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1 Introduction

This technical annex provides a detailed treatment of the derivation of the model used in
‘Evaluating and estimating a DSGE model for the United Kingdom’. In Section 2 we set out the
structure of the model in detail. In Section 3 we solve for the steady state of the model and in
Section 4 we present the linearised model.

2 Model derivation

We model a small open economy inhabited by a continuum of infinitely lived households,
indexed by j along the interval [0,1], as well as firms, indexed by i along the interval [0,1].
Households own all capital in the economy and rent it out to the production sector. The total
supply of capital services on the rental market is determined by the capital accumulation and
utilisation decision of households. Households also supply labour services to firms and we
assume that each household specialises in the supply of only one type of labour and that there are
equal number of households supplying each type. Monopolistically competitive households set
wages in staggered contracts with timing like that in Calvo (1983). Household preferences
exhibit habit formation in consumption. Households have access to a complete set of
state-contingent claims, which insure them at the domestic level, as well as risk-free nominal
bonds issued by foreign governments. We assume that agents must pay fees to domestic financial
intermediaries in order to hold foreign bonds. Firms are composed of producers and bundlers.
Each monopolistically competitive producer produces a single differentiated intermediate good
using capital and labour. ‘Bundlers’ combine these intermediate goods with imported
intermediate goods to produce final goods which they sell domestically and abroad. Firms
engage in local currency pricing (LCP) and invoice exports in foreign currency. We assume that
adjusting nominal prices is costly by introducing Rotemberg (1982) type price adjustment costs.

2.1 Households

All individuals within a country have identical preferences over a real consumption index, ct,
hours worked, ht, and real money balances, MONt/PCt (where MONt denotes nominal money
holdings and PCt is the consumer price index, to be shown later. A typical household j

maximises lifetime utility which is separable in its three arguments and defined as:

Et

∞∑
r=0

βr{ σc

σc − 1
[
ct+r(j)

cψhab

t+r−1

]
σc−1

σc −(κh)−
1

σh
σh

σh + 1
[ht+r(j)]

σh+1

σh +(κmon)
1

σc
σc

σc − 1
[
MONt+r(j)

PCt+r

]
σc−1

σc },
(1)

where Et is the rational expectations operator, 0 < β < 1 is the subjective discount factor. The
parameter κmon > 0 is the utility weight of money balances in overall utility while the parameter
κh > 0 is the weight of disutility from labour supply. When the parameter ψhab > 1 household
preferences allow for (external) habit formation in consumption. The parameter σc > 0 is the
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elasticity of intertemporal substitution in consumption (and money balances) and the parameter
σh > 0 is the elasticity of intertemporal substitution in labour supply.1

In each period, household j’s expenditure on consumption and investment goods and asset
accumulation must equal its disposable income:

PCtct(j) + PItIt(j) + MONt(j)−MONt−1(j) + Etρt+1,tBt(j)−Bt−1(j) +
BFt(j)

ERt

−(1 + rft−1)
BFt−1(j)

ERt

= Wtht(j) + Rtk
s
t (j) +

∫ 1

0

Πv
t (j, i)di− PCtτ t

−PCt
χbf

2
(

BFt(j)

PCtERt

− nfass)2 + PCtΓt. (2)

Asset accumulation consists of increases in money holdings, increases in acquisition of domestic
state-contingent claims, and increases in foreign asset holdings. Bt(j) denotes the quantity of
state-contingent claims purchased by the household in period t to be delivered in each state of the
subsequent period. ρt+1,t represents the period t price of a state-contingent claim that will pay
one unit of currency in a particular state of nature in period t + 1 divided by the probability of
occurrence of that state given information available in period t. Bt−1(j) is the value of the
household’s claims given the current realisation of the state of nature. BFt(j) stands for the
value of foreign nominal bonds acquired by the household in period t and ERt is the time-t
nominal exchange rate. An increase in ERt reflects an appreciation of the domestic currency.
rft−1 is the nominal rate of interest on holdings of foreign assets between t-1 and t and BFt−1(j)

denotes the value of such assets purchased by the household in period t-1. The remaining terms
in the budget constraint are household’s consumption expenditure, PCtct(j), purchase of
investment goods, PItIt, labour income, Wtht(j), rental income from the supply of capital
services to firms, Rtk

s
t (j), aggregate profits received from firms, where Πv

t (j, i) denotes the profit
of firm i received by household j, total lump-sum tax/transfer payments, PCtτ t(j), which in
equilibrium are equal to government spending, gt, less the seignorage revenue of the
government,2 the per-capita cost of holding foreign bonds in excess of the steady-state value,
PCt

χbf

2
( BFt(j)

PCtERt
− nfass)2, and finally the rebate given to the household by the financial

intermediary, PCtΓt, which in equilibrium is equal to the cost of holding foreign bonds.
Following Ghironi and Melitz (2005) we assume that agents must pay fees to domestic financial
intermediaries in order to hold foreign bonds. These fees are quadratic in the deviation of the real
stock of bonds from their steady-state value. Financial intermediaries are then assumed to rebate
the revenues from bond-holding fees to domestic households. Here, international assets markets
are incomplete as only nominal government bonds can be traded across countries. As argued by
Ghironi and Melitz (2005), in the absence of the cost of holding bonds, the incomplete market
assumption would imply that the steady-state net foreign assets would be indeterminate and that
the model would be non-stationarity. Adding the cost of holding bonds pins down the steady
state and ensures mean reversion in the long run.

1Notice that σc is also the inverse of the coefficient of relative risk aversion and σh is the labour supply elasticity.
2Since Ricardian equivalence holds in our set-up we can assume that government runs a balanced budget each period.
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2.1.1 The composite consumption good and demands

The composite consumption index of household j is a standard constant elasticity of substitution
(CES) function of domestic and foreign consumption subindices:

ct(j) ≡ κc[(1− ψm)(cht(j))
σm−1

σm + ψm(cmt(j))
σm−1

σm ]
σm

σm−1 , (3)

where cht(j) is an index of consumption of domestic goods, cmt(j) is an index of consumption
of imported goods, and κc is a parameter. The parameter 0 < ψm < 1 represents the expenditure
weight of imported consumption goods in the aggregate consumption index and is (inversely)
related to the degree of Home bias in preferences. The parameter σm > 1 is the elasticity of
substitution between domestic and foreign final consumption goods. The price index associated
with the minimum expenditure needed to purchase a unit of the composite consumption index
given the price indices of domestic and imported goods is then:

PCt ≡ 1

κc
[(1− ψm)σm

(PHt)
1−σm

+ (ψm)σm

(PMt)
1−σm

]
1

1−σm , (4)

where PHt is price index for goods produced at Home and PMt is the price index for imported
goods, both expressed in domestic currency. We choose our numeraire to be the composite
consumption index and we define relative prices in relation to PCt. That is for any price PXt,
the relative price, denoted by pxt, is given by PXt/PCt. Then, (4) can be rewritten as:

1 =
1

κc
[(1− ψm)σm

(pht)
1−σm

+ (ψm)σm

(pmt)
1−σm

]
1

1−σm . (5)

Consumption and price indices of domestic goods. Household j’s domestic consumption index,
which aggregates over all available goods (or brands), and the corresponding domestic price are
given by the following CES functions:

cht(j) ≡ [

∫ 1

0

(cht(j, i))
σhb−1

σhb di]
σhb

σhb−1 (6)

pht ≡ [

∫ 1

0

(pht(i))
1−σhb

di]
1

1−σhb , (7)

where cht(j, i) denotes the consumption of household j of brand i produced domestically and the
parameter σhb > 1 is the elasticity of substitution among domestically produced brands.

Consumption and price indices of imported goods. Household j’s import consumption index,
which aggregates over all available foreign brands according to an analogous CES function, is
given by:

cmt(j) ≡ [

∫ 1

0

(cmt(j, i))
σmb−1

σmb di]
σmb

σmb−1 , (8)

where cmt(j, i) is consumption by household j of an imported good i and the parameter σmb > 1

is the elasticity of substitution among imported brands. And the corresponding import price
index is:

pmt ≡ [

∫ 1

0

(pmt(i))
1−σmb

di]
1

1−σmb , (9)
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where pmt(i) is the domestic price of an imported good i.

Demand for domestic and imported goods. The optimal allocation of expenditure across
domestic and imported brands yields the following demand functions:

cht(j, i) = (
pht(i)

pht

)−σhb

cht(j) (10)

cmt(j, i) = (
pmt(i)

pmt

)−σmb

cmt(j). (11)

Using equations (10) and (11) one can show that the total expenditure of household j on
domestic goods consumption is

∫ 1

0
pht(i)cht(j, i)di = phtcht(j) and on imported good

consumption it is
∫ 1

0
pmt(i)cmt(j, i)di = pmtcmt(j).

Finally, the optimal allocation of expenditure between domestic and imported goods implies:

cht(j) = (1− ψm)σm

(pht)
−σm ct(j)

(κc)1−σm (12)

cmt(j) = (ψm)σm

(pmt)
−σm ct(j)

(κc)1−σm . (13)

The total consumption expenditure of household j is given by ct(j) = pmtcmt(j) + phtcht(j).

2.1.2 Capital utilisation and accumulation

Each firm i rents capitals services, ks
t (j), from household j at the real rental rate rt. The capital

services supplied by household j, which depends on utilisation decision of households and
accumulated capital, is given by:

ks
t (j) = zt(j)kt−1(j), (14)

where zt(j) denotes the utilisation rate of capital by household j and kt−1(j) is the stock of
physical capital previously accumulated by the household. As the equation shows, the capital
used in the current period must be installed in the previous period but the household, in the short
run, can choose the intensity with which it is used. However, setting a higher utilisation rate
incurs real costs due to increased wear and tear. This utilisation cost is defined below:

∆z
t (j) ≡

χz

1 + σz
[(zt(j))

1+σz − 1]kt−1(j), (15)

where we set the steady-state utilisation rate to 1 (see Christiano, Eichenbaum and Evans (2005)).
This implies that in the long run only increases in physical capital can generate more output.

