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This paper contains documentation for the large-scale estimated DSGE model of

the U.S. economy currently used at the Federal Reserve Board for some forecasting

and policy projects – the Estimated, Dynamic, Optimization-based (EDO) model.

Section 1 provides a brief qualitative description of the model and outlines its main

features for production, capital evolution, and preference technologies. Section 2

defines the equilibrium of the model. Section 3 lists the data that is used in estimating

the model. Section 4 reports the model’s key estimation results, which include the

estimated parameter values, variance decompositions, impulse response functions, and

estimated paths of the exogenous processes driving the model. The equations that

characterize equilibrium in this model are contained in the appendix. Appendix A

reports the equations of the symmetric and stationary model, and appendix B gives

the solution to the model’s steady-state. Finally, since the model contains a large

number of parameter and variable names a key is given in appendices C, D, and E.

Before moving to our presentation of the model, we note that the EDO model

serves as a complement to the analyses that are currently performed using existing

large-scale econometric models, such as FRB/US model, as well as smaller, ad hoc

models that we have found useful for more specific questions. In our experience,

model-based analyses are enhanced by consideration of multiple models (and, indeed,

our experience suggests that often we learn as much when models disagree than when

they agree). A benefit of having multiple models is the opportunity to examine

the robustness of policy strategies across models with quite different foundations,

which we view as important given the significant divergences of opinion regarding the

plausibility of various types of models.

In addition, the EDO model is designed to allow the straightforward consideration

of factors not explicitly modeled in the baseline version of the model. For example,

the baseline version assumes that investment decisions – of households and firms – are

made by capital intermediaries; simple modifications of this intermediation step allow

explicit consideration of the financial accelerator or financial intermediation (e.g., a
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banking sector), topics of ongoing research.

These advantages of the model have been demonstrated in previous research on

its forecast performance (Edge, Kiley, and Laforte (2010)), its application to policy

questions such as the natural rate (Edge, Kiley, and Laforte (2008)), and the analysis

of the cyclical state of the economy (Kiley (2010b)).

1 Model Overview and Motivation

Figure 1 provides a graphical overview of the model.

The model possesses two final good sectors in order to capture key long-run

growth facts and to differentiate between the cyclical properties of different cate-

gories of durable expenditure (e.g., housing, consumer durables, and nonresidential

investment). For example, technological progress has been faster in the production of

business capital and consumer durables (such as computers and electronics). Edge,

Kiley, and Laforte (2008 and 2010) discuss this motivation in greater detail. The first

sector is the slow-growing sector—called “CBI” because most of these goods are used

for consumption (C) and because they are produced by the business and institutions

(BI) sector—and the second is the fast-growing sector—called “KB” because these

goods are used for capital (K) accumulation and are produced by the business (B)

sector. The goods are produced in two stages by intermediate- and then final-goods

producing firms (shown in the center of the figure). As in most new-Keynesian models,

the introduction of intermediate and final goods producers facilitates the specification

of nominal rigidities.

The disaggregation of production (aggregate supply) leads naturally to some dis-

aggregation of expenditures (aggregate demand). We move beyond the typical model

with just two categories of (private domestic) demand (consumption and investment)

and distinguish between four categories of private demand: consumer non-durable

goods and non-housing services, consumer durable goods, residential investment, and
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non-residential investment. The boxes surrounding the producers in the figure illus-

trate how we structure the sources of each demand category. Consumer non-durable

goods and services are sold directly to households; consumer durable goods, resi-

dential capital goods, and non-residential capital goods are intermediated through

capital-goods intermediaries (owned by the households), who then rent these capi-

tal stocks to households. Consumer non-durable goods and services and residential

capital goods are purchased (by households and residential capital goods owners,

respectively) from the first of economy’s two final goods producing sectors, while con-

sumer durable goods and non-residential capital goods are purchased (by consumer

durable and residential capital goods owners, respectively) from the second sector.

In addition to consuming the non-durable goods and services that they purchase,

households supply labor to the intermediate goods-producing firms in both sectors of

the economy.

This remainder of this section provides an overview of the decisions made by each

of the agents in our economy. Given some of the broad similarities between our model

and others, our presentation is selective.

1.1 The Final Goods Producers’ Problem

The economy produces two final goods and services: slow-growing “consumption”

goods and services, Xcbi
t , and fast-growing “capital” goods, Xkb

t . These final goods

are produced by aggregating (according to a Dixit-Stiglitz technology) an infinite

number of sector-specific differentiated intermediate inputs, Xs
t (j) for s = cbi, kb,

distributed over the unit interval. The representative firm in each of the consumption

and capital goods producing sectors chooses the optimal level of each intermediate

input, taking as given the prices for each of the differentiated intermediate inputs,
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P s
t (j), to solve the cost-minimization problem:

min
{Xs

t (j)}
1

j=0

∫ 1

0

P s
t (j)X

s
t (j)dj subject to

(∫ 1

0

(Xs
t (j))

Θst−1

Θs
t dj

) Θst
Θs
t
−1

≥ Xs
t , for s = cbi, kb.

(1)

The term Θs
t is the stochastic elasticity of substitution between the differentiated

intermediate goods inputs used in the production of the consumption or capital goods

sectors. Letting θst ≡ lnΘs
t−lnΘs

∗ denote the log-deviation of Θs
t from its steady-state

value of Θs
∗, we assume that

θst = ǫθ,st , for s = cbi, kb, (2)

where ǫθ,st is a shock process. A stochastic elasticity of substitution introduces tran-

sitory markup shocks into the pricing decisions of intermediate-goods producers.

1.2 The Intermediate Goods Producers’ Problem

The intermediate goods entering each final goods technology are produced by aggre-

gating (according to a Dixit-Stiglitz technology) an infinite number of differentiated

labor inputs, Lst(j) for s = cbi, kb, distributed over the unit interval and combining

this aggregate labor input (via a Cobb-Douglas production function) with utilized

non-residential capital, Ku,nr,s
t . Each intermediate-good producing firm effectively

solves three problems: two factor-input cost-minimization problems (over differenti-

ated labor inputs and the aggregate labor and capital) and one price-setting profit-

maximization problem.

In its first cost-minimization problem, an intermediate goods producing firm

chooses the optimal level of each type of differential labor input, taking as given

the wages for each of the differentiated types of labor, W s
t (i), to solve:

min
{Lst (i,j)}

1

i=0

∫ 1

0

W s
t (i)L

s
t(i, j)di subject to

(∫ 1

0

(Lst(i, j))
Θlt−1

Θl
t di

) Θlt

Θl
t
−1

≥ Lst (j), for s = cbi, kb.

(3)

4



The term Θl
t is the stochastic elasticity of substitution between the differentiated labor

inputs. Letting θlt ≡ lnΘl
t− lnΘl

∗ denote the log-deviation of Θl
t from its steady-state

value of Θl
∗, we assume that

θlt = ǫθ,lt . (4)

where ǫθ,lt is a shock process. A stochastic elasticity of substitution introduces tran-

sitory wage markup shocks into the wage decisions of households.

In its second cost-minimization problem, an intermediate-goods producing firm

chooses the optimal levels of aggregated labor input and utilized capital, taking as

given the wage, W s
t , for aggregated labor, Lst (which is generated by the cost function

derived the previous problem), and the rental rate, Rnr,s
t , on utilized capital, Ku,nr,s

t ,

to solve:

min
{Lst (j),K

u,nr,s
t (j)}

W s
t L

s
t (j) +Rnr,s

t Ku,nr,s
t (j)

subject to (Zm
t Z

s
tL

s
t(j))

1−α (Ku,nr,s
t (j))α ≥Xs

t (j), for s = cbi, kb, with Zcbi
t ≡ 1. (5)

The parameter α is the elasticity of output with respect to capital, while the Zt vari-

ables denote the level of productivity. The level of productivity has two components.

The first, Zm
t , is common to both sectors and thus represents the level of economy-

wide technology. The second, Zs
t , is sector specific; we normalize Zcbi

t to one, while

Zkb
t is not restricted.

The exogenous productivity terms contain a unit root, that is, they exhibit per-

manent movements in their levels. We assume that the stochastic processes Zm
t and

Zkb
t evolve according to

lnZn
t − lnZn

t−1 = lnΓz,nt = ln (Γz,n∗ · exp[ǫz,nt ]) = ln Γz,n∗ + ǫz,nt , n = kb,m (6)

where Γz,n∗ and ǫz,nt are the steady-state and stochastic components of Γz,nt . The

stochastic component ǫz,nt is an i.i.d shock process.

The unit-root in technology in both sectors yields a non-trivial Beveridge-Nelson

permanent/transitory decomposition. The presence of capital-specific technological
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progress allows the model to generate differential trend growth rates in the economy’s

two production sectors. In line with historical experience, we assume a more rapid

rate of technological progress in capital goods production by calibrating Γz,kb∗ > 1,

where (as is the case for all model variables) an asterisk on a variable denotes its

steady-state value.

In its price-setting (or profit-maximization) problem, an intermediate goods pro-

ducing firm chooses its optimal nominal price and the quantity it will supply con-

sistent with that price. In doing so it takes as given the marginal cost, MCs
t (j),

of producing a unit of output, Xs
t (j), the aggregate price level for its sector, P s

t ,

and households’ valuation of a unit of nominal profits income in each period, which

is given by Λcnnt /P cbi
t where Λcnnt denotes the marginal utility of non-durables and

non-housing services consumption. Specifically, firms solve:

max
{P st (j),X

s
t (j)}

∞

t=0

E0

∞∑

t=0

βt
Λcnnt

P cbi
t

{P s
t (j)X

s
t (j)−MCs

t (j)X
s
t (j)

−
100 · χp

2

(
P s
t (j)

P s
t−1(j)

−ηpΠp,s
t−1−(1−ηp)Πp,s

∗

)2

P s
t X

s
t

}

subject to Xs
τ (j)=(P s

τ (j)/P
s
τ)

−ΘsτXs
τ for τ = 0, 1, . . . ,∞ and s = cbi, kb. (7)

The profit function reflects price-setting adjustment costs (the size which depend on

the parameter χp and the lagged and steady-state inflation rate). The constraint

against which the firm maximizes its profits is the demand curve it faces for its differ-

entiated good, which derives from the final goods producing firm’s cost-minimization

problem. This type of price-setting decision delivers a new-Keynesian Phillips curve.

