Economics Department

Working Papers in Economics

Boston College Year 2002

Endogenously persistent output
dynamics: A puzzle for the sticky-price
mode]?

Fabio Ghironi
Boston College,

This paper is posted at eScholarship at Boston College.
http://escholarship.bc.edu/econ_papers/108



Endogenously persistent output dynamics:
A puzzle for the sticky-price model?*

Fabio Ghironif
Boston College

March 14, 2002
Comments welcome

Abstract

I show that endogenously persistent output dynamics are not a puzzle for the standard sticky-
price model once openness of the economy is taken into account. I make this point using a two-
country, monetary model of macroeconomic interdependence under internationally incomplete
asset markets with stationary net foreign asset dynamics. If asset markets are incomplete, price
stickiness generates endogenous persistence in the cross-country GDP differential by introducing
persistence in the dynamics of the relative price differential between the two economies. This
results in the dependence of the current real GDP differential on its past value, as well as on the
stock of net foreign assets accumulated in the previous period. The elasticity of the current GDP
differential to its past value is sizable for standard parameter values, implying a quantitatively
significant persistence effect through this channel. Endogenous persistence yields hump-shaped
responses of GDP to productivity and monetary policy shocks.
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1 Introduction

A familiar result of the recent closed economy, macro literature is that sticky-price models based on
the New Keynesian, forward looking Phillips curve cannot generate endogenous persistence in key
macroeconomic variables, namely, GDP.! This is generally interpreted as a failure of the sticky-price
benchmark to match key features of the data.

I show that endogenously persistent output dynamics are not a puzzle for the standard Calvo-
Yun-Rotemberg, sticky-price model once openness of the economy is taken into account. I make
this point using the two-country, monetary model of macroeconomic interdependence under inter-
nationally incomplete asset markets developed in Cavallo and Ghironi (2001). The model features
stationary net foreign asset dynamics and endogenous interest rate setting as in Taylor (1993).
Stationarity of net foreign assets is necessary to avoid permanent effects of temporary shocks via
wealth redistribution across countries. Market incompleteness matters for endogenous persistence
because persistence of individual country dynamics is generated through persistent dynamics of
cross-country differentials, which disappear when asset markets are internationally complete (or
the elasticity of substitution between domestic and foreign goods equals 1). Similarly, openness
is crucial. If the home economy coincides with the world economy, domestic GDP coincides with
world GDP regardless of asset market structure. If the economy is open and asset markets are
incomplete, price stickiness generates endogenous persistence in the cross-country GDP differen-
tial (and in other real variables) by introducing persistence in the dynamics of the relative price
differential between the two economies. This results in the dependence of the current real GDP
differential on its past value, as well as on the stock of net foreign assets accumulated in the previ-
ous period. The elasticity of the current GDP differential to its past value is sizable for standard
parameter values, implying a quantitatively significant persistence effect through this channel.?

Openness of the economy and market incompleteness amplify the response of GDP to produc-
tivity and monetary policy shocks.? Christiano, Eichenbaum, and Evans (2001) generate endoge-
nous persistence and non-monotone dynamics in a closed economy model by combining sticky prices
and wages with habit persistence in preferences for consumption, adjustment costs in investment,
and variable capital utilization. Papadopoulou (2001) argues that a combination of sticky prices,

limited participation, and endogenous monetary policy can generate hump-shaped responses to

'See Clarida, Gali, and Gertler (1999) and Chari, Kehoe, and McCrattan (2000), for example.

2The two-country, sticky-price model of this paper delivers quite different dynamics under complete and incomplete
markets, reinforcing the conclusions of the flexible-price analysis of Ghironi (2000). This differs from the results of
the two-country, flexible-price models in Heathcote and Perri (2002) and Kehoe and Perri (2002) and of the small
open economy, flexible-price setup in Schmitt-Grohé and Uribe (2001).