The physical capital stock the household owns evolves over time according to the following
equation:

kt(j) = It(j) + (1− δ)kt−1(j)−∆z
t (j)−∆k

t (j), (16)
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where 0 < δ < 1 is the depreciation rate of capital stock and ∆k
t (j) is the real cost associated

with a change in capital stock and is defined as:

∆k
t (j) ≡

χk

2

[kt(j)− (kt−1

kt−2
)εk

kt−1(j)]
2

kt−1

, (17)

Equation (16) tells us that today’s investment will increase the capital stock carried over to the
next period, while any costs associated with changing the utilisation rate and level of capital
stock will decrease the capital stock carried over to the next period.

Composite investment good. Household j can augment its existing physical capital stock by
purchasing a composite investment good, It(j). For simplicity, we assume that there are no
imported investment goods and that composite investment good is produced in the same way as
the domestic consumption good. The index of investment goods consumed by household j

aggregates over all domestic brands according to an analogous CES function:

It(j) = [

∫ 1

0

(It(j, i))
σhb−1

σhb di]
σhb

σhb−1 . (18)

So the unit price of the composite investment good and the unit price of the composite
consumption good will be the same (PIt = PHt) since they are both produced using the same
technology. The optimal allocation of investment expenditure across Home will yield an
analogous demand function:

It(j, i) = (
pht(i)

pht

)−σhb

It(j), (19)

where It(j, i) is the consumption by household j of good i for investment purposes.

2.1.3 Optimal wage-setting

Following Erceg, Henderson and Levin (2000), we assume that each household j supplies a
differentiated labour input to the production sector. The labour index, which aggregates over all
available labour type, has the CES form:

ht ≡ [

∫ 1

0

(ht(j))
σw−1

σw dj]
σw

σw−1 , (20)

where the parameter σw > 1 is the elasticity of substitution among labour services. The
aggregate nominal wage index associated with the minimum cost needed to hire a unit of the
composite labour given each household’s wage rate is given by:

Wt ≡ [

∫ 1

0

(Wt(j))
1−σw

dj]1−σw

. (21)

Hence, each household j faces a downward-sloping demand curve for its own labour.

ht(j) = [
Wt(j)

Wt

]−σw

ht. (22)

Households set (nominal) wages in staggered contracts as outlined in Calvo (1983). In particular,
a constant fraction of households (ψw) can renegotiate their wage contracts in each period. The
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remaining fraction continues to supply labour services at the old wage rate. The average duration
of wage contracts is 1/ψw quarters. Whenever a household j has not reset its contract wage since
period t, then its wage rate in period t + r is adjusted by an indexation factor, ξw

t,t+r. That is
Wt,t+r(j) = ξw

t,t+rW̃t(j). Here, W̃t(j) denotes the optimal wage rate set in period t and Wt,t+r(j)

denotes the wage rate in period t + r faced by a household that has set its wage rate at time t. The
expression for the indexation factor is given below.

ξw
t,t+r =

{
1 if r = 0

(1 + ṗss)1−εw
(Wt+r−1

Wt+r−2
)εw

ξw
t,t+r−1 if r ≥ 1.

This expression implies that if a household who has set wages in period t does not receive a
signal to update its wage at time t + r its wage rate is increased in proportion with the weighted
average of the steady-state rate of (gross) inflation 1 + ṗss and the lagged (gross) nominal wage
inflation. The parameter 0 < εw < 1 is the weight attached to the latter. In any period t in which
household j is able to reset its contract wage, Wt(j), it aims to maximise the following
expression:

Et

∞∑
r=0

βr(1− ψw)r{λt+rξ
w
t,t+rWt(j)ht+r(j)− (κh)−

1

σh
σh

σh + 1
[ht+r(j)]

σh+1

σh }, (23)

where λ is the marginal utility of wealth (or the Lagrange multiplier for household j’s budget
constraint). Notice that λ does not depend on j implying that households are homogeneous with
respect to wealth despite the fact that they work different hours and earn different wage rates.
This is due to the presence of state-contingent securities which ensures that, in equilibrium,
households are perfectly insured against income risk and therefore they are homogenous with
respect to wealth although they are heterogenous with respect to hours they work and wages they
earn (see Erceg et al (2000)). According to (23), the jth household aims to maximise the
discounted marginal utility from an additional unit of labour relative to its discounted marginal
disutility, in expected value terms assuming that it cannot reset wages again along the path. The
probability that this happens for r periods is given by (1− ψw)r. This problem has the following
first-order condition:

0 = Et

∞∑
r=0

βr(1− ψw)rλt+rξ
w
t,t+r(1− σw)(

ξw
t,t+rW̃t(j)

Wt+r

)−σw

ht+r

+Et

∞∑
r=0

βr(1− ψw)r(κh)−
1

σh σw[(
ξw

t,t+rW̃t(j)

Wt+r

)−σw

ht+r]
σh+1

σh W̃t(j)
−1.

We can rewrite the above first-order condition in terms of household’s wage rate relative to the
average wage index as:

0 = Et

∞∑
r=0

βr(1− ψw)rλt+rξ
w
t,t+r(1− σw)(

ξw
t,t+rWt

Wt+r

)−σw

(
W̃t(j)

Wt

)−σw

ht+r

+Et

∞∑
r=0

βr(1− ψw)r(κh)−
1

σh σw[(
ξw

t,t+rWt

Wt+r

)−σw

ht+r]
σh+1

σh (
W̃t(j)

Wt

)−σw σh+1

σh W̃t(j)
−1.

As households that reset wages in period t are identical, in that they face the same decision
problem, the optimal wage rate set at time t will be the same for all of them. Then, the optimal
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nominal wage rate, W̃t, the household can renegotiate is given by:

W̃
1+σw

σh

t = W
σw

σh

t

(κh)−
1

σh σw

σw − 1

Et

∑∞
r=0 βr(1− ψw)r[(

ξw
t,t+rWt

Wt+r
)−σw

ht+r]
σh+1

σh

Et

∑∞
r=0 βr(1− ψw)rλt+rξ

w
t,t+r(

ξw
t,t+rWt

Wt+r
)−σwht+r

. (24)

After dividing both sides of the equation by PCt, the optimal real wage rate w̃t is given by:

w̃
1+σw

σh

t = w
σw

σh

t

(κh)−
1

σh σw

σw − 1

Ξw
t

Θw
t

, (25)

where

Ξw
t ≡ Et

∞∑
r=0

βr(1− ψw)r[(
ξw

t,t+rWt

Wt+r

)−σw

ht+r]
σh+1

σh

Θw
t ≡ Et

∞∑
r=0

βr(1− ψw)rPCtλt+rξ
w
t,t+r(

ξw
t,t+rWt

Wt+r

)−σw

ht+r.

The above expression can be simplified further by noting that ξw
t,t+r = ξw

t,t+1ξ
w
t+1,t+r as follows:

Ξw
t = h

σh+1

σh

t + β(1− ψw)Et[
ξw

t,t+1Wt

Wt+1

]−σw(σh+1

σh )Ξw
t+1

= h
σh+1

σh

t + β(1− ψw)Et[
ξw

t,t+1

1 + ẇt+1

]−σw(σh+1

σh )Ξw
t+1

where
ξw

t,t+1 = (1 + ṗss)1−εw

(
Wt

Wt−1

)εw

= (1 + ṗss)1−εw

(1 + ẇt)
εw

,

where 1 + ṗt ≡ PCt

PCt−1
denotes the rate of (gross) inflation in period t. Likewise,

1 + ẇt ≡ Wt

Wt−1
= (1 + ṗt)

wt

wt−1
denotes the rate of (gross) nominal wage inflation at Home in

period t. Similarly, we can derive the following expression for Θw
t . Here, we also make use of

the definition Λt+r ≡ λt+rPCt+r = Uc,t+r, where Λt+r is the real-valued Lagrange multiplier in
front of household j’s budget constraint (discussed further below). Then, we have

Θw
t = Uc,tht + Et

∞∑
r=1

βr(1− ψw)r

r∏
j=1

(1 + ṗt+j)
−1Uc,t+rξ

w
t,t+r(

ξw
t,t+rWt

Wt+r

)−σw

ht+r

= Uc,tht + β(1− ψw)Et(1 + ṗt+1)
−1ξw

t,t+1[
ξw

t,t+1

1 + ẇt+1

]−σw

Θw
t+1.

Notice that when prices are flexible, ie ψw = 1, then (25) collapses to

w̃t = σw

σw−1
(κh)−

1

σh h
1

σh

t U−1
c,t . This is the familiar labour/leisure relationship where

monopolistically competitive households set wages as a mark-up, σw

σw−1
, over marginal rate of

substitution of consumption for leisure, Uh,t

Uc,t
(where Uh,t and Uc,t denote the marginal utility of

leisure and consumption, respectively).3

3Uh,t = (κh)
− 1

σh h
1

σh

t and Uc,t = 1

c
ψhab

t−1

[ ct(j)

c
ψhab

t−1

]
−1
σc .
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The nominal wage index in period t satisfies:

W 1−σw

t ≡
∫ 1

0

(Wt(j))
1−σw

dj

= (1− ψw)

∫ 1

0

(ξw
t−1,tWt−1(j))

1−σw

dj + ψw(W̃t)
1−σw

= (1− ψw)(ξw
t−1,tWt−1)

1−σw

+ ψw(W̃t)
1−σw

. (26)

where
ξw

t−1,t = (1 + ṗss)1−εw

(
Wt−1

Wt−2

)εw

= (1 + ṗss)1−εw

(1 + ẇt−1)
εw

.