Because adjustment costs potentially depend upon lagged inflation, the Phillips curve

can take the “hybrid” form in which inflation is linked to its own lead and lag as well

as marginal cost.
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1.3 The Capital Owners’ Problem

We now shift from producers’ decisions to spending decisions. There exists a unit mass

of non-residential capital owners (individually denoted by k, with k distributed over

the unit interval) who choose investment in non-residential capital, Enr
t , the stock of

non-residential capital, Knr
t (which is linked to the investment decision via the capital

accumulation identity), and the amount and utilization of non-residential capital in

each production sector, Knr,cbi
t , U cbi

t , Knr,kb
t , and Ukb

t . (Recall, that the firm’s choice

variables in equation 5 is utilized capital Ku,nr,s
t = U s

tK
nr,s
t .) The mathematical

representation of this decision is described by the following maximization problem

(in which capital owners take as given the rental rate on non-residential capital, Rnr
t ,

the price of non-residential capital goods, P kb
t , and households’ valuation of nominal

capital income in each period, Λcnnt /P cbi
t , and the exogenous risk premium specific to

non-residential investment, Anrτ ):

max
{Enrt (k),Knr

t+1(k),K
nr,cbi
t (k),Knr,kb

t (k)Ucbit (k),Ukbt (k)}∞t=0

E0

∞∑

t=0

βt
Λcnnt

Anrτ P
cbi
t

{
Rnr
t U

cbi
t (k)Knr,cbi

t (k)+Rnr
t U

kb
t (k)Knr,kb

t (k)−P kb
t E

nr
t (k)

−κ

(
U cbi
t (k)1+ψ − 1

1 + ψ

)
Qnr
t K

nr,cbi
t − κ

(
Ukb
t (k)1+ψ − 1

1 + ψ

)
Qnr
t K

nr,kb
t

}

subject to

Knr
τ+1(k)=(1−δnr)Knr

τ (k)+Enr
τ (k)−

100·χnr

2

(
Enr
τ (k)−Enr

τ−1(k)Γ
x,kb
t

Knr
τ

)2

Knr
τ and

Knr,cbi
τ (k)+Knr,kb

τ (k)=Knr
τ (k) for τ = 0, 1, . . . ,∞. (8)

The parameter δnr in the capital-accumulation constraint denotes the depreciation

rate for non-residential capital, while the parameter χnr governs how quickly invest-

ment adjustment costs increase when (Enr
τ (k) − Enr

τ−1(k)Γ
x,kb
t ) rises above zero; note

that these adjustment costs include a term for the stochastic growth rate of the trend

in the level of the output in sector KB, Γx,kbt equal to Γz,mt Γz,kbt . The variable Anrt is

a stochastic element reflecting a risk premium on non-residential investment. Letting
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anrt ≡ lnAnrt denote the log-deviation of Anrt from its steady-state value of unity, we

assume that:

anrt = ρnranrt−1 + ǫa,nrt . (9)

Higher rates of utilization incur a cost (reflected in the last two terms in the capital

owner’s profit function). We assume that utilization is unity in the steady-state,

implying κ = Rnr
∗ /Q

nr
∗ .

The time-variation in utilization, along with the imperfect competition in product

and labor markets, implies that direct measurement of total factor productivity may

not provide an accurate estimate of technology; as a result, the EDO model can

deliver smoother estimates of technology that might be implied by a real-business-

cycle model.

The problems solved by the consumer durables and residential capital owners are

slightly simpler than the non-residential capital owner’s problems. Since utilization

rates are not variable for these types of capital, their owners make only investment and

capital accumulation decisions. Taking as given the rental rate on consumer durables

capital, Rcd
t , the price of consumer-durable goods, P kb

t , and households’ valuation of

nominal capital income, Λcnnt /P cbi
t , and the exogenous risk premia specific to consumer

durables investment, Acdτ , the capital owner chooses investment in consumer durables,

Icdt , and its implied capital stock, Kcd
t , to solve:

max
{Ecdt (k),Kcd

t+1(k)}
∞

t=0}
E0

∞∑

t=0

βt
Λcnnt

Acdτ P
cbi
t

{
Rcd
t K

cd
t (k)− P kb

t E
cd
t (k)

}

subject to

Kcd
τ+1(k)=(1−δcd)Kcd

τ (k)+Ecd
τ (k)−

100 · χcd

2

(
Ecd
τ (k)−Ecd

τ−1(k)Γ
x,kb
τ

Kcd
τ

)2

Kcd
τ

for τ = 0, 1, . . . ,∞. (10)
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The residential capital owner’s decision is analogous:

max
{Ert (k),K

r
t+1(k)}

∞

t=0}
E0

∞∑

t=0

βt
Λcnnt

ArτP
cbi
t

{
Rr
tK

r
t (k)− P cbi

t Er
t (k)

}

subject to

Kr
τ+1(k)=(1−δr)Kr

τ (k)+E
r
τ (k)−

100 · χr

2

(
Er
τ (k)−E

r
τ−1(k)Γ

x,cbi
τ

Kcd
τ

)2

Kcd
τ

for τ = 0, 1, . . . ,∞. (11)

The notation for the consumer durables and residential capital stock problems paral-

lels that of non-residential capital. In particular, the asset-specific risk premia shocks,

Acdt and Art , follow an autoregressive process similar to that given in equation (9).

1.4 The Households’ Problem

The final group of private agents in the model are households who make both expen-

diture and labor-supply decisions. Households derive utility from four sources: their

purchases of the consumer non-durable goods and non-housing services, the flow of

services from their rental of consumer-durable capital, the flow of services from their

rental of residential capital, and their leisure time, which is equal to what remains

of their time endowment after labor is supplied to the market. Preferences are sep-

arable over all arguments of the utility function. The utility that households derive

from the three components of goods and services consumption is influenced by the

habit stock for each of these consumption components, a feature that has been shown

to be important for consumption dynamics in similar models. A household’s habit

stock for its consumption of non-durable goods and non-housing services is equal to a

factor h multiplied by its consumption last period Ecnn
t−1 . Its habit stock for the other

components of consumption is defined similarly.

Each household chooses its purchases of consumer non-durable goods and services,

Ecnn
t , the quantities of residential and consumer durable capital it wishes to rent, Kr

t

and Kcd
t , its holdings of bonds, Bt, its wage for each sector, W cbi

t and W kb
t , and the

supply of labor consistent with each wage, Lcbit and Lkbt . This decision is made subject
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to the household’s budget constraint, which reflects the costs of adjusting wages and

the mix of labor supplied to each sector, as well as the demand curve the household

faces for its differentiated labor. Specifically, the ith household solves:

max
{Ecnnt (i),Kcd

t (i),Kr
t (i),{W

s
t (i),L

s
t (i)}s=cbi,kb,Bt+1(i)}

∞

t=0

E0

∞∑

t=0

βt
{
ςcnn ln(Ecnn

t (i)−hEcnn
t−1(i))+ς

cd ln(Kcd
t (i)−hKcd

t−1(i))

+ςr ln(Kr
t (i)−hK

r
t−1(i)) −ς l

(Lcbit (i)+Lkbt (i))
1+ν

1 + ν

}
.

subject to

Bτ+1(i)

RτΩτ

=Bτ (i) +
∑

s=cbi,kb

W s
τ (i)L

s
τ (i)+CapitalandProfitsIncomeτ (i)−P

cbi
τ Ecnn

τ (i)

−Rcd
τ K

cd
τ (i)−Rr

τK
r
τ (i)−

∑

s=cbi,kb

100 · χw

2

(
W s
τ (j)

W s
τ−1(j)

−ηwΠw,s
τ−1−(1−ηw)Πw

∗

)2

W s
τL

s
τ

−
100 · χl

2

(
Lcbi∗ ·W cbi

τ

Lcbi∗ + Lkb∗
+
Lkb∗ ·W kb

τ

Lcbi∗ + Lkb∗

)(
Lcbiτ (i)

Lkbτ (i)
−
Lcbiτ−1

Lkbτ−1

)2
Lkbτ
Lcbiτ

.

Lcbiτ (i)=
(
W cbi
τ (i)/W cbi

τ

)−Θlt Lcbiτ , and L
kb
τ (i)=

(
W kb
τ (i)/W kb

τ

)−Θlt Lkbτ ,

for τ = 0, 1, . . . ,∞. (12)

In the utility function the parameter β is the household’s discount factor, ν denotes

its inverse labor supply elasticity, while ςcnn, ςcd, ςr, and ς l are scale parameter that

tie down the ratios between the household’s consumption components.

The stationary, unit-mean, stochastic variable Ωt represents an aggregate risk-

premium shock that drives a wedge between the policy short-term interest rate and

the return to bonds received by a household. Letting ωt ≡ ln Ωt − ln Ω∗ denote the

log-deviation of Ωt from its steady-state value of Ω∗, we assume that

ωt = ρωωt−1 + ǫωt . (13)

The variable ǫωt is a shock process, and ρω represents the persistence of Ωt.

The household’s budget constraint reflects wage setting adjustment costs, which

depend on the parameter χw and the lagged and steady-state wage inflation rate, and
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the costs in changing the mix of labor supplied to each sector, which depend on the

parameter χl. The costs incurred by households when the mix of labor input across

sectors changes may be important for sectoral comovements.

1.5 Gross Domestic Product

The demand and production aspects of the model are closed through the exogenous

process for demand other than private domestic demand and the GDP identity. X̃HG
t

represents exogenous demand (i.e., GDP other than private domestic demand, the

aggregate of Ecnn
t , Ecd

t , Er
t , and E

nr
t ). Exogenous demand is assumed to follow the

process:

ln X̃HG
t − ln X̃HG

∗ = ρHG
(
ln X̃HG

t − ln X̃HG
∗

)
+ ǫHGt .

We assume that the exogenous demand impinges on each sector symmetrically, and

specifically that the percent deviation of exogenous demand proportionally affects

demand for each sector’s (s = cbi, kb) output via the share of exogenous demand in

total demand, ωHG. (In this formulation, X̃HG
t represents the level of expenditure

relative to the stochastic long-run trend, i.e., the model assumes balanced growth, so

exogenous demand for each sector fluctuates around its long-run trend; for example,

the long-run trend for sector KB is given by Zm
t Z

kb
t ).

The rate of change of Gross Domestic Product (real GDP) equals the Divisia

(share-weighted) aggregate of production in the two sectors (and of final spending

across each expenditures category), as given by the identity:

Hgdp
t =

((
Xcbi
t

Xcbi
t−1

)P cbi
∗
Xcbi

∗

(
Xkb
t

Xkb
t−1

)P kb
∗
Xkb

∗

) 1

Pcbi
∗

Xcbi
∗

+Pkb
∗
Xkb

∗

. (14)

1.6 Monetary Authority

We now turn to the last important agent in our model, the monetary authority. It

sets monetary policy in accordance with an Taylor-type interest-rate feedback rule.
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Policymakers smoothly adjust the actual interest rate Rt to its target level R̄t

Rt = (Rt−1)
φr
(
R̄t

)1−φr
exp [ǫrt ] , (15)

where the parameter φr reflects the degree of interest rate smoothing, while ǫrt rep-

resents a monetary policy shock. The central bank’s target nominal interest rate, R̄t

depends the deviation of output from its stochastic trend (X̃bn, the output gap as

defined by Beveridge and Nelson (1981))

X̃bn
t = Et

[
t∑

τ=−∞

Hgdp
τ −

∞∑

τ=−∞

Hgdp
τ

]
. (16)

In equation 16, the deterministic, or steady-state, levels of growth are suppressed.

Consumer price inflation and the change in the output gap also enter the target. The

target equation is:

R̄t=
(
X̃t

bn
)φy(

X̃t

bn
/X̃bn

t−1

)φ∆y(Πc
t

Πc
∗

)φπ
R∗. (17)

In equation (17), R∗ denotes the economy’s steady-state nominal interest rate and

φy, φ∆y, and φπ denote the weights in the feedback rule. Consumer price inflation,

Πc
t , is the weighted average of inflation in the nominal prices of the goods produced

in each sector, Πp,cbi
t and Πp,kb

t :

Πc
t = (Πp,cbi

t )1−wcd(Πp,kb
t )wcd . (18)

The parameter wcd is the share of the durable goods in nominal consumption

expenditures.

1.7 Summary of Model Specification

Our brief presentation of the model highlights several important points. First, al-

though our model considers production and expenditure decisions in a bit more de-

tail, it shares many similar features with other DSGE models in the literature, such

as imperfect competition, nominal price and wage rigidities, and real frictions like
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adjustment costs and habit-persistence. The rich specification of structural shocks

(to aggregate and investment-specific productivity, aggregate and sector-specific risk

premiums, and mark-ups) and adjustment costs allows our model to be brought to

the data with some chance of finding empirical validation.

Within EDO, fluctuations in all economic variables are driven by eleven structural

shocks. It is most convenient to summarize these shocks into four broad categories:

• Permanent technology shocks: This category consists of shocks to aggregate

and investment-specific (or fast-growing sector) technology.