3Razin and Yuen (2001) show that consumption smoothing under complete markets magnifies output responses
to nominal GDP shocks in a small open economy.



shocks. Endogenous persistence via openness and market incompleteness generates hump-shaped
responses of GDP (and other real variables) to productivity and monetary policy shocks in a model
that does not include capital accumulation without the need for limited participation and/or habit
persistence. Thus, if one believes that the world as a whole is the only economy that can be truly
treated as closed, reasonable assumptions about openness of the economy and asset market struc-
ture can help explain some empirical observations that have been puzzling (closed economy) macro
theorists in a standard sticky-price setup. Extending the model to include capital accumulation
and adjustment costs in investment would reinforce the results.

The rest of the paper is as follows. Section 2 describes the setup of the model. Section 3
presents the log-linear system used to analyze dynamics. Section 4 briefly described world dy-
namics under sticky prices. Section 5 focuses on cross-country differences. Section 6 assesses the

quantitative significance of the results. Section 7 concludes.

2 The model

The model follows Cavallo and Ghironi (2001). Readers who are familiar with that paper can skip
this section and move on to Section 3.5.

The model relies on Weil’s (1989) demographic structure to pin down steady-state net foreign
assets and generate stationary dynamics under incomplete markets.* The world consists of two
countries, home and foreign. In each period ¢, the world economy is populated by a continuum of
infinitely lived households between 0 and N}V. Each household consumes, supplies labor, and holds
financial assets. Households are born on different dates owning no assets, but they own the present
discounted value of their labor income.® The number of households in the home economy, N;, grows
over time at the exogenous rate n > 0, i.e., Npy1 = (14+n)N¢. I normalize the size of a household to
1, so that the number of households alive at each point in time is the economy’s population. Foreign
population (IVY) grows at the same rate as home population. The world economy has existed since
the infinite past. It is useful to normalize world population at time 0 to the continuum between 0
and 1, so that N}V = 1.

A continuum of goods i € [0,1] are produced in the world by monopolistically competitive,
infinitely lived firms, each producing a single differentiated good. Firms have existed since the
infinite past. At time 0, the number of goods that are supplied in the world economy is equal to the

number of households. The latter grows over time, but the commodity space remains unchanged.

*See Ghironi (2000) and Schmitt-Grohé and Uribe (2001) for discussions of alternative approaches. Without
stationary net foreign assets, temporary shocks would have permanent consequences as in Obstfeld and Rogoff (1995).

®Blanchard (1985) combines this assumption with a positive probability of not surviving until the next period.
This is advantageous for calibration purposes (see below), besides being plausible. The Weil setup is simpler to
illustrate.



Thus, as time goes, the ownership of firms spreads across a larger number of households. Profits
are distributed to consumers via dividends, and the structure of the market for each good is taken
as given. The domestic economy produces goods in the interval [0, a], which is also the size of the
home population at time 0, whereas the foreign economy produces goods in the range (a, 1].

The asset menu includes nominal, uncontingent bonds denominated in units of domestic and
foreign currency, money balances, and shares in firms. Private agents in both countries trade the
bonds domestically and internationally. Shares in home (foreign) firms and domestic (foreign)

currency balances are held only by home (foreign) residents.

2.1 Households

Agents have perfect foresight, though they can be surprised by initial unexpected shocks. Con-
sumers have identical preferences over a real consumption index (C'), labor effort supplied in a
competitive market (L), and real money balances (%, where M denotes nominal money holdings
and P is the consumption-based price index—CPI). I normalize the endowment of time in each
period to 1. At any time tg, the representative home consumer j born in period v € [—o0,tg]

maximizes the intertemporal utility function:

) 0 ) . Mvj
Uy = g pbg0f+%1—mk%(1—L?>+xk% é (1)
t=to

with 0 < p < 1.9

The consumption index for the representative domestic consumer is a standard CES ag-
w—1 w—1

. N w1757
gregator of foreign and domestic sub-indexes: C}’ = [a% (C’}}Jt> T+ (1l-a)w (C’ ) ¢ ,
where w > 0 is the intratemporal elasticity of substitution between domestic and foreign goods.