The real wage index can then be written as:

w1−σw

t = (1− ψw)(ξw
t−1,t

wt−1

1 + ṗt

)1−σw

+ ψw(w̃t)
1−σw

. (27)

Equations (26) and (27) tell us that the aggregate wage index (nominal and real) at time t is a
weighted average of newly set wages and the lagged wage index.

2.1.4 The household optimisation problem

A typical household j chooses ct(j), Bt(j), BFt(j), MONt(j), It(j), Wt(j), kt(j), zt(j), to
maximise its utility (1) subject to its budget constraint (2), its labour demand (22), and its capital
accumulation (16), for t = 0, 1, ...,∞. Below we present the first-order conditions from this
optimisation problem with the exception of the first-order condition with respect to Wt(j) which
we have shown in Section 2.1.3.

The first-order conditions with respect to ct(j), Bt(j), BFt(j), MONt(j) yield:

PCtλt = Uc,t(j) (28)

Et[β
λt+1

λt

] = Etρt+1,t ≡
1

1 + rgt

(29)

Et[β
λt+1

λt

ERt

ERt+1

(1 + rft)] = 1 + χbf (
BFt(j)

ERtPCt

− nfass) (30)

λt − Etβλt+1 = UMON,t(j). (31)

λ is the marginal utility of wealth (or the Lagrange multiplier for household j’s budget
constraint) as before. The variable rgt is the nominal rate of return on a bond purchased for one
unit of domestic currency at date t. The effective price of the bond at date t (= 1

1+rgt
) is equal to

the expected period t price of a state-contingent claim that will pay one unit of domestic currency
in period t+1. The expressions for Uc,t, the marginal utility of consumption, and UMON,t, the
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marginal utility of holding money balances, are given below:

Uc,t(j) =
1

cψhab

t−1

[
ct(j)

cψhab

t−1

]
−1
σc

UMON,t(j) = PC
1−σc

σc

t [
MONt(j)

κmon
]
−1
σc .

Let Λt ≡ PCtλt be the real valued Lagrange multiplier. Notice that we introduced this notation
first in section 2.1.3. Then, (29) implies that:

Et[β
Λt+1

Λt

] ∼= Et[
1 + ṗt+1

1 + rgt

] ≡ 1

1 + rrgt

, (32)

where 1 + ṗt+1 = PCt+1

PCt
denotes the rate of (gross) inflation at time t+1.4 In deriving (32) we

make use of the familiar Fisher parity condition to link rgt and rrgt, where the latter is the real
rate of return on a bond that pays one unit of consumption under every state of nature at time t+1.
The first-order conditions (28) and (32) imply the familiar consumption Euler equation, which
links the marginal cost of foregoing a unit of current consumption to the expected marginal
benefit in the subsequent period:

Uc,t(j) = βEt(1 + rrgt)Uc,t+1(j). (33)

Notice that combining first-order conditions (29) and (30) yields:

1 + rft

1 + rgt

∼= Et
ERt+1

ERt

[1 + χbf (
BFt(j)

ERtPCt

− nfass)]. (34)

Together with the Fisher parity the above equation implies that:

1 + rrft

1 + rrgt

∼= Et
qt+1

qt

[1 + χbf (
bft(j)

qt

− nfass)], (35)

where qt ≡ ERtPCt

PCFt
is the consumption-based real exchange (the price of Home consumption in

terms of foreign consumption) with PCFt denoting the foreign consumer price index. An
increase in qt corresponds to a real appreciation, implying domestic goods are becoming
relatively more expensive. The variable bft(j) = BFt(j)

PCFt
is the holdings of real foreign bonds

acquired in period t and (1 + rrft) is the real return in the rest of the world. Equations (34) and
(35) are the modified versions of the nominal and real uncovered interest rate parity (UIP)
conditions which say that, for agents to be indifferent between domestic and foreign bonds, the
nominal and real interest rate differentials must be equal to the nominal and real depreciation
adjusted for the cost associated with holding bonds. When χbf = 0, equations (34) and (35)
collapse to the standard nominal and real UIP conditions.

The first-order condition (31) can be rewritten as:

Uc,t(j) = PCtUMON,t(j) + βEt+1[
Uc,t+1(j)

(1 + ṗt+1)
].

This condition states that agents must be indifferent between consuming a unit of consumption
good at time-t or using the same amount to raise cash balances, enjoying the utility from money

4The approximation we use in expression (32) will not matter for our analysis since we solve a log linearised version of the model.
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holdings at period-t, and then converting the cash balances back to consumption in period t+1.
Equation (31) can further be arranged to yield a demand curve for real money balances of the
form:

mont(j) =
MONt(j)

PCt

= κmon[Uc,t(j)(
rgt

1 + rgt

)]−σc

. (36)

Hence, the demand for real money balances decreases with an increase in the short-term nominal
interest rate but increases with an increase in consumption.

The first-order condition with respect to It(j), kt(j), and zt(j) yields:

µt(j) = phtΛt (37)

pht(1 +
∂∆k

t (j)

∂kt(j)
) = βEt

Λt+1

Λt

{rt+1zt+1(j) + pht+1(1− δ − ∂∆z
t+1(j)

∂kt(j)
− ∂∆k

t+1(j)

∂kt(j)
)}(38)

rt = phtχ
z(zt(j))

σz

, (39)

where

∂∆k
t (j)

∂kt(j)
= χk

kt(j)− (kt−1

kt−2
)εk

kt−1(j)

kt−1

Et

∂∆k
t+1(j)

∂kt(j)
= Et[−χk(

kt

kt−1

)εk kt+1(j)− ( kt

kt−1
)εk

kt(j)

kt

]

Et

∂∆z
t+1(j)

∂kt(j)
= Et[χ

z (zt+1(j))
1+σz − 1

1 + σz
]

The variable µ is the Lagrange multiplier for the household’s capital accumulation equation.
Equations (37) and (38) determine the optimal path for the capital. Notice that equation (37) is
the equivalent of Tobin’s q: households increase their holdings of capital stock until the value of
a unit of capital, µt(j), equals to the replacement cost of capital, phtΛt. Equation (38) states that
the value of unit of capital depends on expected future return as captured by the expected rental
rate times the expected rate of capital utilisation and expected future value taking into account
the depreciation rate and costs associated with capital utilisation and adjustment. Equation (39)
specifies the optimal rate of capital utilisation and states that the cost of increasing the utilisation
rate (cost of output) should equal the real rental price of capital services. Variable capital
utilisation smooths the response of the rental rate of capital, and hence the marginal cost, to
fluctuations in output.

As noted previously, since every household is perfectly insured against income risk at the
domestic level, the marginal utility of wealth is identical across households for all periods:
λt(j) = λt,∀t. And since every household faces the same prices the first-order condition (37)
then implies µt(j) = µt, ∀t. Further, since preferences are identical across all households,
consumption, investment, money and foreign bond holdings are also identical across all
households at all times: ct(j) = ct, It(j) = It, BFt(j) = BFt, MONt(j) = MONt,∀t. In
addition: zt(j) = zt and ks

t (j) = ks
t ,∀t.
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2.2 Firms

All firms engage in LCP and invoice goods in the currency of the destination market. We assume
that firms face different (price) elasticities of demand for their products sold in domestic and
export markets. Hence, firms can price discriminate across markets.

Producers. There is a continuum of monopolistically competitive producers each supplying a
single differentiated intermediate good using capital and labour only. These inputs are then used
by bundlers in the production of final consumption goods which are then supplied to domestic
and export markets. We denote the output of a typical producer i used in the production of final
domestic goods by yhv

t (i) and that used in the production of final export goods by yxv
t (i). The

value added of producer i, yv
t (i) = yhv

t (i) + yxv
t (i), is given by a CES technology:

yv
t (i) = tfpt[(1− α)(ht(i))

σy−1
σy + α(ks

t (i))
σy−1

σy ]
σy

σy−1 . (40)

tfpt is the economy-wide productivity level and σy > 0 is the elasticity of substitution between
capital and labour. The variable ks

t (i) =
∫ 1

0
ks

t (j)dj is a measure of total capital services rented
by producer i from households and ht(i) is the hours of the aggregate labour index shown in (20)
hired by producer i from households. Solving the cost minimisation problem of the producer
yields the optimal relationship between capital and labour, the conditional factor demand
functions, and the marginal cost function of the producer:5

wt

rt

=
1− α

α
[
ks

t (i)

ht(i)
]

1
σy (41)

ht(i) = (
wt

1− α
)−σy

[(1− α)σy

w1−σy

t + ασy

r1−σy

t ]
σy

1−σy
yv

t (i)

tfpt

(42)

ks
t (i) = (

rt

α
)−σy

[(1− α)σy

w1−σy

t + ασy

r1−σy

t ]
σy

1−σy
yv

t (i)

tfpt

(43)

mct = [(1− α)σy

w1−σy

t + ασy

r1−σy

t ]
1

1−σy
1

tfpt

. (44)

Notice that producers share the same marginal cost of production: although these producers
differ in terms of their international invoicing practices, they use the same production technology,
they are subject to the same country-specific productivity shock tfpt, and face the same prices
for factors of production wt and rt.