• Financial, or intertemporal, shocks: This category consists of shocks to risk

premia. In EDO, variation in risk premia – both the premium households’

receive relative to the federal funds rate on nominal bond holdings and the

additional variation in discount rates applied to the investment decisions of

capital intermediaries – are purely exogenous. Nonetheless, the specification

captures important aspects of related models with more explicit financial sectors

(e.g., Bernanke, Gertler, and Gilchrist (1999)), as we discuss in our presentation

of the model’s properties below.

• Markup shocks: This category includes the price and wage markup shocks.

• Other demand shocks: This category includes the shock to autonomous demand

and a monetary policy shock.

1.8 Market Clearing

There are a number of market clearing conditions that must be satisfied in our model.

Market clearing in the slow-growing “consumption” goods and fast-growing “capital”

goods sectors, given price- and wage-adjustment costs and variable utilization costs,
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implies that

Xcbi
t =

∫ 1

0

Ecnn
t (i)di+

∫ 1

0

Er
t (k)dk +X̃

HG
t ∗ Zm

t ∗
(
Zkb
t

)α

+
100 · χp

2

(
Πp,kb
t −ηpΠp,cbi

t−1 −(1−ηp)Πp,cbi
∗

)2
P cbi
t Xcbi

t

+
100·χw

2

(
Πw,cbi
t −ηwΠw,cbi

t−1 −(1−ηw)Πw,cbi
∗

)2
W cbi
t Lcbit −κ

(
U cbi
t (k)1+ψ−1

1 + ψ

)
P cbi
t Knr,cbi

t

(19)

and

Xkb
t =

∫ 1

0

Ecd
t (k)dk +

∫ 1

0

Enr
t (k)dk +X̃HG

t ∗ Zm
t ∗ Zkb

t

++
100 · χp

2

(
Πp,kb
t −ηpΠp,kb

t−1−(1−ηp)Πp,kb
∗

)2
P kb
t X

kb
t

+
100·χw

2

(
Πw,kb
t −ηwΠw,kb

t−1−(1−ηw)Πw,kb
∗

)2
W kb
t L

kb
t −κ

(
Ukb
t (k)1+ψ−1

1 + ψ

)
P kb
t K

nr,kb
t . (20)

The market clearing conditions for the labor and non-residential capital supplied and

demanded in sector s are given by

Lst(i) =

∫ 1

0

Lst(i, j)dj and

∫ 1

0

U(k)stK
nr,s
t (k)dk =

∫ 1

0

Ku,nr,s
t (j)dj ∀ i ∈ [0, 1] and for s = cbi, kb.

(21)

The market clearing conditions for consumer durables and residential capital are
∫ 1

0

Kcd
t (k)dk =

∫ 1

0

Kcd
t (i)di and

∫ 1

0

Kr
t (k)dk =

∫ 1

0

Kr
t (i)di. (22)

1.9 Inflation

The identities for inflation include:

W s
t (i) = Πw,s

t (i)W s
t−1(i) and W s

t = Πw,s
t W s

t−1 ∀ i ∈ [0, 1] and for s = cbi, kb, and (23)

P s
t (j) = Πp,s

t (j)P s
t−1(j) and P s

t = Πp,s
t P s

t−1 ∀ j ∈ [0, 1] and for s = cbi, kb. (24)

2 Equilibrium

Before characterizing equilibrium in this model, we define three additional variables:

The price of installed non-residential capital Qnr
t (k); the price of installed consumer
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durables capital Qcd
t (k); and the price of installed residential capital Qr

t (k). These

variables are the lagrange multiplier on the capital evolution equations that would be

implied by the kth capital owner’s profit-maximization problems.

Equilibrium in our model is an allocation:

{
Hgdp
t , Xcbi

t , {X
cbi
t (j)}1j=0, X

kb
t , {X

kb
t (j)}1j=0, {E

nr
t (k)}1k=0, {E

r
t (k)}

1
k=0, {E

cd
t (k)}1k=0,

{Ecnn
t (i)}1i=0, {Λ

r
t (i)}

1
i=0, {Λ

cd
t (i)}

1
i=0, {Λ

cnn
t (i)}1i=0, {Λ

l,cbi
t (i)}1i=0, {Λ

l,kb
t (i)}1i=0,

{Lcbit (i)}1i=0, {{L
cbi
t (i, j)}1i=0}

1
j=0, {L

kb
t (i)}

1
i=0, {{L

kb
t (i, j)}

1
i=0}

1
j=0, {U

cbi
t (j)}1j=0, {U

kb
t (j)}1j=0,

{Ku,nr,cbi
t (j)}1j=0, {K

u,nr,kb
t (j)}1j=0, {K

nr,cbi
t (k)}1k=0, {K

nr,kb
t (k)}1k=0, {K

nr
t+1(k)}

1
k=0,

{Kr
t+1(k)}

1
k=0, {K

r
t+1(i)}

1
i=0, {K

cd
t+1(k)}

1
k=0, {K

cd
t+1(i)}

1
i=0

}∞
t=0

and a sequence of values

{
Πc
t,Π

p,cbi
t , {Πp,cbi

t (j)}1j=0,Π
p,kb
t , {Πp,kb

t (j)}1j=0,Π
w,cbi
t , {Πw,cbi

t (i)}1j=0,Π
w,kb
t , {Πw,kb

t (i)}1j=0,

P kb
t

P cbi
t

,

{
P kb
t (j)

P cbi
t

}1

j=0

,
W cbi
t

P cbi
t

,

{
W cbi
t (i)

P cbi
t

}1

i=0

,
W kb
t

P cbi
t

,

{
W kb
t (i)

P cbi
t

}1

i=0

,
Rnr,cbi
t

P cbi
t

,
Rnr,kb
t

P cbi
t

,
Rnr
t

P cbi
t

,

Rr
t

P cbi
t

,
Rcd
t

P cbi
t

,

{
MCcbi

t (j)

P cbi
t

}1

j=0

,

{
MCkb

t (j)

P cbi
t

}1

j=0

,

{
Qnr
t (k)

P cbi
t

}1

k=0

,

{
Qr
t (k)

P cbi
t

}1

k=0

,

{
Qcd
t (k)

P cbi
t

}1

k=0

, Rt

}∞

t=0

that satisfy the following conditions:

• The model’s two representative final-good producing firms solve (1) for s = cbi

and kb;

• All intermediate-good producers j ∈ [0, 1] solve (3), (5), and (7) for s = cbi

and kb;

• All capital owners k ∈ [0, 1] solve (8), (10), and (11);

• All households i ∈ [0, 1] solve (12);

• The two final goods markets clear as in (19) and (20);

• All intermediate goods markets clear;

• The labor and non-residential capital markets clear as in (21);
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• The consumer durable and residential capital rental markets clear as in (22);

• The identities given in (23) hold;

• The identities given in (24) hold;

• The monetary authority follows (15) and (17).

In solving these problems agents take as given the initial values of all (lagged)

endogenous state variables (e.g., capital stocks, etc.) and the sequence of exogenous

variables {
Γz,kbt ,Γz,mt ,Θcbi

t ,Θ
kb
t ,Θ

l
t, A

nr
t , A

r
t , A

cd
t ,Ωt, X

HG
t

}∞

t=0

implied by the sequence of shocks

{
ǫz,kbt , ǫz,mt , ǫθ,cbit , ǫθ,kbt , ǫθ,lt , ǫ

a,nr
t , ǫa,rt , ǫ

a,cd
t , ǫωt , ǫ

HG
t , ǫrt

}∞

t=0
.

We estimate the log-linearized, symmetric and stationary version of the model de-

scribed above. Equilibrium in the symmetric and stationary version of the model

is defined in appendix A. The log-linearization of our model equations is performed

symbolically by the software that we use to parse the model into its estimable form.

The steady-state solution to the symmetric and stationary version of the model is an

input into the model’s estimation and is presented in appendix B.

3 Estimation

3.1 Data

The empirical implementation of the model takes a log-linear approximation to the

first-order conditions and constraints that describe the economy’s equilibrium, casts

this resulting system in its state-space representation for the set of (in our case 11)

observable variables, uses the Kalman filter to evaluate the likelihood of the observed

variables, and forms the posterior distribution of the parameters of interest by com-

bining the likelihood function with a joint density characterizing some prior beliefs.
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Since we do not have a closed-form solution of the posterior, we rely on Markov-Chain

Monte Carlo (MCMC) methods.

The model is estimated using 11 data series over the sample period from 1984:Q4

to 2008:Q4. The series are:

1. The growth rate of real gross domestic product;

2. The growth rate of real consumption expenditure on non-durables and services

excluding housing services;

3. The growth rate of real consumption expenditure on durables;

4. The growth rate of real residential investment expenditure;

5. The growth rate of real business investment expenditure;

6. Consumer price inflation, as measured by the growth rate of the Personal Con-

sumption Expenditure (PCE) price index;

7. Consumer price inflation, as measured by the growth rate of the PCE price

index excluding food and energy prices;

8. Inflation for consumer durable goods, as measured by the growth rate of the

PCE price index for durable goods;

9. Hours, which equals hours of all persons in the non-farm business sector from

the Bureau of Labor Statistics;1

10. The growth rate of real wages, as given by compensation per hour in the non-

farm business sector from the Bureau of Labor Statistics divided by the GDP

price index;

11. The federal funds rate.

Our implementation adds measurement error processes to the likelihood implied

by the model for all of the observed series used in estimation except the nominal

interest rate series.
1We remove a low-frequency trend from hours via the Hodrick-Prescott filter with a smoothing

parameter of 64000; our model is not designed to capture low frequency trends in population growth

or labor force participation.
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3.2 Model Parameters

The model’ calibrated parameters are presented in Table 2, while the estimated pa-

rameters are presented in Tables 3 and 4. We based out decision on several consider-

ations. First, some important determinants of steady-state behavior were calibrated

to yields growth rates of GDP and associated price indexes that corresponded to

“conventional” wisdom in policy circles, even though slight deviations from such val-

ues would have been preferred (in a “statistically significant” way) to our calibrated

values. In other cases, parameters were calibrated based on how informative the data

were likely to be on the parameter and/or identification and overparameterization

issues. Finally, the standard deviations of the measurement error assumed in the

observables was chosen to ensure a moderate contribution of such errors to the vari-

ability in the data (according to our model) while also preserving desirable forecast

properties; we present the observables and the role of measurment error in the results

below.

The first three columns of Table 3 and 4 outline our assumptions about the prior

distributions of the estimated parameters, the remaining columns describe the pa-

rameters’ posterior distributions, which we now proceed to discuss.

We consider first the parameters related to household and business spending de-

cisions. The habit-persistence parameter is moderate, near 0.6.2 Investment adjust-

ment costs are large for residential investment but small for business investment.

This finding highlights once advantage of our disaggregated approach. In addition,

this result is importantly driven by the inclusion of inventory investment in business

investment; this is a very cyclically important component of GDP and was an im-

portant element in early investigations of dynamic general equilbrium models (e.g.,

Kydland and Prescott (1982)), but is typically ignored in similar DSGE models.

The estimated value of the inverse of the labor supply elasticity implies quite

2See Kiley (2010a) for a discussion of issues related to identification of the habit parameter using

frequentist techniques.
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elastic labor supply. We also find a role for the sectoral adjustment costs to labor:

In our multisector setup, shocks to productivity or preferences in one sector of the

economy result in strong shifts of labor towards that sector, which conflicts with the

high degree of sectoral co-movement in the data.

Finally, adjustment costs to prices and wages are both estimated to be important.

