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1 Introduction

This appendix describes the components of the DSGE framework used in the paper. It

is based on the medium-scale DSGE model of Smets and Wouters (2007) and Christiano,

Eichenbaum and Evans (2005), with the segmented markets features of Andrés, López-Salido,

Nelson (2004) and Chen, Cúrdia and Ferrero (2012). Data used in the estimation are also

described here.

2 Model

2.1 Households

There is a continuum of investors of measure one. Two types of investors, j = u, r consume

Cj
t and dislike labor L

j
t . Consumption is relative to productivity Zt. The utility function

over the infinite horizon is given by

Et
∞∑
s=0

βsjb
j
t+s

 1

1− σj

(
Cj
t+s

Zt+s
− hC

j
t+s−1

Zt+s−1

)1−σj

−
ϕjt+s

(
Ljt+s (i)

)1+ν

1 + ν

 (1)

where βj is the discount factor, b
j is the preference shock, σj is the CRRA, h is the habit

parameter and ϕj is the labor supply shock of household j.

There are two types of bonds. The one-period bonds Bt pay a nominal return of Rt at

time t+1. Long term bonds are perpetuities that cost PL,t at time t and pay an exponentially

decaying coupon κs at time t + s + 1. Although the investors have identical preferences, a

fraction ωu of households trade in both short and long term government bonds. These are

considered to be "unrestricted". They must however pay a transaction cost of ζt per unit of

the bond purchased (it costs them 1+ζt dollars per unit, instead of 1 dollar). The remaining

investors 1− ωu = ωr only trade in long term bonds but pay no transaction costs (these are

"restricted"). For the long-term bond, the price PL,t = 1/ (RL,t − κ), where RL,t is the gross
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yield on the bond. The bond duration is RL,t/ (RL,t − κ) .

For the households, the flow budget constraint (FBC) is:

PtC
u
t +Bu

t +(1 + ζt)PL,tB
u
L,t ≤ Rt−1Bt−1+

∞∑
s=1

κs−1Bu
L,t−s+W

u
t (i)Lut (i)+Pt+Pcpt +Pfit −T ut .

(2)

Here Pfit are the per-capita nominal profits of the financial intermediary (who receives the

transactions cost and distributes to the profits to all shareholders). Pt and Pcpt are the profits
from the ownership of intermediate goods produces and capital producers respectively. T ut
are lump-sum taxes.

The FBC of the institutional investors is:

PtC
r
t + PL,tB

r
L,t ≤

∞∑
s=1

κs−1Br
L,t−s +W r

t (i)Lrt (i) + Pt + Pcpt + Pfit − T rt . (3)

In the above expressions, the price of the final good is Pt, W
j
t (i) is the wage of a household

of type j. From the unrestricted households’optimization, FOC for short bonds is:

Ξu
t = βuRtEt

(
Ξu
t+1

)
, (4)

and for the long bonds is:

1 + ζt
RL,t − κ

Ξu
t = βuEt

(
RL,t+1

RL,t+1 − κ
Ξu
t+1

)
. (5)

Here Ξu
t is the Lagrange multiplier associated with the household’s budget constraint.

The instutional investors only hold long bonds, and for these, the FOC is:

1

RL,t − κ
Ξr
t = βrEt

(
RL,t+1

RL,t+1 − κ
Ξr
t+1

)
, (6)

and Ξr
t is the Lagrange multiplier associated with the institutional investor’s budget con-

straint.3

Both types of investors set their wages on a Calvo staggered basis (wages are reset with

probability 1 − ζw), and this decision is based on the demand for their specific labor input
3Here the Lagrangian multiplier of investors of type i, Ξu,pt (i) , is normalized to Ξut = Ξu,pt (i)ZtPt∀i.
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Lt (i). This is supplied to perfectly competitive labor agents, which aggregate the labor

inputs into Lt :

Lt =

[∫ 1

0

Li (i)
1

1+λw di

]1+λw

, (7)

where λw > 0 is the steady state wage markup. This implies the FOC for the demand of the

labor input is:

Lt (i) =

(
Wt (i)

Wt

)− 1+λw
λw

Lt (8)

and the aggregate wage is

Wt =

[∫ 1

0

Wi (i)
− 1
λw di

]−λw
. (9)

Then the labor supply decision of the household is:

min
W̃u
t (i)

Et
∞∑
s=0

(ζwβu)
s but+s

ϕut+s
1 + νu

Lut+s (i)1+νu

subject to the demand for labor, FBC in (2) and wage updating given by W u
t+s (i) =

(Πeγ)s W̃ u
t (i) . The first order conditions imply that the aggregate wage index can be rewrit-

ten as:

Wt =

{
(1− ζw)

[
ωu

(
W̃ u
t

)−1
λw

+ ωr

(
W̃ r
t

)−1
λw

]
+ ζw (ΠeγtWt−1)

−1
λw

}−λw

. (10)

Wage setting: Households are monopolistic suppliers of differentiated labor inputs and

set wages using Calvo. The fraction of households which do not re-set their wages index it

to the steady state rate of inflation and productivity growth.