Bundlers. Perfectly competitive bundlers combine inputs of domestic goods manufactured by
producers and inputs of imported goods purchased from overseas to produce final consumption
goods for both domestic markets, yh

t , and export markets, yx
t . Bundlers use Leontief technology

5The total cost function of producer i is given by tc(wt, rt, yv
t )(i) ≡ rtks

t (i) + wtht(i) = [(1− α)σy
w1−σy

t + ασy
r1−σy

t ]
1

1−σy yv
t

tfpt
.
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to produce final goods:

yh
t = min{yhv

t

κhv
,

miht
1− κhv

} (45)

yx
t = min{yxv

t

κxv
,

mixt
1− κxv

}, (46)

where κhv and κxv are parameters and the variables miht and mixt denote the indices of imported
inputs used to produce final consumption goods for domestic and export markets, respectively.
Further, the indices of domestic inputs used in the production of consumption goods are given by:

yhv
t ≡ [

∫ 1

0

(yhv
t (i))

σhb−1

σhb di]
σhb

σhb−1

yxv
t ≡ [

∫ 1

0

(yxv
t (i))

σxb−1

σxb di]
σxb

σxb−1 ,

where the parameter σhb > 1 is the elasticity of substitution among intermediate goods used in
the production of domestic consumption brands and the parameter σxb > 1 is the elasticity of
substitution among intermediate goods used in the production of export brands. Solving the cost
minimisation problem yields the following:

κhv

1− κhv
=

yhv
t

miht
(47)

κxv

1− κxv
=

yxv
t

mixt
(48)

mch
t = κhvphvt + (1− κhv)pmt (49)

mcx
t = κxv pxvt

qt

+ (1− κxv)pmt, (50)

where phvt ≡ [
∫ 1

0
(phvt(i))

1−σhb
di]

1

1−σhb and pxvt ≡ [
∫ 1

0
(pxvt(i))

1−σxb
di]

1

1−σxb are the associated
price indices, where the latter is expressed in foreign currency.

2.2.1 Optimal price-setting

Producers. Producers can set one price for their products used in the production of domestic
goods and another for those used in the production of export goods. Producers incur costs
associated with adjusting nominal prices, and so prices are sticky in the short run. For
tractability, we assume price adjustment costs in the spirit of Rotemberg (1982). That is firms
will incur intangible price adjustment costs that do not affect their (economic) profits but enter
their maximisation problem. Rotemberg-type price adjustments costs implies that in equilibrium
producers will be identical in their price-setting behaviour. This is different to the Calvo
price-setting since in a Calvo setting only a portion of firms would change prices at any given
time. This then would lead to heterogeneity among firms in that, at any given time, firms would
produce different levels of output, would have different demand schedules for factors of
production, different levels of capital stock and rates of utilisation. Below, we introduce these
costs in greater detail.
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Total nominal profit at time t of a producer i from supplying to the domestic and export markets
is given by:

Πv
t (i) = PHVt(i)y

hv
t (i) +

PXV Ft(i)

ERt

yxv
t (i)− TCt(i), (51)

where TCt(i) = Wtht(i) + Rtk
s
t (i) denotes the total nominal cost of production. We assume that

firms maximise the discounted flow of Π̃v
t (i), where

Π̃v
t (i) ≡ Πv

t (i)−∆ph
t (i)−∆px

t (i), (52)

where the variables ∆ph
t (i) and ∆px

t (i), defined below, denote the (intangible) costs associated
with adjusting nominal domestic and export prices, respectively.

∆ph
t (i) ≡ χhv

2
[

PHVt(i)
PHVt−1(i)

(1 + ṗss)1−εhv(PHVt−1

PHVt−2
)εhv

− 1]2PHVty
hv
t . (53)

Hence, the cost to the firm of adjusting prices is defined relative to the weighted average of
steady-state rate of (gross) consumer price inflation and the last period’s (gross) domestic
producer price inflation. The parameter εhv is the weight attached to the latter. This structure
implies faster price movements are more costly to the firm. We also assume that the cost of price
adjustment increases in line with the aggregate revenue from supplying to the domestic market,
PHVty

hv
t , which is taken as proxy for the size of the sector.6 When χhv = 0 prices are flexible.

And when χhv > 0, due to costs involved in adjustment, nominal prices will be sticky. Likewise,
the variable ∆px

t (i) is defined as the cost associated with adjusting nominal export prices
expressed in domestic currency:

∆px
t (i) ≡ χxv

2
[

( PXV Ft(i)
PXV Ft−1(i)

)

(1 + ṗfss)1−εxv(PXV Ft−1

PXV Ft−2
)εxv

− 1]2
PXV Ft

ERt

yxv
t , (54)

where εxv is a parameter and (1 + ṗfss) denotes the steady-state (gross) consumer price inflation
rate in the rest of the world.

The producer chooses its domestic and export price to maximise its expected total discounted
profit flows:

Et

∞∑
r=0

βrλt+r[PHVt+r(i)y
hv
t+r(i) +

PXV Ft+r(i)

ERt+r

yxv
t+r(i)− TCt+r(i)−∆ph

t+r(i)−∆px
t+r(i)],

subject to the production technology (equation (40)), price adjustment costs (equations (53) and
(54)) and the total domestic and export demand for its product (equations (55) and (56)). The
downward-sloping demand curve the producer faces in its domestic and export market is given
by:

yhv
t (i) = (

phvt(i)

phvt

)−σhb

yhv
t (55)

and

yxv
t (i) = (

pxvt(i)

pxvt

)−σxb

yxv
t , (56)

6In Ghironi (2002) the nominal price adjustment cost increases with firm revenue which is taken as a proxy for production size.
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where phvt = PHVt

PCt
and pxvt = PXVt/PCt as usual. And PXVt ≡ PXV Ft/ERt is the export

price expressed in domestic currency. The variable λ in the maximand is Home producer’s
discount factor (the marginal utility of wealth to the household). Finally, the firm takes the wage
rate, the rental rate of capital, and the aggregate price indices as given.

The maximisation problem with respect to the domestic price, phvt(i), has the following
first-order condition:

0 = (1− σhb)(
phvt(i)

phvt

)−σhb

yhv
t − ∂TCt(i)

∂PHVt(i)
− χhv phvt

phvt(i)
yhv

t ξhv
t (ξhv

t + 1)

+βχhvEt
Λt+1

Λt

phvt+1

phvt(i)
yhv

t+1ξ
hv
t+1(ξ

hv
t+1 + 1),

where Λt ≡ PCtλt as before. Using the demand function of the firm given above we can show
that:

∂TCt(i)

∂PHVt(i)
=

∂TCt(i)

∂yhv
t (i)

∂yhv
t (i)

∂PHVt(i)

= mct(−σhb)(
phvt(i)

phvt

)−σhb yhv
t

phvt(i)
.

In a symmetric equilibrium, the first-order condition yields the Home producer’s optimal pricing
equation as:

phvt = Ψhv
t mct, (57)

which equates the unit price charged by the producer to the product of the marginal cost (equation
(44)) and a mark-up, Ψhv

t . As shown below, the mark-up depends on the firm’s output as well as
on today’s pricing decision and on current and future cost of adjusting the output price. That is:

Ψhv
t = σhb{(σhb − 1) + χhvΥhv

t }−1, (58)

and where

Υhv
t ≡ ξhv

t (ξhv
t + 1)− βEt{Λt+1

Λt

phvt+1

phvt

yhv
t+1

yhv
t+1

ξhv
t+1(ξ

hv
t+1 + 1)}

∼= ξhv
t (ξhv

t + 1)− 1

rrgt

Et{phvt+1

phvt

yhv
t+1

yhv
t+1

ξhv
t+1(ξ

hv
t+1 + 1)}

ξhv
t ≡ 1 + ṗhv

t

(1 + ṗss)1−εhv(1 + ṗhv
t−1)

εhv − 1.

Consistent with our notation 1 + ṗhv
t ≡ PHVt

PHVt−1
= (1 + ṗt)

phvt

phvt−1
. Υhv

t reflects the firm’s incentive
to smooth prices over time. If χhv = 0, that is if prices are fully flexible, then
Ψhv

t = σhb/(σhb − 1) collapses to the familiar constant elasticity mark-up. If χhv 6= 0, then prices
are sticky and this will give rise to endogenous fluctuations of the mark-up.

The maximisation problem with respect to the export price, pxvt(i), has the following first-order
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condition:

0 = (1− σxb)(
pxvt(i)

pxvt

)−σxb − ∂TCt(i)

∂PXV Ft(i)

ERt

yxv
t

− χxv pxvt

pxvt(i)
ξxv

t (ξxv
t + 1)

+βχxvEt
Λt+1

Λt

pxvt+1

pxvt(i)

yxv
t+1

yxv
t

ξxv
t+1(ξ

xv
t+1 + 1).

As before, using the export demand function given above, we can show that:

∂TCt(i)

∂PXV Ft(i)
=

∂TCt(i)

∂yxv
t (i)

∂yxv
t (i)

∂PXV Ft(i)

= mct(−σxb)(
pxvt(i)

pxvt

)−σxb yxv
t

ERtpxvt(i)
.

In a symmetric equilibrium, the first-order condition yields the optimal export pricing equation
as:

pxvt = Ψxv
t mct. (59)

The equation for the mark-up, Ψxv
t , is given below:

Ψxv
t = σxb{(σxb − 1) + χxvΥxv

t }−1,

and where

Υxv
t ≡ ξxv

t (ξxv
t + 1)− βEt{Λt+1

Λt

pxvt+1

pxvt

yxv
t+1

yxv
t

ξxv
t+1(ξ

xv
t+1 + 1)}

∼= ξxv
t (ξxv

t + 1)− 1

rrgt

{pxvt+1

pxvt

yxv
t+1

yxv
t

ξxv
t+1(ξ

xv
t+1 + 1)}

ξxv
t ≡ 1 + ṗxvf

t

(1 + ṗfss)1−εxv(1 + ṗxvf
t−1)

εxv
− 1.

where 1 + ṗxvf
t ≡ PXV Ft

PXV Ft−1
= (1 + ṗf

t )
pxvft

pxvft−1
. Here, 1 + ṗf

t ≡ PCFt

PCFt−1
denotes the (gross)

consumer price inflation in the rest of the world in period t.