Our estimate of the price adjustment cost is equivalent to a Calvo pricing setting

where a bit more than half of the firms cannot update their prices each period. The

estimated quadratic costs in wages imply a slightly larger frequency of adjustments

for the suppliers of labor. We also find only a modest role for lagged inflation in our

adjustment cost specification (around 1/4), equivalent to modest indexation to lagged

inflation in other sticky-price specifications. This differs from some other estimates,

perhaps because of the focus on a more recent post-1983 sample (similar to results in

Kiley (2007) and Laforte (2007)).

3.3 Variance Decompositions

Tables 5 and 6 present forecast error variance decompositions at various (quarterly)

horizons at the posterior mode of the parameter estimates for key variables and

shocks. We run through the key results here.

Volatility in aggregate GDP growth is accounted for primarily by the technol-

ogy shocks in each sector, although the economy-wide risk premium shock contributes

non-negligibly to the unconditional variance of GDP growth.

Volatility in hours per capita is accounted for primarily by the economy-wide

risk premium and business investment risk premium shocks at horizons between one

and sixteen quarters. Technology shocks in each sector contribute appreciably to the

unconditional variance. The large role for risk premia shocks in the forecast error

decomposition at business cycle horizons illustrates the importance of this type of

“demand” shock for volatility in the labor market. This result is notable, as hours

per capita is the series most like a “gap” variable in the model – that is, house per
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capita shows persistent cyclical fluctuations about its trend value.

Volatility in core inflation is accounted for primarily by the markup shocks in

the short run and technology shocks in the long run.

Volatility in the federal funds rate is accounted for primarily by the econo-

mywide risk premium.

Volatility in expenditures on consumer non-durables and non-housing

services is, in the near horizon, accounted for predominantly by economy-wide and

non-residential investment specific risk-premia shocks. In the far horizon, volatility

is accounted for primarily by capital-specific and economy-wide technology shocks.

Volatilities in expenditures on consumer durables, residential invest-

ment, and non-residential investment are, in the near horizon, accounted for

predominantly by their own sector specific risk-premium shocks. At farther horizons,

their volatilities are accounted for by capital-specific technology shocks.

3.4 Impulse Responses

We now turn to the impulse responses of some of the key observable variables to the

exogenous shocks that drive fluctuations in the model. In each case we consider unit

shocks; the reader is referred to the reported estimates of the standard deviation of

the shocks for information that will scale these responses to units consistent with a

standard deviation shock. Expenditure variables are reported as percent deviations

from initial values (in natural log points); inflation variables and the federal funds

rate are reported at quarterly (not annual) rates.

The impulse responses to a monetary policy innovation (shown in figure 2) cap-

tures the conventional wisdom regarding the effects of such shocks. In particular, both

household and business expenditures on durables (consumer durables, residential in-

vestment, and nonresidential investment) respond strongly (and with a hump-shape)

to a contractionary policy shock, with more muted responses by nondurables and ser-

vices consumption; each measure of inflation responds gradually, albeit more quickly
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than in some analyses based on vector autoregressions (VARs). (This difference be-

tween VAR-based and DSGE-model based impulse responses has been highlighted

elsewhere – for example, in the survey of Boivin, Kiley, and Mishkin (2010)).

Figures 3 to 12 present the impulse responses of key variables to the model’s four

risk premia shocks (Ωt, A
nr
t , Acdt , and A

r
t ), the autonomous spending shock (XHG),

price and wage mark-up shocks (Θcbi
t , Θcbi

t , and Θl
t), and technology shocks (Γz,mt and

Γz,kbt ).

The aggregate risk premium shock (figure 3) depresses spending across the board,

lowering hours appreciably; inflation and the federal funds rate fall in response. (As

in the model of Smets and Wouters (2007), the aggregate risk premium drives down

the flexible-price nominal interest rate one-for-one, and hence the downward move

in the nominal funds rate facilitates moving the economy toward its flexible price

outcome).

Shocks to sectoral risk premia (figures 4, 5 and 6) principally depress spending

in the associated category of expenditure, with offsetting positive effects on other

spending (which is “crowded in”).

The impulse responses to a capital-specific technology shock (shown in figure 11)

are a touch more gradual, as the embodied component of this type of technological

progress implies a need for nonresidential capital accumulation. (In addition, the long-

run responses of nonresidential investment and consumer durables are much larger

than those of other spending, reflecting the biased nature of this technology shock).

Following an economy-wide technology shock (figure 12), output rises gradually

to its long-run level; hours respond relatively little to the shock (in comparison to,

for example, output, reflecting both the influence of stick prices and wages and the

offsetting income and substitution effects of such a shock on households willingness

to supply labor.
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3.5 Implied Paths

Figure 13 presents the observed data (in blue) and the observable data net of the

model’s estimated measurement error (in black), along 95 percent confidence inter-

vals. For series other than overall PCE price inflation, measurement error is a mod-

erate portion of movements in the series. The larger role for measurement error in

accounting for the path of PCE price inflation reflects the absence of separate sectors

for food and energy in the model.

Figures 14 and 15 report modal estimates of the model’s structural shocks and the

persistent exogenous drivers (i.e., risk premia and autonomous demand). These series

have recognizable patterns for those familiar with U.S. economic fluctuations. For

example, the risk premia jump at the end of the sample, reflecting the financial crisis

and the model’s identification of risk premia, both economy-wide and for housing,

as key drivers. In addition, the large negative value for autonomous demand around

2005 reflects the widening of the current account deficit: While this factor is absent

from our closed-economy model, the use of economywide data picks up the drag from

demand other than demand for U.S. produced goods and services.3

Of course, these stories from a glance at the exogenous drivers yield applications

for alternative versions of the EDO model and future model enhancements. For exam-

ple, the exogenous risk premia can easily be made to have an endogenous component

following the approach of Bernanke, Gertler, and Gilchrist (1999) (and indeed we

have considered models of that type). At this point we view incorporation of such

mechanisms in our baseline approach as premature, pending ongoing research on fi-

nancial frictions, banking, and intermediation in dynamic general equilibrium models.

Nonetheless, the EDO model captured the key financial disturbances during the last

several years in its current specification, and examining the endogenous factors that

3Modal and median estimates for this driver diverge because modal estimates of the driver’s

persistence and variance are substantially greater than the median values. This feature of the

distribution, in turn, reflects a high, but imprecise, estimate of persistence for this driver.
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explain these developments will be a topic of further study.

4 Summing up

This paper has presented documentation for the large-scale estimated EDO model

of the U.S. economy used for projections and policy analysis at the Federal Reserve

Board. Cyclical dynamics are mostly accounted for by shocks to risk premia (e.g.,

see the discussion of output gaps in Kiley (2010b)). The integration of business cycle

and growth facts in a two-sector model with investment-specific technological progress

also allows consideration of key drivers of productivity and long-run growth. Ongoing

research examines a range of issues related to the sources of economic fluctuations,

financial frictions, and the design of monetary and fiscal policy (e.g., at the zero lower

bound).
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A Equilibrium in the Symmetric and Stationary

Model

The symmetric equilibrium is an allocation:

{
Hgdp
t , X̃cbi

t , X̃kb
t , Ẽ

nr
t , Ẽ

r
t , Ẽ

cd
t , Ẽ

cnn
t , Λ̃rt , Λ̃

cd
t , Λ̃

cnn
t ,Λl,cbit ,Λl,kbt ,

Lcbit , L
kb
t , U

cbi
t , Ukb

t , K̃
u,nr,cbi
t , K̃u,nr,kb

t , K̃nr,cbi
t , K̃nr,kb

t , K̃nr
t+1, K̃

r
t+1, K̃

cd
t+1

}∞

t=0

and a sequence of values

{
Πc
t ,Π

p,cbi
t ,Πp,kb

t ,Πw,cbi
t ,Πw,kb

t , P̃ kb
t , W̃
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t , W̃ kb
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t , R̃nr,kb
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r
t , Q̃

cd
t , Rt
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t=0

that satisfy the symmetric and stationary versions of the first-order conditions implied

by the decisions problems of firms and households outlined in the main text, taking

as given the initial values of the endogenous states and the sequence of exogenous

variables {
Γz,kbt ,Γz,mt ,Θcbi

t ,Θ
kb
t ,Θ

l
t, A

nr
t , A

r
t , A

cd
t ,Ωt, X̃

HG
t

}∞

t=0

implied by the sequence of shocks

{
ǫz,kbt , ǫz,mt , ǫθ,cbit , ǫθ,kbt , ǫθ,lt , ǫ

a,nr
t , ǫa,rt , ǫ

a,cd
t , ǫωtǫ

HG
t , ǫRt

}∞

t=0
.

The stationary versions of the model’s key equations are presented in this section.

Note also that definitions for all of the model’s stationary variables can be found in

appendix F.

The symmetric and stationary first-order conditions implied by the second step

of the intermediate-goods producing firms’ cost minimization problems
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(equation 5) are:

Lst =(1− α) · X̃s
t ·
M̃C

s

t

W̃ s
t

for s = cbi, kb (25)

K̃u,nr,s
t

Γx,kbt

=α · X̃s
t ·
M̃C

s

t

R̃nr,s
t

for s = cbi, kb. (26)

X̃s
t =(Lst)

1−α

(
K̃u,nr,s
t

Γx,kbt

)α

for s = cbi, kb (with Zcbi
t ≡ 1). (27)

The stationary price Phillips curves that are implied by the intermediate-goods

producing firms’ profit maximization problems (equation 7) are

Θcbi
t M̃C

cbi

t X̃
cbi
t =

(
Θcbi
t − 1

)
X̃cbi
t

+100 · χp
(
Πp,cbi
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∗

)
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t X̃cbi

t

− βEt

{
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∗

)
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t+1 X̃
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t+1

}
(28)

Θkb
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t X̃
kb
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(
Θkb
t − 1

)
P̃ kb
t X̃
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t

+100 · χp
(
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∗

)
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t P̃ kb

t X̃
kb
t

− βEt

{
Λ̃cnnt+1
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pΠp,kb
t −(1−ηp)Πp,kb

∗

)
Πp,kb
t+1 P̃

kb
t+1X̃
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t+1

}
(29)

The symmetric and stationary first-order conditions implied by the non-residential

part of the capital owners’ profit-maximization problem (equation 8) are:

Q̃nr
t = βEt

{
Λ̃cnnt+1

Λ̃cnnt

·
1

Γx,kbt+1

(
R̃nr
t+1 + (1− δnr)Q̃nr

t+1

)}
(30)
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R̃nr,s
t =

R̃nr
t

U s
t

for s = cbi, kb(31)

U s
t =

(
1

κ
·
R̃nr,s
t

Q̃nr
t

) 1

ψ

for s = cbi, kb(32)

P̃ kb
t = Q̃nr

t

[
Anrt − 100 · χnr

(
Ẽnr
t −Ẽnr

t−1

K̃nr
t

· Γx,kbt

)]

+ βEt

{
Λ̃cnnt+1

Λ̃cnnt

· Q̃nr
t+1 ·100·χ

nr

(
Ẽnr
t+1−Ẽ

nr
t

K̃nr
t+1

· Γx,kbt+1

)}
(33)

K̃nr
t+1=(1−δnr)

K̃nr
t

Γx,kbt

+Anrt Ẽ
nr
t −

100 · χnr

2

(
Ẽnr
t −Ẽnr

t−1

K̃nr
t

· Γx,kbt

)2
K̃nr
t

Γx,kbt

(34)

K̃nr,cbi
t + K̃nr,kb

t =K̃nr
t (35)

The symmetric and stationary first-order conditions implied by the consumer durables

part of the capital owners’profit-maximization problem (equation 10) are:

Q̃cd
t = βEt

{
Λ̃cnnt+1

Λ̃cnnt

·
1

Γx,kbt+1

(
R̃cd
t+1 + (1− δcd)Q̃cd

t+1

)}
(36)