The consumption sub—indexes that aggrega‘ce individual domestic and foreign goods are C’}ft =

a o 1 U]

[(l)% o Ct () 7 dz} and C = [ f ey (i o d@] 1, respectively, where ¢! (i) denotes
time ¢ consumption of good i produced in the foreign country, and 8 > 1 is the elasticity of
substitution between goods produced inside each country.

The CPLis P, = [aP,” + (1 — a)Pp, ] o , where Py (Pr) is the price sub-index for home
(foreign)-produced goods—both expressed in units of the home currency. Letting p;(i ) be the home
currency price of good i, we have Py = (£ [1 pe(i)'~ edz)ﬁ and Pr; = <1 — f pe(i)t~ 6'alz) =

I assume that there are no impediments to trade and that firms do not engage in local cur-

rency pricing (i.e., pricing in the currency of the economy where goods are sold). Hence, the

ST focus on domestic households. Foreign agents maximize an identical utility function. They consume the
same basket of goods as home agents, with identical parameters, and they are subject to similar constraints. I will
sometimes refer to the representative consumer of generation v simply as the “representative consumer” below. It is
understood that consumers of different generations can behave differently.



law of one price holds for each individual good and p:(i) = ep; (i), where ¢; is the exchange rate
(units of domestic currency per unit of foreign) and pj(7) is the foreign currency price of good
7. This hypothesis and identical intratemporal consumer preferences across countries ensure that
consumption-based purchasing power parity (PPP) holds, i.e., P = e FP;".

The representative consumer enters a period holding bonds, money balances, and shares pur-
chased in the previous period. She or he receives interests and dividends on these assets, may earn
capital gains or incur losses on shares, earns labor income, is taxed, and consumes.

Denote the date ¢ price (in units of domestic currency) of a claim to the representative domestic
firm i’s entire future profits (starting on date ¢t+1) by V{. Let xfjrzl be the share of the representative
domestic firm ¢ owned by the representative domestic consumer j born in period v at the end of
period t. D} denotes the nominal dividends firm i issues on date t. Then, letting A}’il (A;‘fl)
be the home consumer’s holdings of domestic (foreign) currency denominated bonds entering time

t + 1, the period budget constraint expressed in units of domestic currency is:
) ) ) a - )
PCY + PIY + AV + e ALY + /0 Vgt di + MY
= (1+d)AY +e(1+3)AY + /0 (Vi + D) oy” di + MY, + Wi LY, (2)

where i; (i}) is the nominal interest rate on holdings of domestic (foreign) bonds between ¢ — 1 and
t, Wy is the nominal wage, Mt“_Jl denotes the agent’s holdings of nominal money balances entering
period ¢, and T} is a lump-sum net real transfer, which is identical across members of generation
v. Given that individuals are born owning no financial wealth, because not linked by altruism to
individuals born in previous periods, Agj = A;‘,”j = xg” = M,fjj_l =0.

The representative domestic consumer born in period v maximizes the intertemporal utility
function (1) subject to the constraint (2). Dropping the j superscript (because symmetric agents
make identical choices in equilibrium), optimal labor supply is given by:
L-pCy

k%
-1- 7
! p W

3)

which equates the marginal cost of supplying labor with the marginal utility of consumption gen-
erated by the corresponding increase in labor income (w; denotes the real wage, %)
Making use of this equation, the first-order condition for optimal holdings of domestic currency

bonds yields the Euler equation:

_F)t -1

Ccy = |p(1 +it+1)(m) Ct (4)

for all v <*¢.



Demand for home currency real balances is:
Mt _ X 1+ Zt+1 Tt e (5)
by (NS}
Real domestic currency balances increase with consumption and decrease with the opportunity cost
of holding money.
Condition (4) can be combined with the first-order condition for holdings of foreign bonds to
yield a no-arbitrage condition between domestic and foreign currency bonds for domestic agents.