Bundlers. Bundlers are perfectly competitive. Thus, the (relative) price that bundlers charge for
their output sold in the domestic market, pht, and in the export market, pxt, would be equal to
their respective (real) marginal cost of production shown in (49) and (50). That is

pht = κhvphvt + (1− κhv)pmt (60)

pxt = κxvpxvt + (1− κxv)pmt. (61)

Also, notice that the zero-profit condition of bundlers would imply that:

phty
h
t = phvty

hv
t + pmtmiht (62)

pxty
x
t = pxvty

xv
t + pmtmixt . (63)

Finally, the total demand faced by bundlers supplying to the domestic market is given by:
∫ 1

0

cht(j)dj +

∫ 1

0

It(j)dj + gt = cht + It + gt.
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The equality follows from symmetric equilibrium. We assume that the total export demand faced
by bundlers is given by:

xt = κx(
qtpxt

pxft

)−σx

cft, (64)

where the variable cft is the aggregate (exogenous) export demand in the rest of the world and
the variable pxft denotes the (exogenous) index of world export prices (relative to PCFt). The
elasticity of demand for Home exports is given the parameter σx > 1.

2.3 Government budget constraint

In our set-up, Ricardian equivalence holds. Hence, without loss of generality, we can assume that
the government runs a balanced budget every period and that the issuance of domestic
government bond is zero in each period.7 Then, in aggregate, total lump-sum tax/transfer
payments are equal to total government spending less the seignorage revenue of the government:

PCtτ t = PHtgt − (MONA,t −MONA,t−1).

Hence, we assume that the government adjusts taxes/transfers to ensure that its budget is
balanced every period.

2.4 Monetary policy rule

We assume that the central bank conducts monetary policy through changes in the interest rate.
The monetary policy reaction function is a ‘Taylor rule’ with smoothing:

1 + rgt

1 + rgss
= (

1 + rgt−1

1 + rgss
)θrg{[ (1 + ṗt)

(1 + ṗss)
]θ

p

(
yv

t

yv,sstfpt

)θy}1−θrg

, (65)

where rgss is the steady-state level for the short-term nominal interest rate, yv,ss is the
steady-state level of output, and yv,sstfpt is a simple measure of potential output. θrg, θp, and θy

are parameters. We also assume that the central bank supplies whatever amount of money is
necessary to ensure that the above equation holds.

2.5 Market clearing conditions

We impose equilibrium market clearing conditions for the goods, money, labour, and capital
markets under the assumption that this equilibrium is symmetric (and we will retain this
assumption hereafter).

Goods market. In a symmetric equilibrium all producers charge the same unit price (hence
supply the same quantity) for their output consumed domestically as well as that consumed

7This is because in the presence of state-contingent claims the bond market is redundant. For a detailed discussion see Chapter 5 in
Obstfeld and Rogoff (1996).
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abroad. Likewise, bundlers charge the same unit price (hence supply the same quantity) for their
output sold in domestic markets as well as that sold in export markets. First, notice that the
output of producers must be purchased by bundlers:

yv
t = yhv

t + yxv
t , (66)

where quantities supplied to domestic (yhv) and export markets (yxv) satisfy the following:

yhv
t = yh

t −miht

yxv
t = yx

t −mixt .

Then we have:
yv

t = yh
t + yx

t − (miht + mixt ) (67)

The supply of final domestic goods (yh
t ) must satisfy domestic demand and likewise the supply of

final export goods (yx
t ) must satisfy export demand:

yh
t = cht + It + gt (68)

yx
t = xt, (69)

where investment It (measured inclusive of adjustment costs) is given by household’s capital
accumulation equation (16). Also notice that output of producers can be expressed as:

yhv
t = κhvyh

t

yxv
t = κxvyx

t .

Putting this together implies that the market clearing condition becomes

yv
t = κhv(cht + It + gt) + κxvxt (70)

= κhvyh
t + κxvyx

t . (71)

Labour market. The capital market clearing condition requires that total labour services hired by
all firms equals to the total labour services supplied by all households at the wage rate set by
households.

Capital market. The capital market clearing condition requires that total capital services rented
by all firms equals to the total capital services supplied by all households.

Money market. The money market clearing condition simply requires that the supply of real
money balances should equal to the demand for real money balances. The nominal interest rate is
determined by the monetary policy rule and thus the money supply adjusts endogenously to meet
the money demand at the prevailing interest rate.

Financial and asset markets. At an equilibrium financial assets must be in zero net supply.
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2.6 Some international variables

Consumption-based real exchange rate. The (consumption-based) real exchange rate is defined
previously as units of domestic consumption per units of foreign consumption. That is:

qt =
PCtERt

PCFt

.

A decrease in qt, a real depreciation, implies that goods are becoming relatively more expensive
in the rest of the world.

The terms of trade. The terms of trade is defined as the price of the imported good relative to the
price of exported good, both in terms of Home currency:

ToTt =
pmt

pxt

.

An increase in ToTt, a worsening in the domestic economy’s terms of trade, implies that imports
have become relatively more expensive than exports.

Import prices. It is assumed that import prices are set in domestic currency and in staggered
contracts as in Calvo (1983). That is, a fraction of import prices (ψpm) are reset each period. The
remaining fraction continues to charge the old price. Prices set by the remaining fraction of firms
are increased in line with a weighted average of the steady-state inflation rate and the lagged
import price inflation rate, where the parameter εm denotes the weight attached to the latter:

ξm
t,t+r =

{
1 if r = 0

(1 + ṗss)1−εm
(PMt+r−1

PMt+r−2
)εm

ξm
t,t+r−1 if r ≥ 1.

In any period t which the firm i is able to reset its price, PMt(i), it maximises the expected
discounted nominal profit flows assuming that this newly set price remains fixed along the path:

Et

∞∑
r=0

βr(1− ψpm)r[ξm
t,t+rPMt(i)cmt+r(i)− TCf

t+r(i)],

cmt+r(i) and TCf
t+r(i) denote total output demanded and nominal total costs firm i faces at time

t + r, respectively.8 And the probability that the firm’s price remains fixed for the next r periods
is (1−ψpm)r. Finally, note that the level of demand the monopolistically competitive firm i faces
at date t + r is given by:

cmt+r(i) = (
ξm

t,t+rPMt(i)

PMt+r

)−σmb

cmt+r,

where cmt+r is the aggregate demand in the economy at time t + r.

8Notice that the foreign firm’s discount factor does not appear in this equation. This is because, we do not explicitly model foreign agents
and their discount factor does not affect the dynamics of the linearised pricing equations.
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The maximisation problem has the following first-order condition:

0 = Et

∞∑
r=0

βr(1− ψpm)r[(1− σmb)(
ξm

t,t+rP̃M t(i)

PMt+r

)−σmb

cmt+r − ∂TCf
t+r(i)

∂PMt(i)
].

Using the demand function of the firm given above we can show that:

∂TCf
t+r(i)

∂PMt(i)
=

∂TCf
t+r(i)

∂cmt+r(i)

∂cmt+r(i)

∂PMt(i)

= [
∂TCf

t+r(i)

∂cmt+r(i)

1

PMt+r

](−σmb)(
ξm

t,t+rP̃M t(i)

PMt+r

)−(σmb+1)cmt+r. (72)

Let rmcf
t+r(i) denote the real marginal cost of the foreign firm at time t + r, the first term in

squared brackets on the right-hand side of equation (72). Then, the first-order condition becomes:

0 = Et

∞∑
r=0

βr(1− ψpm)r[(1− σmb)(
ξm

t,t+rP̃M t(i)

PMt+r

)−σmb

cmt+r]

+Et

∞∑
r=0

βr(1− ψpm)r[σmbrmcf
t+r(i)(

ξm
t,t+rP̃M t(i)

PMt+r

)−(σmb+1)cmt+r].

We can rewrite this expression in terms of the firm’s price relative to the average price index as:

0 = Et

∞∑
r=0

βr(1− ψpm)r[(1− σmb)(
ξm

t,t+rPMt

PMt+r

)−σmb

(
P̃M t(i)

PMt

)−σmb

cmt+r]

+Et

∞∑
r=0

βr(1− ψpm)r[σmbrmcf
t+r(i)(

ξm
t,t+rPMt

PMt+r

)−(σmb+1)(
P̃M t(i)

PMt

)−(σmb+1)cmt+r].

Note that all firms that set prices at this date are identical. Thus, they will all charge the same
price and produce at the same level of output. If we further assume that firms purchase inputs in
competitive markets and employ constant returns to scale technology then the (real) marginal
cost is equal to the average cost and is identical across all firms. The optimal price of any firm
setting prices at time t is then given by:

P̃M t = PMt
σmb

σmb − 1

Et

∑∞
r=0 βr(1− ψpm)r[rmcf

t+r(
ξm

t,t+rPMt

PMt+r
)−(σmb+1)cmt+r]

Et

∑∞
r=0 βr(1− ψpm)r[(

ξm
t,t+rPMt

PMt+r
)−σmbcmt+r]

.