P̃ kb
t = Q̃cd

t

[
Acdt − 100 · χcd

(
Ẽcd
t −Ẽcd

t−1

K̃cd
t

· Γx,kbt

)]

+ βEt

{
Λ̃cnnt+1

Λ̃cnnt

· Q̃cd
t+1 ·100·χ

cd

(
Ẽcd
t+1−Ẽ

cd
t

K̃cd
t+1

· Γx,kbt+1

)}
(37)

K̃cd
t+1=(1− δcd)

K̃cd
t

Γx,kbt

+Acdt Ẽ
cd
t −

100 · χcd

2

(
Ẽcd
t −Ẽcd

t−1

K̃cd
t

· Γx,kbt

)2
K̃cd
t

Γx,kbt

. (38)

The symmetric and stationary first-order conditions implied by the residential part
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of the capital owners’ profit-maximization problem (equation 11) are:

Q̃r
t = βEt

{
Λ̃cnnt+1

Λ̃cnnt

·
1

Γx,cbit+1

(
R̃r
t+1 + (1− δr)Q̃r

t+1

)}
(39)

1= Q̃r
t

[
Art − 100 · χr

(
Ẽr
t −Ẽ

r
t−1

K̃r
t

· Γx,cbit

)]

+ βEt

{
Λ̃cnnt+1

Λ̃cnnt

· Q̃r
t+1 ·100·χ

r

(
Ẽr
t+1−Ẽ

r
t

K̃r
t+1

· Γx,cbit+1

)}
(40)

K̃r
t+1=(1− δr)

K̃r
t

Γx,cbit

+Art Ẽ
r
t −

100 · χr

2

(
Ẽr
t −Ẽ

r
t−1

K̃r
t

· Γx,cbit

)2
K̃r
t

Γx,cbit

. (41)

The symmetric and stationary (expenditure-related) first-order conditions implied by

the households’ utility-maximization problem are: (equation 12) are:

Λ̃cnnt = βRtEt ·

{
Λ̃cnnt ·

1

Πcbi
t+1Γ

x,cbi
t+1

}
(42)

Λ̃cnnt = Λ̃cdt ·
1

R̃cd
t

(43)

Λ̃cnnt = Λ̃rt ·
1

R̃r
t

(44)

Λ̃cnnt = ςcnn ·
1

Ẽcnn
t − (h/Γx,cbit ) Ẽcnn

t−1

− βςcnnEt

{
(h/Γx,cbit+1 )

Ẽcnn
t+1 − (h/Γx,cbit+1 ) Ẽ

cnn
t

}
(45)

Λ̃cdt

Γx,kbt

= ςcd ·
1

K̃cd
t − (h/Γx,kbt−1 ) K̃

cd
t−1

− βςcdEt

{
(h/Γx,kbt )

K̃cd
t+1 − (h/Γx,kbt ) K̃cd

t

}
(46)

Λ̃rt

Γx,cbit

= ςr ·
1

K̃r
t − (h/Γx,cbit−1 ) K̃

r
t−1

− βςrEt

{
(h/Γx,cbit )

K̃r
t+1 − (h/Γx,cbit ) K̃r

t

}
(47)

The key equations from the households’ labor-supply decision are the wage Phillips
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curves

Θl
t ·

Λl,cbit

Λ̃cnnt

· Lcbit

=
(
Θl
t − 1

)
W̃ cbi
t Lcbit

−Θl
t· 100 · χ

l

(
Lcbi∗

Lcbi∗ + Lcbi∗

· W̃ cbi
t +

Lkb∗
Lcbi∗ + Lcbi∗

· W̃ kb
t

)(
Lcbit
Lkbt

−
Lcbit−1

Lkbt−1

)

+100 · χw
(
Πw,cbi
t −ηwΠw,cbi

t−1 −(1−ηw)Πw,cbi
∗

)
Πw,cbi
t W̃ cbi

t Lcbit

−βEt

{
Λ̃cnnt+1

Λ̃cnnt

· 100·χw
(
Πw,cbi
t+1 −ηwΠw,cbi

t −(1−ηw)Πw,cbi
∗

)
Πw,cbi
t+1 W̃

cbi
t+1L

cbi
t+1

}
(48)

Θl
t ·

Λl,kbt

Λ̃cnnt

· Lkbt

=
(
Θl
t − 1

)
W̃ kb
t L

kb
t

+Θl
t· 100 · χ

l

(
Lcbi∗

Lcbi∗ + Lcbi∗

· W̃ cbi
t +

Lkb∗
Lcbi∗ + Lcbi∗

· W̃ kb
t

)(
Lcbit
Lkbt

−
Lcbit−1

Lkbt−1

)

+100 · χw
(
Πw,kb
t −ηwΠw,kb

t−1 −(1−ηw)Πw,kb
∗

)
Πw,kb
t W̃ kb

t L
kb
t

−βEt

{
Λ̃cnnt+1

Λ̃cnnt

· 100·χw
(
Πw,kb
t+1 −η

wΠw,kb
t −(1−ηw)Πw,kb

∗

)
Πw,kb
t+1 W̃

kb
t+1L

kb
t+1

}
(49)

The model’s other conditions for equilibrium, listed in appendix A for the non-

stationary model, are transformed as follows in the stationary model:

• The model’s market clearing conditions become:

X̃cbi
t = Ẽcnn

t +Ẽr
t+X̃

HG
t , X̃kb

t = Ẽcd
t +Ẽnr

t +X̃HG
t , K̃u,nr,cbi

t = U cbi
t K̃nr,cbi

t , and K̃u,nr,kb
t = Ukb

t K̃
nr,kb
t .

• The identities between real wages, relative prices, and wage and price inflation

rates become:

P̃ kb
t =

Πp,kb
t

Πp,cbi
t

·
Γx,kbt

Γx,cbit

·P̃ kb
t−1, P̃

ch
t =

Πp,ch
t

Πp,cbi
t

·P̃ kb
t−1 and W̃ s

t =
Πw,s
t

Πp,cbi
t

·
1

Γx,cbit

·W̃ s
t−1 for s = cbi, kb

• Equations (15) and (17) that describe the behavior of monetary policy are

already described in terms of stationary variables;
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B The Steady-state Solution to the Symmetric and

Stationary Model

The steady-state growth rates in the fast- and slow-growing sectors of the economy

are, respectively,

Γx,kb∗ = Γz,m∗ Γz,kb∗ and (50)

Γx,cbi∗ = Γz,m∗ (Γz,kb∗ )α. (51)

From the steady-state version of the Euler equation (equation 42), we know that the

steady-state nominal interest rate is given by:

R∗ =
1

β
· Γx,cbi∗ Πp,cbi

∗ =
1

β
· Γx,kb∗ Πk

∗ (52)

while the real interest rates relevant to consumers, capital owners, and producers

respectively are:

R∗

Πp,cbi
∗

=
1

β
· Γx,cbi∗ and (53)

R∗

Πp,kb
∗

=
1

β
· Γx,kb∗ =

1

β
· Γx,cbi∗ ·

Πp,cbi
∗

Πp,kb
∗

. (54)

The steady-state values of the relative prices of fast-growing goods (P̃ kb
t ), installed

non-residential capital goods (Q̃nr
t ) and installed consumer durables (Q̃cd

t ) is equal to

the steady-state relative mark-ups in the two sectors. Since we assume that Θcbi
∗ =

Θkb
∗ , these relative prices are all unity in the steady-state. The relative price of

installed residential capital goods (Q̃r
t ) is also unity. Specifically,

P̃ kb
∗ = Q̃cd

∗ = Q̃nr
∗ =

Θkb
∗

Θkb
∗ − 1

·
Θcbi

∗ − 1

Θcbi
∗

= 1 and Q̃r
∗ = 1.

The steady-state values of real marginal cost, the real rental rate, and the real wage

can be calculated from the steady-state versions of equations (25), (26), (27), (28),
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(29), and (30). These are

M̃C
cbi

∗ = M̃C
kb

∗ =
Θcbi

∗ − 1

Θcbi
∗

,= P̃ kb
∗ ·

Θkb
∗ − 1

Θkb
∗

, (55)

R̃nr,s
∗ = R̃nr

∗ = P̃ kb
∗

(
1

β
· Γx,kb∗ − (1− δnr)

)
= P̃ kb

∗

(
R∗

Πp,kb
∗

− (1− δnr)

)
, and (56)

W̃ s
∗ = W̃∗ = (1− α)

(
Θkb

∗ − 1

Θkb
∗

) 1

1−α

P̃ kb
∗

(
α

Γx,kb∗ /β − (1− δnr)

) α
1−α

(57)

From our calibration of κ, the parameter in the non-residential capital owners utiliza-

tion function, we know from equation (32) that U cbi
∗ = Ukb

∗ = 1. It is useful to note

from the above equations that:

(
W̃ s

∗

R̃nr,s
∗

)1−α

=
1

R̃nr,s
∗

· P̃ k
∗ ·

Θkb
∗ − 1

Θkb
∗

(1− α)1−α (α)α

(
R̃nr,s

∗

W̃ s
∗

)α

=
1

W̃ s
∗

· P̃ kb
∗ ·

Θkb
∗ − 1

Θkb
∗

(1− α)1−α (α)α

From equations (36) and (39) note also that:

R̃cd
∗ = P̃ kb

∗

(
1

β
· Γx,kb∗ −

(
1− δcd

))
= P̃ kb

∗

(
R∗

Πp,kb
∗

−
(
1− δcd

))
, and (58)

R̃r
∗ =

(
1

β
· Γx,cbi∗ − (1− δr)

)
=

(
R∗

Πp,cbi
∗

− (1− δr)

)
(59)

The steady-state inflation rates of capital prices and of nominal wages are given by:

Πp,kb
∗ =Πp,cbi

∗ (Γx,cbi∗ /Γx,kb∗ )=Πp,cbi
∗ (1/Γz,kb∗ )1−α, and (60)

Πw,s
∗ =Πw

∗ = Πp,cbi
∗ Γx,cbi∗ = Πp,cbi

∗ Γz,m∗ (Γz,kb∗ )α, for s = cbi, kb, (61)

where the steady-state inflation rate of consumption prices Πp,cbi
∗ is set by the prefer-

ences of the central bank.

The steady-state ratios Lcbi∗ /Ỹ cbi
∗ , K̃nr,cbi

∗ /X̃cbi
∗ , Lkb∗ /Ỹ

kb
∗ , and K̃nr,kb

∗ /X̃kb
∗ , which
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are calculated from the factor demand schedules (equations 25 and 26), are

K̃nr,cbi
∗

X̃cbi
∗

·
1

Γx,kb∗

=

(
α

1− α

)1−α
(
W̃ s

∗

R̃nr,s
∗

)1−α

=
α

Γx,kb∗ /β − (1− δnr)
·
Θkb

∗ − 1

Θkb
∗

, (62)

Lcbi∗

X̃cbi
∗

=

(
1− α

α

)α(
R̃nr,s

∗

W̃ s
∗

)α

=

(
Γx,kb∗ /β − (1− δnr)

α
·

Θkb
∗

Θkb
∗ − 1

) α
1−α

, (63)

K̃nr,kb
∗

X̃kb
∗

·
1

Γx,kb∗

=

(
α

1− α

)1−α
(
W̃ s

∗

R̃nr,s
∗

)1−α

=
α

Γx,kb∗ /β − (1− δnr)
·
Θkb

∗ − 1

Θkb
∗

, and (64)

Lkb∗

X̃kb
∗

=

(
1− α

α

)α(
R̃nr,s

∗

W̃ s
∗

)α

=

(
Γx,kb∗ /β − (1− δnr)

α
·

Θkb
∗

Θkb
∗ − 1

) α
1−α

. (65)

We can write these as

K̃nr,cbi
∗

X̃cbi
∗

·
1

Γx,kb∗

= A,
L̃cbi∗

X̃cbi
∗

= (A)−
α

1−α ,
K̃nr,kb

∗

X̃kb
∗

·
1

Γx,kb∗

= A, and
L̃kb∗

X̃kb
∗

= (A)−
α

1−α ,

(66)

where

A =
α

Γx,kb∗ /β − (1− δnr)
·
Θkb

∗ − 1

Θkb
∗

We calibrate aggregate labor input, Lcbi∗ +Lkb∗ , to 0.25. To solve for Lcbi∗ , K̃cbi
∗ , Lkb∗ ,

and K̃kb
∗ by themselves we need to solve first for X̃cbi

∗ and X̃kb
∗ . This takes a few steps.

