5 out of 7) of the 200 DE-MCMC chains for selected parameters: baseline model.

Note: The left panel shows a histogram of the parameter distribution. The right displays the trace of each of
the chains over time.
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Figure N.28: Traceplots (6 out of 7) of the 200 DE-MCMC chains for selected parameters: baseline model.

Note: The left panel shows a histogram of the parameter distribution. The right displays the trace of each of
the chains over time.

Figure N.29: Traceplots (7 out of 7) of the 200 DE-MCMC chains for selected parameters: baseline model.

Note: The left panel shows a histogram of the parameter distribution. The right displays the trace of each of
the chains over time.
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