2.2 Final goods producers

The final good Yt is made up of a composite of goods:

Yt =

[∫ 1

0

Yt (i)1/(1+λf) di

](1+λf)
. (11)
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These final good producers buy intermediate goods, package them into Yt, and sell the

final good to consumers, investors and the government. Their maximization problem (in a

perfectly competitive market) is:

max
Yt,Yt(i)

PtYt −
∫ 1

0

Pt (i)Yt (i) di (12)

subject to the constraint Yt =
[∫ 1

0
Yt (i)1/(1+λf) di

](1+λf)
µf,t. The FOCs imply:

Yt (i) =

(
Pt (i)

Pt

)−(1+λf)
λf

Yt (13)

and Pt =
[∫ 1

0
Pt (i)−1/λf di

]−λf
.4 Since the marginal cost is the same for all firms5, profits

can be rewritten as [Pt (i)− λf,tMCt]Yt (i), where λf,t is the time-varying markup on prices,

and evolves as:

lnλf,t = ρλf lnλf,t−1 + ελ,t, ελ,t ∼ N
(
0, σ2

ελ

)
. (14)

With Calvo pricing, where each firm readjusts its prices with probability 1 − ζp in each

period, and those that do not, increase their prices Pt (i) at the steady state rate of inflation

π6. The optimization problem for the firms that can adjust their prices is to choose a

price level P̃t (i) to maximize expected discounted profits subject to the constraint Yt+s (i) =[
P̃t(i)Πs

Pt+s

]− 1+λf
λf Yt+s, where Π = 1 + π. From the resulting FOC and the fact that all firms

that readjust their prices face the same optimization problem, the price7 is:

Pt =
[(

1− ζp
)
P̃
−1/λf
t + ζp (ΠPt−1)−1/λf

]−λf
. (15)

4λf is constrained to lie between (0,∞) .

5MCt =
[
Wt +Rkt

Kt(i)
Lt(i)

]
Z
−(1−α)
t

(
Kt(i)
Lt(i)

)−α
6The rate of inflation is πt = Pt/Pt−1.
7Here the i subscript has been dropped.
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2.3 Intermediate goods producers

Intermediate good’s producer i uses the technology:

Yt (i) = Z1−α
t Kt (i)α Lt (i)1−α , (16)

where Kt (i) is the capital used in production and Lt (i) is a composite labor input. Zt is

the total factor productivity, and zt = log
(
Zt/Zt−1

1+γ

)
follows the process:

zt = ρzzt−1 + εz,t, εz ∼ N
(
0, σ2

z

)
. (17)

The profit of the firm is given by Pt (i)Yt (i)−WtLt (i)−Rk
tKt (i) ,whereWt is the aggregate

nominal wage rate and Rk
t is the rental rate of capital. Combining the cost minimization

FOCs yields:

Kt =
α

1− α
Wt

Rk
t

Lt. (18)

2.4 Capital producers

All the households own a representative perfectly competitive firm which invests in capital,

chooses utilization rate and rents the capital to intermediate firms. The utilization rate is

ut, and each period, an "effective" amount of capital is rented out:

Kt = utK̄t−1. (19)

This utilization subtracts real resources, measured in terms of the consumption good: a (ut) K̄t−1.

Capital’s law of motion is:

K̄t = (1− δ) K̄t−1 + µt

[
1− S

(
It
It−1

)]
It. (20)

Here δ ∈ (0, 1) is the depreciation rate, S is the cost of adjusting investment. S ′ > 0 and

S” > 0. The capital producers maximize the expected discounted stream of dividends to

their shareholders, subject to the constraint in 20.
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2.5 Government

The flow budget constraint of the government is:

Bt + PL,tBL,t = Rt−1Bt−1 + (1 + κPL,t)BL,t−1 + PtGt − Tt, (21)

where the LHS is the nominal market value of the total debt issued by the government. The

RHS is the cost of servicing bonds maturing at t along with government spending Gt and

taxes Tt.