The first step is to derive the ratio of X̃kb
∗ /X̃

cbi
∗ ; as we have assumed that autonomous

demand enters symmetrically, its presence has no effect on this steady-state ratio, so

we suppress this portion of demand in the following.

As part of this exercise we must turn to considering the expenditure side of the

model, and in particular the model’s expenditure ratios. The normalizing factors ςcd

and ςr are calibrated so that the ratios Ẽcd
∗

Ẽcnn
∗

and Ẽr
∗

Ẽcnn
∗

are 0.1682 and 0.2094 respec-

tively.

To calculate the model’s expenditure ratios, we start with what we know about

the ratios between the inputs to the optimizing household’s utility function, that is
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Ecnn
∗ , Kcd

∗ , and Kr
∗ . We know from equations (43) to (47) that

K̃cd
∗

Ẽcnn
∗

=
ςcd

ςcnn
·
1− βh/Γx,kb

1− βh/Γx,cbi
·
1− h/Γx,cbi

1− h/Γx,kb
·

1

R̃cd
∗

, and

K̃r
∗

Ẽcnn
∗

=
ςr

ςcnn
·
1− βh/Γx,cbi

1− βh/Γx,cbi
·
1− h/Γx,cbi

1− h/Γx,cbi
·
1

R̃r
∗

We have expressions for R̃cd
∗ and R̃r

∗ in equations (58) and (59) and we know from

the steady-state versions of equations (38) and (41) that

Ẽcd
∗

K̃cd
∗

=

(
Γx,kb∗ − (1− δcd)

Γx,kb∗

)
and

Ẽr
∗

K̃r
∗

=

(
Γx,cbi∗ − (1− δr)

Γx,cbi∗

)
. (67)

These equations imply that the ratios of expenditures implied by the optimizing

agents of the model are

Ẽcd
∗

Ẽcnn
∗

=
ςcd

ςcnn
·
1−βh/Γx,kb

1−βh/Γx,cbi
·
1−h/Γx,cbi

1− h/Γx,kb
·
Γx,kb∗ −(1−δcd)

Γx,kb∗

·
1

P̃ kb
∗

·
β

Γx,kb∗ −β(1−δcd)
=D

(68)

Ẽr
∗

Ẽcnn
∗

=
ςr

ςcnn
·
1−βh/Γx,cbi

1−βh/Γx,cbi
·
1−h/Γx,cbi

1−h/Γx,cbi
·
Γx,cbi∗ −(1−δr)

Γx,cbi∗

·
β

Γx,cbi∗ −β(1−δr)
=R (69)

We can now consider expenditures as shares of their sector’s outputs. Recall from

the equilibrium conditions listed in appendix A that

Ecnn
∗ + Er

∗=X
cbi
∗ and Ecd

∗ + Enr
∗ =Xkb

∗ ,

Consider first the market clearing condition for the slow growing sector. Since all

aggregates in this equation grow at the same rate we can re-write the steady-state

expression for Xcbi
t as shown below (as well as in appendix B) and with some manip-

ulations

X̃cbi
∗ = Ẽcnn

∗ + Ẽr
∗ implies

1=
Ẽcnn

∗

X̃cbi
∗

+
Ẽr

∗

X̃cbi
∗

=
Ẽcnn

∗

X̃cbi
∗

+
Ẽr

∗

Ẽcnn
∗

·
Ẽcnn

∗

X̃cbi
∗

=
Ẽcnn

∗

X̃cbi
∗

(
1 +

Ẽr
∗

Ẽcnn
∗

)
=

Ẽcnn
∗

X̃cbi
∗

(1 +R) .

This then allows us to write:

Ẽcnn
∗

X̃cbi
∗

=
Ẽcnn

∗

Ẽcnn
∗ +Ẽr

∗

=
1

1+Ẽr
∗/Ẽ

cnn
∗

=
1

1+R
and

Ẽr
∗

X̃cbi
∗

=1−
Ẽcnn

∗

X̃cbi
∗

=1−
1

1+R
=

R

1+R
,

(70)
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where R was defined in equation (69). For the fast-growing sector, we can re-write

the market clearing condition (as in appendix B) as:

X̃kb
∗ = Ẽcd

∗ + Ẽnr
∗ .

and make similar tranformations as before. A useful relationship for these transfor-

mations is from equations (34) and (35), that is,

Ẽnr
∗ =

(
Γx,kb∗ − (1− δnr)

Γx,kb∗

)
K̃nr

∗ =

(
Γx,kb∗ − (1− δnr)

Γx,kb∗

)(
K̃nr,cbi

∗ + K̃nr,kb
∗

)
.

The fast growing sector’s market clearing condition can also be manipulated; specifi-

cally,

X̃kb
∗ = Ẽcd

∗ + Ẽnr
∗ implies

1=
Ẽcd

∗

X̃kb
∗

+
Ẽnr

∗

X̃kb
∗

=
Ẽcd

∗

Ẽcnn
∗

·
Ẽcnn

∗

X̃cbi
∗

·
X̃cbi

∗

X̃kb
∗

+

(
Γx,kb∗ −(1−δnr)

Γx,kb∗

)(
K̃nr,cbi

∗

X̃cbi
∗

·
X̃cbi

∗

X̃kb
∗

+
K̃nr,kb

∗

X̃kb
∗

)

We have expressions for Ẽcd
∗

Ẽcnn
∗

, Ẽcnn
∗

X̃cbi
∗

, K̃
nr,cbi
∗

X̃cbi
∗

, and K̃
nr,kb
∗

X̃kb
∗

. Substituting in these expres-

sions yields

1=D

(
1

1 +R

)
·
X̃cbi

∗

X̃kb
∗

+

(
Γx,kb∗ − (1− δnr)

Γx,kb∗

)
A · Γx,kb∗

(
X̃cbi

∗

X̃kb
∗

+ 1

)
,

which can be re-arranged to

X̃kb
∗

X̃cbi
∗

=
D + (1 +R)

(
Γx,kb∗ − (1− δnr)

)
A

(1 +R)− (1 +R)
(
Γx,kb∗ − (1− δnr)

)
A

= B. (71)

This then allows us to write:

Ẽnr
∗

X̃kb
∗

=

(
Γx,kb∗ −(1−δnr)

Γx,kb∗

)(
K̃nr,cbi

∗

X̃cbi
∗

·
X̃cbi

∗

X̃kb
∗

+
K̃nr,kb

∗

X̃kb
∗

)
=

(
Γx,kb∗ −(1−δnr)

Γx,kb∗

)
A ·

1+B

B
,

(72)

so that
Ẽcd

∗

X̃kb
∗

= 1−
Ẽnr

∗

X̃kb
∗

= 1−

(
Γx,kb∗ −(1−δnr)

Γx,kb∗

)
A ·

1+B

B
.
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Since the right-hand sides of equations (63) and (65) are identical, L̃cbi∗ /X̃cbi
∗ =

L̃kb∗ /X̃
kb
∗ . As a result, X̃kb

∗ /X̃
cbi
∗ = B implies that Lkb∗ /L

cbi
∗ = B, which means then

that:

Lcbi∗ =
1

1 + B
· L and Lkb∗ =

B

1 + B
· L.

where L = Lcbi∗ + Lkb∗ is 0.25. Solving for Lcbi∗ and Lkb∗ allows us to find the steady-

state solutions for all of the other production, factor, and expenditure variables of

the model. Specifically:

• Lcbi∗ and Lcbi∗ /X̃cbi
∗ (defined in equation 63) imply X̃cbi

∗ ;

• Lkb∗ and Lkb∗ /X̃
kb
∗ (defined in equation 65) imply X̃kb

∗ ;

• X̃cbi
∗ and K̃nr,cbi

∗ /X̃cbi
∗ (defined in equation 62) imply K̃nr,cbi

∗ and (since U cbi
∗ = 1)

K̃u,nr,cbi
∗ ;

• X̃kb
∗ and K̃nr,kb

∗ /X̃kb
∗ (defined in equation 64) imply K̃nr,kb

∗ and (since Ukb
∗ = 1)

K̃u,nr,kb
∗ ;

• K̃nr,cbi
∗ , K̃nr,kb

∗ , and the non-residential capital market clearing condition imply

K̃nr
∗ ;

• X̃cbi
∗ and Ẽcnn

∗ /X̃cbi
∗ and Ẽr

∗/X̃
cbi
∗ (both defined in equation 70) imply Ẽcnn

∗ and

Ẽr
∗ ;

• X̃kb
∗ and Ẽcd

∗ /X̃
kb
∗ and Ẽnr

∗ /X̃
kb
∗ (defined in equations 72 and B) imply Ẽcd

∗ and

Ẽnr
∗ ;

• Ẽcd
∗ and Ẽr

∗ , and Ẽ
cd
∗ /K̃

cd
∗ and Ẽr

∗/K̃
r
∗ (both defined in equation 67) imply K̃cd

∗

and K̃r
∗ ; and,

• Λ̃cnn∗ , Λ̃cd∗ , and Λ̃r∗ are then implied by the steady-state versions of equations

(45) to (47).

The reader can verify that we have in this section presented a steady-state value

for all of the model variables that defined equilibrium in appendix A.
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C List of Model Parameters

h = Habit-persistence parameter for the consumption of non-durable goods and non-

housing services.

α = The elasticity of output with respect to capital.

β = The household’s discount factor.

δcd = The quarterly depreciation rate of consumer durables.

δnr = The quarterly depreciation rate of non-residential capital.

δr = The quarterly depreciation rate of residential capital.

ηp = Parameter reflecting the relative importance of lagged price inflation in the

adjustment cost function for prices.

ηw = Parameter reflecting the relative importance of lagged wage inflation in the

adjustment cost function for wages.

κ = Variable capacity utilization scaling parameter.

ν = Inverse labor supply elasticity.

ρa,nr = Persistence parameter in the AR(1) process describing the evolution of Anrt .

ρa,cd = Persistence parameter in the AR(1) process describing the evolution of Acdt .

ρa,r = Persistence parameter in the AR(1) process describing the evolution of Art .

ρω = Persistence parameter in the AR(1) process describing the evolution of Ωt.

ςcnn = Co-efficient on the consumer non-durable goods and non-housing serives com-

ponent of the utility function.

ςcd = Co-efficient on the consumer durable goods component of the utility function.

ςr = Co-efficient on the consumer housing serives component of the utility function.

ς l = Co-efficient on the labor supply components of the utility function.

φY = Co-efficient on GDP gap in the monetary policy reaction function.

φ∆Y = Co-efficient on change in the GDP gap in the monetary policy reaction func-

tion.

φπ = Co-efficient on GDP price inflation in the monetary policy reaction function.
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φr = Co-efficient on lagged nominal interest rates in the monetary policy reaction

function.

χcd = Investment adjustment costs in the consumer durables evolution equation.

χnr = Investment adjustment costs in the non-residential capital evolution equation.

χr = Investment adjustment costs in the residential capital evolution equation.