Absence of unexploited arbitrage opportunities requires:
. €t+1
Lty = (L+if) — e (6)

The consumption-based real interest rate between ¢ and ¢+ 1 is defined by the familiar Fisher

parity condition:

, by L+
1+Tt+1 = (1+Zt+1) Pt+1 - ]_—i-ﬂ'tCI;I, (7)
+

where 7HT is CPI inﬂation (nSEl = P* —1). PPP ensures that 1+ 7777 = (1+¢;) (1 + afF1),

where 1 + 7P = P* and 1+ e; = . Combining (7) with (6) and making use of PPP shows

that 1 +r, =1+7rf; = (1+4 +1) TH: real interest rates are equal across countries in the
absence of unexpected shocks that may cause no-arbitrage conditions to fail ex post.

Absence of arbitrage opportumtles between bonds and shares in the domestic economy requires

Dj 1 +V} Vi
14+, = % Letting di = —L and v} = F» we can re-write this no-arbitrage condition as:
di, |+
_ Q1 T U
1y = St % (8)
Ut

As usual, first-order conditions and the period budget constraint must be combined with

appropriate transversality conditions to ensure optimality.

2.2 Firms

Output supplied at time ¢ by the representative domestic firm ¢ is a linear function of labor de-

manded by the firm:
Y =21, (9)

Zy is an exogenous economy-wide productivity parameter. Production by the representative foreign

firm is a linear function of L¢*, with productivity parameter Z;.7

"Because all firms in the world economy are born at ¢ = —oo, after which no new goods appear, it is not necessary
to index output and factor demands by the firms’ date of birth. As for consumers, I focus on domestic firms below.
Foreign firms are symmetric in all respects.



Output demand comes from several sources: domestic and foreign consumers and domestic and

foreign firms. The demand for home good ¢ by the representative home consumer born in period
N\ —0 —w

vis cf(i) = <’},t—§3) <PT’?> CY, obtained by maximizing C" subject to a spending constraint.

Total demand for home good ¢ coming from domestic consumers is:

Ct(i) =

e UMM +(1+n)2ct (i)ﬂ%w?(i)]

+nct (i) +n(l+n)e (i) + - +n(l+n) " (i)
. —0 —w
_ (pd) Prt t
= <PHt> ( 2 ) a(l+n)te, (10)
where
0
—I—nC’1 +n(1 +n)C’2 —I—n( —i—n)t 1C}f
Ct = (11)

a(l —I—n)t

is aggregate per capita home consumption.

Given identity of intratemporal preferences, total demand for the same good by foreign con-
sumers is ¢ (i) = (z}t—lg‘t))ig (%)ﬂu (1 —a)(1 + n)tcf, where cf is aggregate per capita foreign
consumption.

Changing the price of its output is costly for the firm, which generates nominal rigidity. Specif-
ically, I assume that the real cost (measured in units of the composite good) of output-price inflation
volatility around a steady-state level of inflation equal to 0, is PAC} = 5 (pfi—(li()i) — 1)2 PtT(:)Yti.
When the firm changes the price of its output, material goods—e.g., new catalogs, price tags,
etc.-need to be purchased. The price adjustment cost (PAC?) captures the amount of marketing
materials that must be purchased to implement a price change. Because the amount of these ma-
terials is likely to increase with firm size, PAC® increases with revenues ((p:(i)/P;)Y{), which are
taken as a proxy for size. The cost is convex in inflation; faster price movements are more costly
to the firm. I assume x > 0. When x = 0, prices are flexible. As Roberts (1995) pointed out,
Rotemberg’s (1982) quadratic cost of price adjustment yields dynamics for the aggregate economy
that are similar to those resulting from staggered price setting as in Calvo (1983) and Yun (1996).