Then, we can rewrite this equation in a simpler form as:

P̃M t = PMt
σmb

σmb − 1

Ξm
t

Θm
t

, (73)

where

Ξm
t = rmcf

t cmt + β(1− ψpm)Et(
ξm

t,t+1

1 + ṗm
t+1

)−(σmb+1)Ξm
t+1

Θm
t = cmt + β(1− ψpm)Et(

ξm
t,t+1

1 + ṗm
t+1

)−σmb

EtΘ
m
t+1,

and where
ξm

t,t+1 = (1 + ṗss)1−εm

(1 + ṗm
t )εm

.

Technical Annex to Working Paper No. 380 March 2010 20



Note that consistent with our notation 1 + ṗm
t ≡ PMt

PMt−1
= (1 + ṗt)

pmt

pmt−1
. The aggregate import

price index at time t can now be written as:

PM1−σmb

t ≡
∫ 1

0

(PMt(i))
1−σmb

di

= (1− ψpm)

∫ 1

0

(ξm
t−1,tPMt−1(i))

1−σmb

di + ψpm(P̃M t)
1−σmb

= (1− ψpm)(ξm
t−1,tPMt−1)

1−σmb

+ ψpm(P̃M t)
1−σmb

. (74)

where
ξm

t−1,t = (1 + ṗss)1−εm

(1 + ṗm
t−1)

εm

.

Dividing both sides of the equation by PCt we obtain the relative import price index, first defined
in equation (9):

pm1−σmb

t = (1− ψpm)(ξt−1,t

pmt−1

1 + ṗt

)1−σmb

+ ψpm(p̃mt)
1−σmb

.

Hence, the average import price at date t is a weighted average of the newly set prices and the
lagged price level. Finally we proxy the cost of imports by the term:

rmcf
t =

pxft

qtpmt

,

which reflects the assumption that the exporting firms in the rest of the world purchase goods on
world markets at price pxft.

2.7 Net foreign assets

The household’s budget constraint evaluated at a symmetric equilibrium can be found by
substituting the government budget constraint into the household budget constraint:

PCtct + PHtIt +
BFt

ERt

− (1 + rft−1)
BFt−1

ERt

= Wtht + Rtk
s
t + Πv

t − PHtgt.

Noticing that

Πv
t = PHVty

hv
t +

PXVt

ERt

yxv
t −Wtht −Rtk

s
t ,

and substituting the above expression into the budget constraint we obtain:

PCtct + PHtIt +
BFt

ERt

− (1 + rft−1)
BFt−1

ERt

= PHVty
hv
t +

PXVt

ERt

yxv
t − PHtgt.

Using the zero-profit condition of bundlers:

PHVty
hv
t = PHty

h
t − PMtmiht

PXVt

ERt

yxv
t = PXty

x
t − PMtmixt ,

together with the goods market clearing condition,

yh
t = cht + It + gt,
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we can show that:

PCtct +
BFt

ERt

− (1 + rft−1)
BFt−1

ERt

= PHtcht + PXty
x
t − PMt(miht + mixt ).

Then, using the expression for total consumption expenditure, PCtct = PHtcht + PMtcmt,
yields the equation for net foreign asset accumulation as a function of interest income, export
supply, and import demand:

BFt

ERt

= (1 + rft−1)
BFt−1

ERt

+ PXty
x
t − PMt(cmt + miht + mixt ).

In real terms this equation can be rewritten as:
bft

qt

=
bft−1

(1 + ṗf
t )qt

+ rft−1
bft−1

(1 + ṗf
t )qt

+ pxty
x
t − pmt(cmt + miht + mixt )

nfat = nfat−1
qt−1

(1 + ṗf
t )qt

+ rft−1nfat−1
qt−1

(1 + ṗf
t )qt

+ pxty
x
t

−pmt(cmt + miht + mixt ). (75)

where nfat ≡ bft

qt
denotes household’s net foreign asset holdings at time t. The domestic capital

account by definition equals the change in the net foreign asset position. That is:

cat ≡ bft−1

(1 + ṗf
t )qt

− bft

qt

≡ nfat−1
qt−1

(1 + ṗf
t )qt

− nfat,

Expression (75) shows that the capital account equals in magnitude and opposite in sign to the
current account, where the current account is defined as the sum of foreign asset returns (the
second term on the right-hand side) and net trade (the third term on the right-hand side).

2.8 Model variables

All in all, in the model, we have 38 variables determined during time t: phvt, pxvt, pxvft, pht,
pxt, pmt, Ψhv

t , Ψxv
t , Uc,t, ct, cht, cmt, It, yv

t , yhv
t , yxv

t , yh
t , yx

t , xt, miht , mixt , wt, rt, ht, ks
t , kt, zt,

mct, rgt, rrgt, mont, qt, bft, ṗt, ṗhv
t , ṗxvf

t , ṗm
t , ṗw

t . There are 18 state variables that are
predetermined as of time t: ct−1, bft−1, qt−1, kt−1, kt−2, wt−1, phvt−1, pxvft−1, pmt−1, rgt−1,
ṗt−1, ṗt−2, ṗt−3, ẇt−1, ṗhv

t−1, ṗxvf
t−1, ṗm

t−1, rft−1. We treat the share of government expenditure in
domestic output as exogenous. Since domestic economy is a small open economy, the rest of the
world variables are also treated as exogenous: pxft, pcft, ṗf

t , ṗfss
t , rft, rrft, cft. These 38

endogenous variables are determined by a system of 38 equations shown in Table A.

3 Steady state

In this section, we solve for the steady-state level of the model’s variables as functions of the
model’s parameters. We summarise the model’s steady-state equations in Table B. The
steady-state level of nominal interest rate is determined by the consumption Euler equation (33)
evaluated at the steady state:

rgss =
1− β

β
.
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Without loss of generality, we can set:

pmss = phss.

This implies:

pxf ss σmb

σmb − 1
= phssqss.

Then, the expression for consumer price index reduces to:

1 =
1

κc
[(1− ψm)σm

+ (ψm)σm

]
1

1−σm phss.

If we set κc = [(1− ψm)σm
+ (ψm)σm

]
1

1−σm , then we have:

phss = pmss = 1.

Further, the money market clearing means that equation (36) can then be restated as:

monss = κmon[Uc,ss(1− β)]−σc

.

Given the steady-state money holdings, we can solve for the steady-state consumption:

css = [
monss(1− β)−σc

κmon
](ψ

hab−ψhabσc−1), (76)

where κmon is a parameter. Using the steady-state versions of equations (12) and (13) and the
expression for κc given above we can then solve for steady-state domestic and import
consumption:

chss =
(1− ψm)σm

css

(1− ψm)σm + (ψm)σm (77)

cmss =
(ψm)σm

css

(1− ψm)σm + (ψm)σm . (78)

Since phss = pmss = 1, the pricing equation for bundlers that supply to the domestic market
becomes:

1 = κhvphvss + (1− κhv),

which then implies that:
phvss = 1.

At the steady state, the optimal price charged by producers supplying to the domestic market
reduces to a constant mark-up over marginal cost, where this mark-up is given by:

Ψhv,ss =
σhb

σhb − 1
.

Then, evaluating equation (57) at the steady state we can solve for the steady-state marginal cost
of producers:

mcv,ss =
σhb − 1

σhb
.
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Likewise, at the steady state, the optimal price of producers supplying to the export market is a
constant mark-up over marginal cost, where this mark-up is given by:

Ψxv,ss =
σxb

σxb − 1
.

Then, equation (59) implies that:

pxvss = (
σxb

σxb−1
)(

σhb − 1

σhb
).

Then, we can solve for the steady-state export price using equation (61):

pxss = κxv(pxvss − 1) + 1.

If we further set σhb = σxb, we have

pxvss = pxss = 1.

Now we turn to the export demand equation equation (56). Without loss of generality, we can set
the steady-state consumption in the rest of the world to one, ie cf ss = 1. And pmss = 1 implies
that world export prices should satisfy:

pmss =
σmb

σmb − 1
pxf ss.

Then, the export demand equation becomes:

xss = κx[
qss

pxf ss
]−σx

.

Further, if we set κx = xss(pxf ss)−σx , we have:

qss = 1.

Next we turn to the equation for net foreign asset accumulation at Home equation (75).
Evaluated at the steady state, this equation yields:

nfass =
β

1− β
[cmss + mih,ss + mix,ss − yx,ss].

Notice that pmss = pxss = qss = 1. Hence, given nfass we can pin down the current account
position at the steady state. We can rewrite the above equation in terms of domestic demand and
supply. To do this we make use of market clearing conditions in the goods market. First, we note
that the output of producers must be purchased by bundlers equation (67):

yv,ss = yhv,ss + yxv,ss (79)

= yh,ss + yx,ss − (mih,ss + mix,ss) (80)

= κhvyh
t + κxvyx

t . (81)

Likewise, the supply of domestic goods must satisfy the domestic demand equation (68):

yh,ss = chss + Iss + gss. (82)
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Finally, the supply of final export goods must satisfy the export demand equation (69):

yx,ss = xss.

Using these clearing conditions and taking the steady-state government spending to domestic
output ratio as given, g = gss/yh,ss, we obtain:

nfass = (
β

1− β
)[cmss +

chss + Iss

1− g
− yv,ss].

The right-hand side of the above expression is the net total demand for domestic goods.
Re-arranging we obtain:

yv,ss = cmss +
chss + Iss

1− g
− 1− β

β
nfass.

Without loss of generality, we can set:
yv,ss = 1.

Given the steady-state net foreign asset holdings, we can then solve for the steady-state
investment:

Iss = (1− g)[1− cmss − chss

1− g
+

1− β

β
nfass].