The composition of debt is controlled by the government as:

PL,tBL,t

PtZt
= S

(
PL,t−1BL,t−1

Pt−1Zt−1

)ρB
eεB,t , (22)

where εB,t is an exogenous i.i.d. shock and ρB ∈ (0, 1). S is a constant required to make

the debt equation above an identity at steady state. The LSAP program will be interpreted

as the shock to the composition of outstanding government liabilities relative to the past

average.

The primary surplus of the government will evolve as:

Tt
PtZt

− Gt

Zt
≡ Φz,t = Φ

(
PL,t−1BLZ,t−1 +BZ,t−1

PtBLZ,t +BZ,t

)φT
eεT,t , (23)

where φT > 0, εT,t follows the stationary AR(1) process, BZ,t ≡ Bt/PtZt and BLZ,t ≡
BL,t/PtZt

2.6 Central Bank

In periods when the zero-lower bound is not binding, the Taylor rule (Taylor, 1993) with

interest rate smoothing is followed:

Rt

R
=

(
Rt−1

R

)ρm [(Πt

Π

)φπ ( Yt
e4γYt−1

)φy]1−ρm

eεm,t , (24)

where εm,t is an i.i.d. shock, and ρm ∈ (0, 1), φπ > 1 and φy ≥ 0.

7



2.7 Intuition for the effect of LSAP

The baseline formulation of Cúrdia, Chen and Ferrero (2012) for the transaction cost is:

ζt =

(
PL,tBL,t

PtZt

)
exp (εζ,t) . (25)

The authors use the Euler equations of the households and institutional investors to show:

Et

{
Ξp,u
t+1

Ξp,u
t

[
PL,t+1

(1 + ζt)PL,t
RL,t+1 −

PEH
L,t+1

PEH
L,t

REH
L,t+1

]}
= 0. (26)

Here, PEH
L,t+1 and R

EH
L,t+1 are the price and yield to maturity of the long-term bond in the

absence of transactions costs, while holding the path for the marginal utility of consumption

constant. Under the first order approximation, the risk premium is defined as the difference

between the yields to maturity with and without transactions costs:

R̂P t ≡ R̂L,t − R̂EH
L,t , (27)

and combining the approximations of the no-arbitrage condition and the relation between

the price and yields, the authors obtain:

R̂P t =
1

DL

∞∑
s=0

(
DL − 1

DL

)s
Etζt+s. (28)

2.8 Resource Constraints and Exogenous Processes

Budget constraint (BC) for the household is:

PtC
u
t +Bu

t +(1 + ζt)PL,tB
u
L,t = Rt−1B

u
t−1+

RL,t

RL,t − κ
Bu
L,t−1+

∫
W u
t (i)Lut (i)+Pt+Pcpt +Pfit −T ut ,

(29)

and for the institutional investor is:

PtC
r
t + PL,tB

r
L,t ≤

RL,t

RL,t − κ
Br
L,t−1 +

∫
W r
t (i)Lrt (i) + Pt + Pcpt + Pfit − T rt . (30)
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The Government’s BC is:

Bt +
BL,t

RL,t − κ
= Rt−1Bt−1 +

RL,t

RL,t − κ
BL,t−1 + PtGt −Rt. (31)

Since

P =

∫
t

P (i) di =

∫
Pt (i)Yt (i) di−WtLt −RK

t Kt, (32)

it is the case that

WtLt =

∫
W u
t (i)Lut (i) di+

∫
W r
t (i)Lrt (i) di

PtYt =

∫
Pt (i)Yt (i) di. (33)

The profits of the capital producers and financial institution are

RK
t Kt − Pta (ut) K̄t−1 − PtIt

Pfi = ωu
ζt

RL,t − κ
Bu
L,t. (34)

The budget constraint is:

ωuC
u
t + ωrC

r
t +Gt + a (ut) K̄t−1 + It = Yt. (35)

The exogenous processes are specified as:

Technology : zt = ln
(
e−γZt/Zt−1

)
zt = ρzzt−1 + εz,t

Preference for leisure: lnϕt = ρϕ lnϕt−1 + εϕ,t

Price mark up: lnλf,t = ελ,t .