Total demand for good ¢ produced in the home country is obtained by adding the demands

for that good originating in the two countries. Making use of the results above, it is:

. —0 —w
i ((pe(d) P pw
VPi= (=2 —) yPv 12
P () () (12)
Y,PW is aggregate world demand of the composite good, defined as Y, = O}V 4+ PACIV. OV =
(1+n) [ac; + (1 — a)c}] and PACYY = aPAC}{+(1—a)PAC} denote aggregate world consumption



and the world aggregate cost of adjusting prices, respectively.®

At time tg, firm ¢ maximizes the present discounted value of dividends to be paid from g

[e.°]
i i i _ 1 _ :
on: vy +dj, = > Ry sdy, where Ry s = ————, Ry 1, = 1. Firm revenues are taxed at a
s=to H (1+7"u)
u=tp+1

constant, proportional rate 7. In addition, firms receive a lump-sum transfer (or tax) from the

government, th ‘. At each point in time, dividends are given by real revenues, net of taxes, plus the

lump-sum transfer, minus costs: di = (1 —7) ptT(:)Kfi+7}fi — | BLi+ % <pfj—% - 1>2 ptT(:)Yﬂ . The
firm chooses the price of its product and the amount of labor demanded in order to maximize the
present discounted value of its current and future profits subject to the constraints (9) and (12),
and the market clearing condition Y = Y¥;3' = ¥,P. Firm i takes the aggregate price indexes, the
wage rate, Z;, world aggregates, and taxes and transfers as given.

Let A! denote the Lagrange multiplier on the constraint Y;%' = Y. Then, A! is the shadow
price of an extra unit of output to be sold in period ¢, or the marginal cost of time ¢ sales. The

first-order condition with respect to p;(¢) yields the pricing equation:
pe(i) = VPN, (13)

which equates the price charged by firm ¢ to the product of the (nominal) shadow value of one
extra unit of output-the (nominal) marginal cost (P;\!)-and a markup (¥%). The latter depends
on output demand as well as on the impact of today’s pricing decision on today’s and tomorrow’s

costs of adjusting the output price:

\I’iEHYZ{(@—l)W [1_7__%< pe(3) _1>2

~1
() + &Ti} , (14)

where Ti = )@ij—% (pfi(li()i) — 1) - lﬁﬁl Pil (pg(li()i)y (pg(li()i) — 1> reflects the firm’s incentive
to smooth price changes over time.

If kK = 0, i.e., if prices are fully flexible, Ui = /[0 — 1) (1 — 7)], the familiar constant-
elasticity markup. If k = 0, price rigidity generates endogenous fluctuations of the markup. Firms
react to CPI dynamics in their pricing decisions. Changes in monetary policy generate changes
in CPI inflation. Hence, they affect producer prices and the markup. Through this channel, they
generate different dynamics of relative prices and the real economy.

The first-order condition for the optimal choice of L! yields:

— = \Z,. (15)

8The expression for the world aggregate cost of adjusting prices derives from the assumption that the number
of firms is constant. In the expression for PAC}Y, I have already made use of the fact that symmetric firms make
identical equilibrium choices. Keeping the i superscript for individual firms’ variables allows me to denote several
aggregate per capita variables referring to firms by dropping the superscript below.



Today’s real wage must equal the shadow value of an extra unit of output.

Using the market clearing conditions Y;> = Y;?* and ;W = YW = Y}V, the expressions
for supply and demand of good %, and recalling that symmetric firms make identical equilibrium
choices (so that p(i) = Pgy and py(7) is the producer price index, PPI) yields:

Li= <pg))_w%. (16)

Firm ¢’s labor demand is a decreasing function of the relative price of good ¢ and of labor produc-
tivity. It is an increasing function of world demand of the composite good. Henceforth, I denote

the relative price of good i by RP} = ptT(f).

2.3 The government

I assume that governments in both countries run balanced budgets. The government taxes firm
revenues at a rate that compensates for monopoly power in a zero-inflation steady state and removes
the markup over marginal cost charged by firms in a flexible-price world. The tax rate is determined
byl—7= %, which yields 7 = _eTll' Because the tax rate is negative, firms receive a subsidy on
their revenues and pay lump-sum taxes determined by th = TRP}Y}. In addition, the government
injects money into the economy through lump-sum transfers of seignorage revenues to households:

PTY = — (M;’J — tjl). Similarly for the foreign government.