Given Iss equation (82) provides us with yh,ss. We can then solve for:

yhv,ss = κhvyh,ss

mih,ss = (1− κhv)yh,ss.

Moreover, from equation (79) we know that:

yxv,ss = yv,ss − yhv,ss,

which then can be used to solve for:

yx,ss =
yxv,ss

κxv

mix,ss = (1− κxv)yx,ss.

Now, we turn to the factor market. Evaluated at the steady state equation (39) implies that the
rental rate at the steady state is:

rss = χz. (83)

Further, equation (38) tells us that capital at the steady state depreciates at a rate equal to
χz + 1− 1

β
. This then implies:

χz = δ − 1 +
1

β
. (84)

Additionally, equation (16) evaluated at the steady state implies:

kss =
Iss

δ
. (85)

That is households should keep investing at the rate capital depreciates in order to keep the stock
of capital at its steady-state level. Note that at the steady state the rate of capital utilisation is set
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to one, that is:
zss = 1.

Hence, the steady-state capital services supplied by households equals the available capital stock,

ks,ss = kss.

Re-arranging the expressions for conditional factor demands equations (42) and (43) and the
expression for the marginal cost of production equation (44), we obtain:

wss

mcss
= (tfpss)

σy−1
σy (1− α)(

hss

yv,ss
)
−1
σy (86)

rss

mcss
= (tfpss)

σy−1
σy α(

kss

yv,ss
)
−1
σy . (87)

Using equation (87), we can solve the steady-state total factor productivity:

tfpss = (
rss

αmcss
)

σy

σy−1 (kss)
1

σy−1 .

Note that yv,ss =1. Given kss and yv,ss, shown above, we can use equation (40) evaluated at the
steady state to solve for the steady-state hours worked:

hss = [
1

1− α
(
yv,ss

tfpss
)

σy−1
σy − α

1− α
(kss)

σy−1
σy ]

σy

σy−1 . (88)

Then, equations (86) and (87) can be used to solve for steady-sate wages:

wss =
1− α

α
rss(

kss

hss
)

1
σy (89)

Finally, notice that at the steady-state aggregate wage index equals to the optimal wage rate set
by individuals, ie wss = w̃ss. Then, given wss and hss, equation (25) evaluated at the steady state
provides us with an expression for κh that must hold in equilibrium:

κh = (
σw

σw − 1
)−σh

(hss)−1(wss)σh

(Uc,ss)
σh

.

4 The linearised model

We use standard log-linearisation techniques in order to analyse the dynamics of the model.
Namely, we take a first-order Taylor approximation of the model’s equations around the
non-stochastic steady state. The hat above a variable denotes its percentage deviation from
steady state. The ss in subscript denotes the steady-state level of a variable. The linearised model
equations are shown in Table C and discussed in further detail below.

The consumption equation is given by:

ĉt =
1

1 + ψhab − ψhabσc
Etĉt+1 +

ψhab − ψhabσc

1 + ψhab − ψhabσc
ĉt−1 − σc

1 + ψhab − ψhabσc
ˆrrgt. (90)
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The equation that governs the accumulation of capital stock, with adjustment costs, is given by:

k̂t − k̂t−1 =
β

1 + βεk
(Etk̂t+1 − k̂t) +

εk

1 + βεk
(k̂t−1 − k̂t−2) +

βχz

χk(1 + βεk)
Etr̂t+1

+
β(1− δ)

χk(1 + βεk)
Etp̂ht+1 −

1

χk(1 + βεk)
p̂ht −

1

χk(1 + βεk)
ˆrrgt (91)

The investment equation is given by:

Ît =
1

δ
(k̂t − k̂t−1) + k̂t−1 +

χz

1− δ
ẑt. (92)

The optimal utilisation rate of capital is given by:

ẑt =
1

σz
(r̂t − p̂ht). (93)

The utilisation rate increases with the rental rate of capital services as it becomes more profitable
to use the existing capital stock more intensively but decreases with the price of investment
goods as it becomes more costly to replace depleted capital.

The domestic producer price inflation equation in the intermediate goods sector (also known as
the New Keynesian Phillips Curve) is given by:

ṗhv
t − ṗss =

σhb − 1

χhv(1 + βεhv)
ˆrmchv

t +
β

1 + βεhv
(Etṗ

hv
t+1 − ṗss

t ) +
εhv

1 + βεhv
(ṗhv

t−1 − ṗss
t ), (94)

where ˆrmchv
t = m̂ct − ˆphvt and ṗhv

t − ṗss are the percentage deviations of real marginal cost and
(gross) domestic intermediate goods producer price inflation from steady state in period t,
respectively. We outline the derivation of this expression in Appendix B.

Similarly, the export producer price inflation equation in the intermediate goods sector becomes:

ṗxvf
t − ṗfss =

σxb − 1

χxv(1 + βεxv)
ˆrmcxv

t +
β

1 + βεxv
(Etṗ

xvf
t+1− ṗfss

t )+
εxv

1 + βεxv
(ṗxvf

t−1− ṗfss
t ), (95)

where ˆrmcxv
t = m̂ct− ˆpxvt and ṗxvf

t − ṗfss = (ṗf
t − ṗfss)− (ṗt− ṗss) + (ṗxv

t − ṗss) + q̂t− q̂t−1.9

The import price inflation equation is given by:

ṗm
t − ṗss

t =
[1− β(1− ψm)]ψm

(1− ψm)(1 + βεm)
ˆrmcf

t +
β

1 + βεm
(Etṗ

m
t+1− ṗss

t )+
εm

1 + βεm
(ṗm

t−1− ṗss
t ), (96)

where ˆrmcf
t = ˆpxf t − q̂t − ˆpmt is the percentage deviation of the foreign real marginal cost of

production from its steady state in period t. We outline the derivation of the expression for
import price inflation in Appendix C.

9Notice that here we made use of the fact that pxvft = pxvtqt.
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Finally, inflation in the final domestic and export goods sector will depend on a weighted average
of producer price and import price inflation as shown below:

p̂ht = κhv phvss

phss
ˆphvt + (1− κhv)

pmss

phss
ˆpmt

p̂xt = κxv pxvss

pxss
ˆpxvt + (1− κxv)

pmss

pxss
ˆpmt.

The rigidities in wage-setting lead to the following equation for nominal wage inflation:

ẇt−ṗss = −ψw[1− β(1− ψw)]

(1− ψw)(1 + βεw)
(1+

σw

σh
)−1(ŵt−m̂rst)+

β

(1 + βεw)
(Etẇt+1−ṗss)+

εw

(1 + βεw)
(ẇt−1−ṗss).

(97)
We outline the derivation of this expression in Appendix A.

The equations for firms’ demand for labour and capital services are given by:

ĥt = −γh
wŵt + γh

r r̂t + ŷv
t + (σy − 1) ˆtfpt

k̂s
t = −γk

r r̂t + γk
wŵt + ŷv

t + (σy − 1) ˆtfpt,

where10

γh
w = σy[1− ∂m̂ct

∂ŵt

] > 0

γh
r = σy[

∂m̂ct

∂r̂t

] > 0

γk
w = σy[1− ∂m̂ct

∂r̂t

] > 0

γk
r = σy[

∂m̂ct

∂r̂t

] > 0.

As the equations show, the demand for labour (capital services) depends negatively (positively)
on the real wage rate of labour, positively (negatively) on the rental rate of capital, positively on
output (with a unit elasticity), and negatively on the total productivity shock. The elasticity of
labour demand (capital services) with respect to wage and rental rate reflects the elasticity of
substitution between labour and capital and the elasticity of marginal cost with respect to wage
and rental rate, respectively.11

10The log-linearised equation for marginal cost is

m̂ct = (1−α)σy
(wss)1−σy

(1−α)σy
(wss)1−σy

+ασy
(rss)1−σy ŵt + ασy

(rss)1−σy

(1−α)σy
(wss)1−σy

+ασy
(rss)1−σy r̂t, where wss and rss are the steady-state wage

and rental rate.
11Note that k̂s

t = ẑt + k̂t−1.
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The equation for the net foreign asset accumulation is given by:

ˆnfat =
1

β
nfassR̂F t−1 +

1

β
[ ˆnfat−1 + nfassq̂t−1 − nfassṗf

t − nfassq̂t]

+ pxssyx,ss(p̂xt + ŷx
t )− pmss(cmss + mih,ss + mix,ss) ˆpmt − pmsscmss ˆcmt

− pmssmih,ssm̂i
x

t − pmssmix,ssm̂i
x

t ,

where RFt−1 = 1 + rft−1 is the nominal gross interest rate in the rest of the world and
ˆnfat

∼= nfat − nfass.

ˆnfat − nfass[q̂t−1 − q̂t − ṗf
t + ˆnfat−1]︸ ︷︷ ︸

−ĉat

=
1− β

β
nfass[r̂f t−1 + q̂t−1 − q̂t − ṗf

t + ˆnfat−1]

+ pxssyx,ss(p̂xt + ŷx
t )− pmss(cmss + mih,ss + mix,ss) ˆpmt

− pmsscmss ˆcmt − pmssmih,ssm̂i
x

t − pmssmix,ssm̂i
x

t ,

where the left-hand side is the capital account (in opposite sign) and the right-hand side is the
current account.12 In the model, movements in the real exchange rate ensure that this expression
holds in equilibrium.

The equation for the real exchange rate is given by:

q̂t+1 − q̂t + χbf ˆnfat = ˆRRF t − ˆRRGt,

where RRFt = 1 + rrft and RRGt = 1 + rrgt are the gross real interest rates at Home and in
the rest of the world. This modified version of the real UIP condition says that, for agents to be
indifferent between domestic and foreign bonds, the real interest rate differentials must be equal
to the real depreciation adjusted for the cost associated with holding bonds. When χbf = 0 this
equation collapses to the standard real UIP condition.