χl = Parameter reflecting the size of adjustment costs in the labor sectoral adjustment

cost function.

χp = Parameter reflecting the size of adjustment costs in re-setting prices.

χw = Parameter reflecting the size of adjustment costs in re-setting wages.

ψ = Elasticity of utilization costs.

D List of Endogenous and Exogenous Model Vari-

ables

Ωt = Aggregate risk premium.

Anrt = Non-residential sector risk premium.

Art = Residential sector risk premium.

Acdt = Consumer durables sector risk premium.

Enr
t = Expenditures on goods in the fast-growing “capital” goods sector for use in

non-residential investment.

Er
t = Expenditures on goods in the slow-growing “consumption” goods sector for use

in residential investment.

Ecd
t = Expenditures on goods in the fast-growing “capital” goods sector for use in

consumer durables investment.

Ecnn
t = Expenditures on goods in the slow-growing “consumption” goods sector for

use in consumer non-durable goods and non-housing services.

X̃HG
t = Exogenous expenditure (by the government and foreign sector).

Hgdp
t = Growth rate of real (chain-weighted) GDP.
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Ku,nr,cbi
t = The amount of utilized non-residential capital used in the slow-growing

“consumption”goods sector.

Ku,nr,kb
t = The amount of utilized non-residential capital used in the fast-growing

“capital” goods sector.

Knr,cbi
t = The physical amount of non-residential capital used in the slow-growing

“consumption” goods sector.

Knr,kb
t = The physical amount of non-residential capital used in the fast-growing

“capital” goods sector.

Knr
t = The aggregate non-residential capital stock.

Kr
t = The residential capital stock.

Kcd
t = The consumer durables capital stock.

Lcbit = Labor used in the slow-growing “consumption” goods sector.

Lkbt = Labor used in the fast-growing “capital” goods sector.

MCcbi
t = Marginal cost in the slow-growing “consumption” goods sector.

MCkb
t = Marginal cost in the fast-growing “capital” goods sector.

P cbi
t = Price level in the slow-growing “consumption” goods sector.

P kb
t = Price level in the fast-growing “capital” goods sector.

Qnr
t = Price of installed non-residential capital.

Qr
t = Price of installed residential capital.

Qcd
t = Price of installed consumer durables capital.

Rt = Nominal interest rate.

Rnr,cbi
t = The nominal rental rate on non-residential capital used in the slow-growing

“consumption” goods sector.

Rnr,kb
t = The nominal rental rate on non-residential capital used in the fast-growing

“capital” goods sector.

Rnr
t = The aggregate nominal rental rate on non-residential capital.

Rr
t = The nominal rental rate on residential capital.

Rcd
t = The nominal rental rate on consumer durables capital.
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U cbi
t = The utilization rate of non-residential capital used in the slow-growing “con-

sumption” goods sector.

Ukb
t = The utilization rate of non-residential capital used in the fast-growing “capital”

goods sector.

W cbi
t = The nominal wage in the slow-growing “consumption” goods sector.

W kb
t = The nominal wage in the fast-growing “capital” goods sector.

Xcbi
t = Production in the slow-growing “consumption” goods sector.

Xkb
t = Production in the fast-growing “capital” goods sector.

(Zkb
t )1−α = Level of capital-specific technology.

(Zm
t )

1−α = Level of economy-wide technology.

Γx,cbit = Growth rate of output in the consumption (slow growth) sector consis-

tent with the growth rate of technology. (Note Γx,cbit is not in general equal to

ln(Xcbi
t /Xcbi

t−1). Rather it is equal to Γz,mt (Γz,kbt )α.)

Γx,kbt =Growth rate of output in the consumption (slow growth) sector consistent with

the growth rate of technology. (Note Γx,kbt is not in general equal to ln(Xkb
t /X

kb
t−1).

Rather it is equal to Γz,mt Γz,kbt .)

(1− α)Γz,kbt = The growth rate of the level of capital-specific technology.

(1− α)Γz,mt = The growth rate of the level of economy-wide technology.

Θl
t = The elasticity of subsitution between the differentiated labor inputs into pro-

duction.

Θcbi
t = The elasticity of subsitution between the differentiated intermediate inputs in

the slow-growing “consumption” goods sector.

Θkb
t = The elasticity of subsitution between the differentiated intermediate inputs in

the fast-growing “capital” goods sector.

Λrt = The marginal utility of residential capital.

Λcdt = The marginal utility of durable goods.

Λcnnt = The marginal utility of non-durable goods and non-housing services consump-

tion.
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Λl,cbit = The marginal dis-utility of supplying labor in the slow-growing “consumption”

goods sector.

Λl,kbt = The marginal dis-utility of supplying labor in the fast-growing “capital” goods

sector.

Πc
t = The inflation rate of the PCE deflator.

Πp,cbi
t = The inflation rate for prices in the slow-growing “consumption” goods sector.

Πp,kb
t = The inflation rate for prices in the fast-growing “capital” goods sector.

Πw,cbi
t = The inflation rate of nominal wages in the slow-growing “consumption” goods

sector.

Πw,kb
t = The inflation rate of nominal wages in the fast-growing “capital” goods sector.

E Definitions of Stationary Model Variables

In this section we provide definitions for all of the variables of the model that must

be transformed in order to render them stationary. Note that in going through our

list of model variables we leave out those that are already stationary.

The model’s output variables in stationary form are:

X̃cbi
t =

Xcbi
t

Zm
t (Zkb

t )α(Zcbi
t )1−α

X̃kb
t =

Xkb
t

Zm
t Z

kb
t

The model’s expenditure variables in stationary form are:

Ẽnr
t =

Enr
t

Zm
t Z

kb
t

Ẽr
t =

Er
t

Zm
t (Z

kb
t )α(Zcbi

t )1−α

Ẽcd
t =

Ecd
t

Zm
t Z

kb
t

Ẽcnn
t =

Ecc
t

Zm
t (Z

kb
t )α(Zcbi

t )1−α
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The model’s marginal utility variables in stationary form are:

Λ̃rt = ΛrtZ
m
t (Z

kb
t )α(Zcbi

t )1−α

Λ̃cdt = Λcdt Z
m
t Z

kb
t

Λ̃cnnt = Λcnnt Zm
t (Z

kb
t )α(Zcbi

t )1−α

The model’s capital stock variables in stationary form are:

K̃u,nr,cbi
t =

Ku,nr,cbi
t

Zm
t Z

kb
t

K̃u,nr,kb
t =

Ku,nr,kb
t

Zm
t Z

kb
t

K̃nr,cbi
t =

Knr,cbi
t

Zm
t Z

kb
t

K̃nr,kb
t =

Knr,kb
t

Zm
t Z

kb
t

K̃nr
t+1 =

Knr
t

Zm
t Z

kb
t

K̃r
t+1 =

Kr
t

Zm
t (Zkb

t )α(Zcbi
t )1−α

K̃cd
t+1 =

Kcd
t

Zm
t Z

kb
t

The model’s relative (KB) output price variable in stationary form is:

P̃ kb
t =

P kb
t

P cbi
t

(
Zkb
t

Zcbi
t

)1−α

The model’s real wage variables are:

W̃ cbi
t =

W cbi
t

P cbi
t

·
1

Zm
t (Z

kb
t )α(Zcbi

t )1−α

W̃ kb
t =

W kb
t

P cbi
t

·
1

Zm
t (Z

kb
t )α(Zcbi

t )1−α
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The model’s real rental rate variables in stationary form are:

R̃nr,cbi
t =

Rnr,cbi
t

P cbi
t

(
Zkb
t

Zcbi
t

)1−α

R̃nr,kb
t =

Rnr,kb
t

P cbi
t

(
Zkb
t

Zcbi
t

)1−α

R̃nr
t =

Rnr
t

P cbi
t

(
Zkb
t

Zcbi
t

)1−α

R̃r
t =

Rr
t

P cbi
t

R̃cd
t =

Rcd
t

P cbi
t

(
Zkb
t

Zcbi
t

)1−α

The model’s real marginal cost variables in stationary form are:

M̃C
cbi

t =
MCcbi

t

P cbi
t

M̃C
kb

t =
MCkb

t

P cbi
t

(
Zkb
t

Zcbi
t

)1−α

The model’s relative price of installed capital variables in stationary form are:

Q̃nr
t =

Qnr
t

P cbi
t

(
Zkb
t

Zcbi
t

)1−α

Q̃r
t =

Qr
t

P cbi
t

Q̃cd
t =

Qcd
t

P cbi
t

(
Zkb
t

Zcbi
t

)1−α
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Table 1: Calibrated Parameters
β α ψ δnr δcd δr Θcbi

∗ , Θkb
∗ , Θl

∗ Γz,m∗ Γz,kb∗ ωHG Πc
∗

0.990 0.260 1 0.030 0.055 0.004 7.000 1.000 1.011 0.20 1.005

Table 2: Measurement Errors on Observable Variables
ME∆gdp ME∆cns ME∆cd ME∆res ME∆bi

0.3 0.1 1.5 1.5 1.5
ME∆ppce ME∆pcorepce ME∆pcd MEh MErw

0.5 0.05 0.2 0.3 0.3
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Table 3: Prior and Posterior Distributions of the Behavioral and Policy Parameters

Prior Distribution Posterior Distribution
Parameter Type Mean S.D. Mode S.D. 10th perc. 50th perc. 90th perc.

h N 0.000 0.3300 0.6024 0.0350 0.5917 0.6392 0.6807
ν G 2.000 1.0000 0.1918 0.2514 0.1409 0.3860 0.7701
χp G 4.000 1.0000 2.5028 1.0797 2.2321 3.2782 4.8710
χl G 4.000 1.0000 3.8424 1.9715 1.9764 3.9778 6.8915
χw G 4.000 1.0000 2.1868 1.0576 2.1997 3.3348 4.8769
χnr G 4.000 1.0000 0.2411 0.0911 0.2239 0.3180 0.4504
χcd G 4.000 1.0000 0.3702 0.5521 0.4485 0.9534 1.8840
χr G 4.000 1.0000 8.6694 2.3585 7.4588 9.9908 13.3231
ηp N 0.000 0.5000 0.3006 0.1343 0.2325 0.4056 0.5779
ηw N 0.000 0.5000 0.2542 0.1318 0.0823 0.2505 0.4207
φπ N 1.500 0.0625 1.4562 0.0606 1.3776 1.4548 1.5331
φy N 0.250 0.1250 0.2096 0.0283 0.1769 0.2101 0.2486
φ△y N 0.000 0.1250 0.3310 0.0936 0.2104 0.3273 0.4488
φr N 0.500 0.2500 0.6593 0.0453 0.5949 0.6559 0.7116

Table 4: Prior and Posterior Distributions of the Parameters corresponding to the
Exogenous Processes

Prior Distribution Posterior Distribution
Parameter Type Mean S.D. Mode S.D. 10th perc. 50th perc. 90th perc.