2.4 Aggregation and equilibrium
2.4.1 Households
Aggregate per capita consumption and labor supply are obtained by aggregating consumption and

labor supply across generations and dividing by total population at each point in time. Aggregate

per capita labor supplies follow from aggregating the labor-leisure tradeoffs in the two economies:
— 1—pcf

Li=1-—P% proy_-—P5 (17)
P Wy P wy

Consumption Euler equations in aggregate per capita terms contain an adjustment for con-

sumption by the newborn generation at time ¢ 4 1:

I+n no 4 1+n no 4
g =———"— |41 ——C , =, - ——C ). 18
"B+ (”1 Ltn ") 7T B 4rga) T T4n (18)
Newborn households hold no assets, but they own the present discounted value of their labor

income. I define human wealth, h;, as the present discounted value of the household’s lifetime



endowment of time in terms of the real wage: h; = ::Of R sws, hf = ::Of R; swi. The dynamics
of h and h* are described by the following forward-looking difference equations:

h
hy =

h¥
=" 4wy, hP= UL 4w 19
T+7r ! ‘ ! (19)

I+ 7e1
Using the labor-leisure tradeoff (3), the Euler equation (4), and a newborn household’s in-
tertemporal budget constraint, it is possible to show that the household’s consumption in the first

period of its life is a fraction of the household’s human wealth at birth:
Ctii = p(L=B) hesr, O = p(L=B) iy, (20)

Aggregate per capita real money demands in the two economies are:

M, 141 M 1+
my=— = X1t Uil Lo X7

*
B ty t B
B p oien Prpoiiy

9 (21)

2.4.2 Firms

Aggregate per capita, real GDP in each economy is obtained by expressing production of each
differentiated good in units of the composite basket, multiplying by the number of firms, and divid-
ing by population. (Translation of units of each differentiated good into units of the consumption
basket is necessary for a sensible aggregation of outputs of differentiated goods.) In equilibrium,

RP} = RP,; and similarly for foreign firms. Thus:

For given employment and productivity, real GDP rises with the relative price of the representative
good produced, as this is worth more units of the consumption basket. (In a closed economy model,
symmetry of the equilibrium implies RFP; = 1, so that the relative price does not appear in the
expression for aggregate, real GDP.)

Aggregate per capita labor demand is:
"
zr’

" o

L= RP Y, Li—RP; (23)
Zy

where y;” is aggregate per capita world production of the composite good, equal to aggregate per

capita world consumption plus the aggregate per capita resource cost of price changes, c/V +pac}’ .

Itis 4V = aye + (1 — )y}, ¢ = ac + (1 —a) ¢}, pac}’ = apac; + (1 — a) pac;. Market clearing

:C};V

requires y}” + pac{fv .

Domestic and foreign relative prices are equal to markups over marginal costs:

RP, = U=t RP; = U}t
t

— 24
Z, zy (24)

10



2.4.3 Equity and bonds

In the absence of arbitrage opportunities between bonds and shares, the aggregate per capita equity

values of the home and foreign economies entering period ¢ + 1 must evolve according to:

14+n dt+1 o 1+n * :_,_1

—_—rn, T e LV .. = W 25
14741 o 14741 E T 4 bl 1+ 71 (25)

Ut

_ avi * aV*i * . . .
where v; = 7, NZ+1’ U = pr J\E*H’ and d; and df denote aggregate per capita real dividends, equal to

(1—7)y + th —wely — pacy and (1 — 7%) yf + th* —wi L} — pacf, respectively (note that 7 = 7*).
v+ (yf) denotes domestic (foreign) aggregate per capita, real GDP, defined below. pac; (pacy) is
the aggregate per capita cost of nominal rigidity at home (abroad).

The law of motion of aggregate per capita net foreign assets is obtained by aggregating an
equilibrium version of the budget constraint (2) across generations alive at each point in time. It

is:

(14+n)Biyr = (1+1) By +wely + dy — c,
(1+n)By, = (1+4m)Bf +w;Li +d; —c;. (26)
At+1+€tA* M“” :t+1 . . .
where By = —Fp5—+ and Bj; = Etp—t* denote domestic and foreign net bond holdings

(A, denotes foreign households’ holdings of home bonds, A} denotes their holdings of foreign bonds).
A country’s net foreign assets and net foreign bond holdings coincide in a world in which all shares
are held domestically.”