The total consumption expenditure of households is given by:

ĉt =
chssphss

css
(p̂ht + ĉht) +

cmsspmss

css
( ˆpmt + ˆcmt),

where
ĉht − ˆcmt = −σm(p̂ht − ˆpmt).

The imports of intermediate goods that enter the production of domestic and export final goods
are given by:

m̂i
h

t = ŷhv
t = ŷh

t

m̂i
x

t = ŷxv
t = ŷx

t .

12Note that R̂F t−1 = rfss

1+rfss r̂f t−1.
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The goods market equilibrium is given by:

ŷv
t = ˆtfpt +

(1− α)(hss)
σy−1

σy

[(1− α)(hss)
σy−1

σy + α(kss)
σy−1

σy ]
ĥt +

α(kss)
σy−1

σy

[(1− α)(hss)
σy−1

σy + α(kss)
σy−1

σy ]
k̂t

=
κhvchss

yv,ss
ĉht +

κhvIss

yv,ss
Ît +

κhvgss

yv,ss
ĝt +

κxvxss

yv,ss
x̂t

= ŷxv
t + ŷhv

t .

The export market clearing conditions is given by:

ŷx
t = x̂t,

where the demand for domestic exports is given by:

x̂t = ĉf t − σx(q̂t + p̂xt − ˆpxf t).

We specify a VAR (vector autoregressive) process for the foreign variables that enter our model.
Specifically, we estimate a VAR in world demand, ĉf t, world nominal interest rates, r̂f t, world
inflation, ṗf

t , and world relative export prices, ˆpxf t.

The monetary policy reaction function is given by:

r̂gt = θrgr̂gt−1 + (1− θrg)[θp(ṗt − ṗss) + θy(ŷv
t − ˆtfpt)] + σmpη

mp
t .

The monetary authority responds to the deviation of annual inflation from the target and to (a
crude measure of) the output gap. The parameter θrg captures the degree of interest rate
smoothing. ηmp is the i.i.d. normal error term with zero mean and unit variance.

Finally, the model is closed by including the Fisher parity condition to link nominal and real
interest rates:

r̂gt = ˆrrgt +
1

1− β
(ṗt+1 − ṗss).
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Appendix A: The derivation of wage Phillips curve in the Calvo model

For details refer to Section 2.1.3. Households set (nominal) wages in staggered contracts as
outlined in Calvo (1983). The optimal wage rate households who reset wages can renegotiate is
given by equation (25). The evolution of the wage index is shown in equation (27). The
log-linearised form of the optimal real wage rate yields:

(1 +
σw

σh
)R̂w

t + ŵt = Ξ̂w
t − Θ̂w

t , (A-1)

where

Ξ̂w
t = [1− β(1− ψw)]

σh + 1

σh
ĥt − β(1− ψw){σw(

σh + 1

σh
)[(1− εw)ṗss + εwẇt − ẇt+1]}

+β(1− ψw)Ξ̂w
t+1

Θ̂w
t = [1− β(1− ψw)](Ûc,t + ĥt)− β(1− ψw){σw[(1− εw)ṗss + εwẇt − ẇt+1]

−[(1− εw)ṗss + εwẇt − ṗt+1]}+ β(1− ψw)Θ̂w
t+1.

Substituting in for Ξ̂w
t and Θ̂w

t , equation (A-1) becomes:

(1 +
σw

σh
)R̂w

t + ŵt = [1− β(1− ψw)]m̂rst − β(1− ψw)
σw

σh
[(1− εw)ṗss + εwẇt − ẇt+1]

−β(1− ψw)[(1− εw)ṗss + εwẇt − ṗt+1] + β(1− ψw)[(1 +
σw

σh
)R̂w

t+1 + ŵt+1],

where m̂rst = 1
σh ĥt − Ûc,t. Next, we log-linearise the wage index to obtain:

R̂w
t ≡ ˆ̃wt − ŵt =

ψw − 1

ψw [(1− εw)ṗss + εwẇt−1 − ẇt].

Noting that
ŵt+1 = ŵt + (ẇt+1 − ṗss)− (ṗt+1 − ṗss),

and substituting in for R̂w
t and R̂w

t+1 equation (A-1) becomes:

ẇt−ṗss =
ψw[1− β(1− ψw)]

(1− ψw)(1 + βεw)
(1+

σw

σh
)−1(m̂rst−ŵt)+

β

(1 + βεw)
(ẇt+1−ṗss)+

εw

(1 + βεw)
(ẇt−1−ṗss).
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Appendix B: The derivation of Phillips curve in the Rotemberg model

For details refer to Section 2.2.1. Home producers supplying to the domestic market face
Rotemberg-type costs in adjusting nominal prices as shown in equation (53). This gives rise to an
optimal pricing rule in which the firm charges an endogenous mark-up over marginal costs. This
optimal price and the mark-up are given in equations (57) and (58), respectively. Log-linearising
the pricing equation gives us:

ˆphvt = ψ̂
hv

t + m̂ct,

or
ψ̂

hv

t = − ˆrmchv
t ,

where rmchv
t = mct

phvt
is the real marginal cost. Log deviation of ψhv

t from its steady-state value
satisfies:

ψhvψ̂
hv

=
−σhbχhv

(σhb − 1)2
(ξ̂

hv

t − βξ̂
hv

t+1),

where

ξ̂
hv

t = ṗhv
t − (1− εhv)ṗss − εhvṗhv

t−1

ξ̂
hv

t+1 = ṗhv
t+1 − (1− εhv)ṗss − εhvṗhv

t .

Further, given that the steady-state mark-up satisfies ψhv = σhb

σhb−1
we have:

ψ̂
hv

=
−χhv

(σhb − 1)
[(1 + βεhv)(ṗhv

t − ṗss)− β(ṗhv
t+1 − ṗss)− εhv(ṗhv

t−1 − ṗss)].

Then, using the fact that the log deviation of mark-up is equal to the negative of the log deviation
of real marginal costs we can arrange the above equation to give:

ṗhv
t − ṗss =

σhb − 1

χhv(1 + βεhv)
ˆrmchv

t +
β

1 + βεhv
(ṗhv

t+1 − ṗss
t ) +

εhv

1 + βεhv
(ṗhv

t−1 − ṗss
t ).
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Appendix C: The derivation of Phillips curve in the Calvo model

For details refer to Section 2.6. Import prices are set in Home’s currency and in staggered
contracts as in Calvo (1983). This gives rise to an optimal pricing rule shown in equation (73)
and an import price index shown in equation (74). The log-linearised form of the first-order
condition that governs the optimal import price yields:

R̂m
t ≡ ˆ̃

PM t − ˆPM t = Ξ̂m
t − Θ̂m

t ,

where we use Rm to denote the relative import price of the firm and where:

Ξ̂m
t = [1− β(1− ψpm)]( ˆrmcf

t + ˆymt) + β(1− ψpm){(σmb + 1)[ṗm
t+1 + (εm − 1)ṗss − εmṗm

t ] + Ξ̂m
t+1}

Θ̂m
t = [1− β(1− ψpm)]( ˆymt) + β(1− ψpm){σmb[ṗm

t+1 + (εm − 1)ṗss − εmṗm
t ] + Θ̂m

t+1}.
Subtracting Θ̂m

t from Ξ̂m
t we obtain:

Ξ̂m
t − Θ̂m

t = [1− β(1− ψpm)] ˆrmcf
t + β(1− ψpm)[ṗm

t+1 + (εm − 1)ṗss − εmṗm
t + (Ξ̂m

t+1 − Θ̂m
t+1)].

This implies:

R̂m
t = [1−β(1−ψpm)] ˆrmcf

t +β(1−ψpm)[ṗm
t+1+(εm−1)ṗss−εmṗm

t ]+β(1−ψpm)R̂m
t+1. (C-1)

Log-linearising the import price index we obtain:

R̂m
t =

ψpm − 1

ψpm [(1− εm)ṗss + εmṗm
t−1 − ṗm

t ]. (C-2)

Substituting (C-2) in (C-1) we have:

ṗm
t − ṗss

t =
[1− β(1− ψpm)]ψpm

(1− ψpm)(1 + βεm)
ˆrmcf

t +
β

1 + βεm
(ṗm

t+1 − ṗss
t ) +

εm

1 + βεm
(ṗm

t−1 − ṗss
t ).

Finally, the log-linearised form of rmcf
t is given by:

ˆrmcf
t = ˆpxf t − q̂t − ˆpmt.
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ṗ
t
]1
−σ

w
+

ψ
w
(w̃

t)
1
−σ

w

Ξ
m t

=
rm

cf t
cm

t
+

β
(1
−

ψ
p
m

)E
t(

ξ
m t,

t+
1
p
m

t

(1
+

ṗ
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ṗ
f t−

1
)

p
x

v
f
t−

1
p
x

v
f
t−

2
]ε

x
v
−

1
M

P
R

1
+

r
g

t

1
+

r
g

s
s

=
(1

+
r
g

t−
1

1
+

r
g

s
s

)θ
r
g
{(

1
+

ṗ
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ṗ
s
s

=
ψ

w
[1
−

β
(1
−

ψ
w

)]
(1
−

ψ
w

)(
1
+

β
ε
w

)
(1

+
σ

w

σ
h

)−
1
(m̂

r
s t
−

ŵ
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ṗ
s
s
)]

+
ε
w

(1
+

β
ε
w

)
(ẇ
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)ĉ
t−

1
−

1 σ
c
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ṗ
m t

=
ṗ
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