ρω N 0.000 0.3300 0.7930 0.0364 0.7579 0.8070 0.8502
ρnr N 0.000 0.3300 0.8297 0.0302 0.8076 0.8496 0.8836
ρcd N 0.000 0.3300 -0.2110 0.1422 -0.4099 -0.2412 -0.0469
ρHG B 0.500 0.0150 0.9173 0.1637 0.4577 0.6821 0.8969
ρr N 0.000 0.3300 0.8328 0.0285 0.7914 0.8324 0.8637
σω I 1.000 2.0000 0.3742 0.0597 0.3234 0.3881 0.4737
σHG I 1.000 2.0000 1.4573 0.3374 0.5267 0.7994 1.3940
σθ,l I 1.000 2.0000 1.5877 0.7145 1.6168 2.4055 3.4337
σr I 0.200 2.0000 0.1572 0.0134 0.1437 0.1595 0.1778
σz,k I 0.250 2.0000 0.8771 0.1321 0.7181 0.8748 1.0533
σz,m I 0.250 2.0000 0.4036 0.0663 0.3751 0.4551 0.5437
σθ,cbi I 0.200 2.0000 0.3125 0.1576 0.2845 0.4296 0.6678
σθ,kb I 0.200 2.0000 0.4621 0.2747 0.3926 0.6584 1.0556
σa,r I 1.000 2.0000 0.4921 0.1562 0.4102 0.5433 0.7742
σa,cd I 1.000 2.0000 7.2703 11.9676 8.8443 18.8741 38.5473
σa,nr I 1.000 2.0000 0.4788 0.0866 0.3984 0.4922 0.6190
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Table 5: Variance Decompositions for Real GDP, Hours, Inflation and the Federal
Funds Rate

Shocks Horizon Real GDP Hours Inflation (core) Federal Funds Rate

ǫω 1 (0.24,0.27,0.30) (0.42,0.46,0.50) (0.04,0.06,0.08) (0.17,0.20,0.24)
4 (0.24,0.27,0.31) (0.41,0.45,0.49) (0.10,0.13,0.17) (0.46,0.50,0.55)
16 (0.26,0.29,0.33) (0.34,0.38,0.42) (0.09,0.12,0.16) (0.53,0.58,0.63)
∞ (0.26,0.29,0.33) (0.31,0.36,0.39) (0.07,0.09,0.13) (0.46,0.51,0.56)

ǫHG 1 (0.03,0.04,0.06) (0.03,0.04,0.06) (0.00,0.00,0.00) (0.01,0.02,0.03)
4 (0.03,0.04,0.06) (0.01,0.01,0.02) (0.00,0.00,0.00) (0.00,0.01,0.01)
16 (0.03,0.04,0.06) (0.00,0.01,0.01) (0.00,0.00,0.00) (0.00,0.00,0.01)
∞ (0.03,0.04,0.06) (0.00,0.01,0.01) (0.00,0.00,0.00) (0.00,0.00,0.01)

ǫθ,l 1 (0.00,0.00,0.00) (0.01,0.01,0.02) (0.09,0.12,0.16) (0.01,0.01,0.01)
4 (0.00,0.00,0.00) (0.02,0.02,0.03) (0.19,0.23,0.28) (0.03,0.03,0.05)
16 (0.00,0.00,0.00) (0.02,0.03,0.04) (0.14,0.18,0.22) (0.03,0.03,0.05)
∞ (0.00,0.00,0.00) (0.02,0.03,0.03) (0.09,0.12,0.16) (0.02,0.03,0.04)

ǫr 1 (0.01,0.02,0.02) (0.03,0.03,0.04) (0.00,0.00,0.00) (0.52,0.58,0.63)
4 (0.01,0.02,0.02) (0.02,0.02,0.03) (0.00,0.00,0.00) (0.17,0.21,0.25)
16 (0.01,0.02,0.02) (0.01,0.02,0.02) (0.00,0.00,0.00) (0.10,0.12,0.14)
∞ (0.01,0.02,0.02) (0.01,0.01,0.02) (0.00,0.00,0.00) (0.08,0.10,0.12)

ǫz,k 1 (0.19,0.23,0.28) (0.01,0.02,0.02) (0.00,0.00,0.01) (0.01,0.01,0.02)
4 (0.16,0.20,0.24) (0.01,0.02,0.02) (0.01,0.01,0.02) (0.01,0.01,0.02)
16 (0.15,0.19,0.23) (0.03,0.04,0.05) (0.01,0.02,0.04) (0.01,0.01,0.02)
∞ (0.15,0.19,0.23) (0.04,0.05,0.06) (0.03,0.05,0.06) (0.01,0.02,0.03)

ǫz,m 1 (0.20,0.25,0.29) (0.00,0.00,0.00) (0.05,0.08,0.10) (0.03,0.04,0.05)
4 (0.18,0.23,0.27) (0.01,0.02,0.02) (0.14,0.18,0.22) (0.03,0.04,0.05)
16 (0.17,0.21,0.26) (0.04,0.05,0.06) (0.19,0.23,0.29) (0.04,0.05,0.07)
∞ (0.17,0.21,0.25) (0.05,0.06,0.08) (0.20,0.25,0.31) (0.05,0.07,0.09)

ǫθ,cbi 1 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.59,0.67,0.73) (0.05,0.06,0.07)
4 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.25,0.31,0.36) (0.02,0.03,0.04)
16 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.15,0.18,0.22) (0.01,0.02,0.02)
∞ (0.00,0.00,0.00) (0.00,0.00,0.00) (0.10,0.13,0.15) (0.01,0.02,0.02)

ǫθ,kb 1 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.03,0.04,0.05) (0.00,0.00,0.00)
4 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.02,0.02,0.03) (0.00,0.00,0.00)
16 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.01,0.01,0.02) (0.00,0.00,0.00)
∞ (0.00,0.00,0.00) (0.00,0.00,0.00) (0.01,0.01,0.01) (0.00,0.00,0.00)

ǫa,r 1 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)
4 (0.00,0.00,0.00) (0.00,0.01,0.01) (0.00,0.00,0.00) (0.00,0.00,0.01)
16 (0.00,0.00,0.01) (0.04,0.05,0.06) (0.01,0.02,0.02) (0.03,0.04,0.05)
∞ (0.00,0.00,0.01) (0.05,0.06,0.08) (0.11,0.15,0.19) (0.09,0.11,0.14)

ǫa,cd 1 (0.02,0.03,0.03) (0.02,0.03,0.03) (0.00,0.00,0.00) (0.01,0.01,0.02)
4 (0.03,0.03,0.04) (0.01,0.01,0.01) (0.00,0.00,0.00) (0.00,0.01,0.01)
16 (0.02,0.03,0.04) (0.00,0.00,0.01) (0.00,0.00,0.00) (0.00,0.00,0.00)
∞ (0.02,0.03,0.04) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)

ǫa,nr 1 (0.11,0.14,0.17) (0.35,0.40,0.44) (0.00,0.01,0.02) (0.03,0.05,0.07)
4 (0.14,0.17,0.20) (0.39,0.43,0.47) (0.03,0.06,0.11) (0.09,0.12,0.15)
16 (0.15,0.18,0.21) (0.37,0.41,0.45) (0.11,0.17,0.25) (0.08,0.11,0.15)
∞ (0.15,0.18,0.21) (0.36,0.40,0.44) (0.09,0.14,0.21) (0.08,0.11,0.14)
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Table 6: Variance Decompositions for Selected GDP Components

Shocks Horizon Consumption Cons. Dur. Res. Inv. Non-Res. Inv.

ǫω 1 (0.28,0.32,0.36) (0.01,0.02,0.03) (0.04,0.05,0.06) (0.13,0.15,0.18)
4 (0.23,0.27,0.31) (0.01,0.02,0.03) (0.03,0.04,0.05) (0.11,0.13,0.16)
16 (0.22,0.26,0.30) (0.01,0.02,0.03) (0.03,0.04,0.05) (0.11,0.14,0.16)
∞ (0.22,0.26,0.30) (0.01,0.02,0.03) (0.03,0.04,0.05) (0.11,0.14,0.16)

ǫHG 1 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)
4 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)
16 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)
∞ (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)

ǫθ,l 1 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)
4 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)
16 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)
∞ (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)

ǫr 1 (0.02,0.02,0.03) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.01,0.01,0.01)
4 (0.02,0.02,0.02) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.01,0.01,0.01)
16 (0.02,0.02,0.02) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.01,0.01,0.01)
∞ (0.01,0.02,0.02) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.01,0.01,0.01)

ǫz,k 1 (0.04,0.05,0.06) (0.13,0.16,0.20) (0.02,0.03,0.03) (0.04,0.06,0.07)
4 (0.04,0.05,0.06) (0.11,0.13,0.17) (0.01,0.02,0.02) (0.03,0.04,0.05)
16 (0.04,0.05,0.06) (0.10,0.12,0.16) (0.01,0.01,0.02) (0.03,0.04,0.05)
∞ (0.04,0.05,0.06) (0.10,0.12,0.16) (0.01,0.01,0.02) (0.03,0.04,0.05)

ǫz,m 1 (0.08,0.10,0.13) (0.05,0.06,0.07) (0.07,0.09,0.11) (0.04,0.05,0.06)
4 (0.11,0.13,0.16) (0.04,0.05,0.06) (0.04,0.05,0.06) (0.03,0.04,0.05)
16 (0.09,0.12,0.14) (0.04,0.05,0.06) (0.04,0.05,0.06) (0.02,0.03,0.04)
∞ (0.09,0.12,0.14) (0.04,0.05,0.06) (0.03,0.04,0.06) (0.02,0.03,0.04)

ǫθ,cbi 1 (0.01,0.01,0.01) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)
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∞ (0.01,0.01,0.01) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00)

ǫθ,kb 1 (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.00,0.01)
4 (0.00,0.00,0.01) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.01,0.01)
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∞ (0.00,0.00,0.01) (0.00,0.00,0.00) (0.00,0.00,0.00) (0.00,0.01,0.01)

ǫa,r 1 (0.09,0.11,0.14) (0.00,0.01,0.01) (0.71,0.74,0.78) (0.01,0.01,0.01)
4 (0.11,0.13,0.16) (0.01,0.01,0.02) (0.76,0.79,0.83) (0.01,0.01,0.01)
16 (0.10,0.13,0.16) (0.01,0.01,0.02) (0.75,0.79,0.83) (0.01,0.01,0.01)
∞ (0.11,0.13,0.17) (0.01,0.02,0.02) (0.76,0.79,0.83) (0.01,0.01,0.01)

ǫa,cd 1 (0.00,0.00,0.00) (0.66,0.70,0.75) (0.00,0.00,0.00) (0.00,0.00,0.00)
4 (0.00,0.00,0.00) (0.67,0.72,0.77) (0.00,0.00,0.00) (0.00,0.00,0.00)
16 (0.00,0.00,0.00) (0.65,0.70,0.76) (0.00,0.00,0.00) (0.00,0.00,0.00)
∞ (0.00,0.00,0.00) (0.64,0.70,0.75) (0.00,0.00,0.00) (0.00,0.00,0.00)

ǫa,nr 1 (0.31,0.36,0.40) (0.02,0.03,0.06) (0.06,0.08,0.10) (0.69,0.72,0.74)
4 (0.31,0.35,0.40) (0.02,0.04,0.07) (0.06,0.09,0.12) (0.72,0.75,0.78)
16 (0.34,0.39,0.43) (0.04,0.07,0.11) (0.07,0.10,0.13) (0.73,0.76,0.79)
∞ (0.34,0.38,0.43) (0.04,0.07,0.11) (0.07,0.10,0.13) (0.73,0.76,0.79)
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Figure 1: Model Overview
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Figure 2: Impulse Responses: Funds Rate
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Figure 3: Impulse Responses: Risk-premium
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Figure 4: Impulse Responses: Housing Risk-Premium
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Figure 5: Impulse Responses: Durables Risk-Premium
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Figure 6: Impulse Responses: Capital Risk-Premium
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Figure 7: Impulse Responses: Exog. Demand
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Figure 8: Impulse Responses: Non-Invest. Price Markup
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Figure 9: Impulse Responses: Invest. Price Markup
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Figure 10: Impulse Responses: Wage Markup
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Figure 11: Impulse Responses: Capital Goods Technology
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Figure 12: Impulse Responses: Overall TFP
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Figure 13: Smoothed Observables and Data
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Figure 14: Innovations to Exogenous Processes
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Figure 15: Exogenous Drivers
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