Because d; = y; — wi Ly — pacy and df = yf —wf L; — pac} in equilibrium, the equations in (26)

become:

(1+n)Biy1 = (1+1) B+ ye — o — pacy,
(1+n)Bfyy = (L+m) B +y; — ¢ — pac;. (27)

2.4.4 International equilibrium

For international asset markets to be in equilibrium, net, aggregate home assets (liabilities) must
equal net, aggregate foreign liabilities (assets). In terms of aggregates per capita, it must be
aB; + (1 —a) Bf = 0. Using this condition, the equations in (27) reduce to 4}V = ¢V + pac}’:

9Strictly speaking, these equations hold in all periods after the initial one. The UIP condition may be violated
between time to — 1 and to if an unexpected shock surprises agents at the beginning of period to. Using log-linear
versions of these equations to determine asset accumulation in the initial period is harmless if one is willing to assume
that the steady-state levels of A, A*, A., and A} are all zero. (The model pins down the steady-state levels of B and
B* endogenously. Because domestic and foreign bonds are perfect substitutes once no-arbitrage conditions are met,
the model does not pin down the levels of A, A*, A,, and A}.)

11



consistent with Walras’ Law, asset market equilibrium implies goods market equilibrium, and vice

versa.

2.5 The steady state

The procedure for finding the steady-state levels of real variables follows the same steps as in
Ghironi (2000) and Cavallo and Ghironi (2001). I refer to those papers for details. As described
there, the departure from Ricardian equivalence caused by entry of new households with no assets
in each period generates dependence of aggregate per capita consumption growth on the stock of
aggregate per capita net foreign assets. This yields determinacy of steady-state real net foreign
asset holdings, and thus of the steady-state levels of other real variables in the model.

I denote steady-state levels of variables with overbars and assume that the economy is in steady
state up to and including time —1 below. Unexpected shocks can surprise agents at the beginning
of period 0, generating the dynamics described in the following sections.

Given steady-state levels of productivity (Z = Z" = 1) and inflation (7FP! = 7PPI" = 7CPT =

=CPI* PPI — pt(i)=pt—1(%) PPI*
™ t —  pe-1(%) t
in the sense that they return to the initial position determined below following non-permanent

= 0, where 7 and 7 is defined similarly), real variables are stationary,

shocks to productivity and/or inflation. Steady-state levels of real variables are:

— —_ — 1
W = RP=w"=RP =1, h=h =——,
1-p
U = U =1, pac=d=v=pac' =d =7" =0
Steady-state nominal interest rates and real money balances are i = 7 = % and m =

mt = ﬁ, respectively. Given initial, steady-state levels of money supply M = M = ﬁ, it is
e=P=P =p(h) =p*(f) =1 (B(h) and p* (f) are the domestic and foreign PPIs, respectively,
and their steady state levels follow from RP = Llf) = RP" = % = 1). The model does not
pin down the steady-state levels of all nominal variables endogenously as function of the structural
parameters only. An exogenous choice of steady-state money supply levels is necessary. As a
consequence, monetary policy may generate the presence of a unit root in the dynamics of price
levels, the exchange rate, and nominal money balances. Steady-state levels of nominal variables

may change as a consequence of temporary shocks depending on the nature of monetary policy.

3 The log-linear system

The equations that determine domestic and foreign variables can be log-linearized around the steady

state. I use sans serif fonts to denote percentage deviations from the steady state. Percentage

12



deviations of inflation, depreciation, and interest rates from the steady state refer to gross rates.