Capital adjustment cost process: lnµt = ρµ lnµt−1 + εµ,t

Intertemporal preference shifter: ln bt = ρb ln bt−1 + εb,t
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Government spending: ln gt = ρg ln gt−1 + εg,t

Exogenous risk premium shock: εζ,t = ρζεζ,t−1 + εζ,t

The remaining shocks are the monetary policy shock (εm,t), fiscal shock (εT,t) and the long-

term bond supply shock (εB,t).

3 Model Steady State

In steady state, the log of productivity grows at the rate γ and constant inflation is Π.

Following Christiano et al. (2011), a (ut) is such that u = 1 in SS, and a (1) = 0. Also,

Y/Z = 1, νu = νr = ν, S (eγ) = S ′ (eγ) = 0. The ratio of the consumption and Lagrange

multipliers associated with the maximization problems of the households and institutional

investors are estimated. The levels of bu and br are allowed to take whichever value required

to allow the ratios to be consistent with each other and the resource constraints.

From the Euler equations:

1 = βuR e−γΠ−1, (36)

(1 + ζ) =
RL

R
, (37)

βu = βr (1 + ζ) . (38)

The level of long debt is determined by the risk premium:

BLMV /Z = ζ−1 (ζ) , (39)

and taxes are determined by the government BC:

T

Z
=
G

Z
−
(
1− β−1

u

) B
Z
−
(

1

RL − κ
− RL

RL − κ
1

eγΠ

)
BL

Z
. (40)

The unit marginal effi ciency of investment shock implies q = 1, and unit utilization implies

rk = a′ (1) , which determines a′ (1) given rk. The FOC for investment implies:

rk = β̄
−1
eγ − (1− δ) . (41)
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Here

β̄ =
ωuβu

Ξu

Ξr
+ ωrβr

ωu
Ξu

Ξr
+ ωr

, (42)

where Ξu/Ξr are derived from the Euler equations of the households (Ξu) and investors (Ξr).

Price setting implies that the marginal cost mc = 1
1+λf

, and the definition of marginal

cost implies wz = w̃z
(
rk
) α
1−α , where w̃z = (1 + λf )

− 1
1−α α

α
1−α (1− α).

The technology function L =
(
K
Z

) α
1−α and the capital demand implies that L = L̃

(
rk
) α
1−α ,

where L̃ ≡
(

α
1+λf

) −α
1−α

. The other relationships are:

Effective capital:
K

Z
= eγ

(
α

1 + λf

)(
rk
)−1

(43)

Investment:
I

Z
= [eγ − (1− δ)]

(
α

1 + λf

)(
rk
)−1

(44)

Resource constrain: ωu
Cu

Z
+ ωr

Cr

Z
= 1− I

Z
− G

Z
. (45)

The log-linear approximations of these relations are available upon request.

4 Data

In order to estimate the model, the relevant macroeconomic time series are constructed for

January 1920 to December 1934. Balke and Gordon’s (1986) Real GNP and GNP deflator

series are used for the output and inflation measure. Population numbers are taken from

the U.S. Census Bureau. The construction of the number of labor hours supplied entails

two different data sources. From Beney’s (1936) study, the series of average hours worked

per week per worker in manufacturing is used to construct average actual hours per quarter

per wage earner. This is multiplied with the average number of workers in manufacturing,

available from the Bureau of Labor Statistics. Yields on bonds and notes are taken from

the Banking and Monetary Statistics for 1914-1941 publication of the Federal Reserve, and

the Federal Reserve’s holdings of Treasury debt is constructed from the tables on Factors

affecting bank reserves and condition statement of the Federal Reserve Banks. Following
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Cúrdia, Chen and Ferrero (2012), the mapping of these variables to the states is:

∆Y obs
t = 100

(
γ + Ŷz,t − Ŷz,t−1 + ẑt

)
Lobst = 100

(
L+ L̂t

)
∆wobst = 100 (γ + ŵz,t − ŵz,t−1 + ẑt)

πobst = 100 (π + π̂t)

robst = 100 (r + r̂t)

robsL,t = 100 (rL + r̂L,t)

Bratio,obs
t =

PLBL,z

Bz

(
1 + P̂L,t + B̂L,z,t − B̂z,t

)
where the state variables are in deviations from steady state values, Xz = X/Z for variable

X, and π = ln Π, r = lnR and rL = lnRL. The observable ∆Y obs
t corresponds to the first

difference in logs of the real GDP series. ∆wobst is the first difference in logs of the real wage

series, multiplied by 100.
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