From now on, 7 denotes the percentage deviation of the corresponding (gross) inflation rate from

the steady state. It is convenient to solve the model for cross-country differences (xP = x, — x¢
for any variable x) and world averages (x}' = ax, + (1 —a)x}). The levels of individual country
variables can be recovered given solutions for differences and world averages.
3.1 No-arbitrage conditions
PPP implies that the CPI inflation differential equals exchange rate depreciation:

aCPIY — ¢, (28)

where e; = ¢; — €,_1 and € denotes the percentage deviation of € from the steady state.

Uncovered interest parity (UIP) implies:
iD= €1 — e (29)
3.2 Households
The relative labor-leisure tradeoff is:

wP =cP + 1prtD. (30)

Log-linear Euler equations and consumption functions for newborn households imply that the

consumption differential obeys:

P =(1+n)ct, —nhfy, (31)
where h is the deviation of human wealth from the steady state. The ex ante real interest rate
has no effect, because agents in both countries face identical real rates. The random walk result
of the standard Obstfeld-Rogoff (1995) model for real variables is transparent here. If n = 0, i.e.,
if no new agents with zero assets enter the economy, the consumption differential between the
two countries follows a random walk. Any shock that causes a consumption differential today has
permanent consequences on the relative level of consumption. When n > 0, the Euler equation is
adjusted for consumption of a newborn generation in the first period of its life (C” = hP). The

human wealth differential, h?, is determined by:

hY = phP, + (1 - B)wp. (32)
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3.3 Firms
The GDP differential obeys:
yP =RPP +LP +ZP. (33)

I assume Z; = ¢pZy_1, Zf = ¢Z; 1, ¥t > 0,0 < ¢ < 1. Hence, ZP = ¢ZP ;.

The relative price differential reflects relative markup and marginal cost dynamics:
RPY = v +w —Z7, (34)

where 1) denotes the percentage deviation of the markup (¥) from the steady state. Defining the
domestic terms of trade following Obstfeld and Rogoff (1995) as ;E—’(L}), it is easy to verify that RP?
is the percentage deviation of the terms of trade from the steady state.

The difference between domestic and foreign labor demand depends on the markup differential

and on relative marginal cost and productivity:
LY = —w (vf +wf —2P) - ZP. (35)

Substituting equations (34) and (35) into (33) yields an expression for the GDP differential as

a function of relative markup and cost dynamics:
W= (w-1) @ +w’ -Z7). (36)

Combining labor demand (35) with the labor-leisure tradeoff (30) yields the equilibrium real

wage differential:

wp g (=) ol + plw = 1) 2P (37)

1+ plw—1
From firms’ optimal pricing (equation (13) for domestic firms and the analogous equation for
foreign), the PPI inflation differential depends positively on the CPI inflation differential and on

relative markup and marginal cost growth:
PPIP CPIP D D D D D D
Tt =T F by =g Awy —wly — (27— Z24). (38)

Alternatively, the PPI inflation differential can be written as a function of nominal depreciation
and relative real GDP growth, if w # 1:
WfPID =€ —€-1— ﬁ (YtD - yg1) (39)
Finally, using 1 —7 =1 —7* = 0;31 and the definitions of domestic and foreign markups,
relative markup dynamics depend on current and future pricing decisions:
K

WP = =5 [7FP1 8+ m)=fE) (40)
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3.4 Asset accumulation

Log-linearizing the laws of motion for real net foreign assets of domestic and foreign households,
subtracting the resulting equation for foreign assets from that for home assets, and imposing the

log-linear bond market equilibrium condition, aB; 4+ (1 — a) Bf =0 , yields:

1 1 D D
Bt+1:1+—n EBt‘i‘(l_a) (Yt _Ct) . (41)

Accumulation of aggregate per capita domestic net foreign assets is faster (slower) the larger
(smaller) the GDP (consumption) differential. (Because By = By = 0, B and B* are defined
as percentage deviations of B and B* from the steady-state level of domestic and foreign consump-
tion, respectively.)

The dynamics of the relative equity value (relative stock market dynamics) reflect the relative

behavior of the markup in the two economies (see Cavallo and Ghironi, 2001, for details):

v =B (14 n)vZy + B (42)
3.5 World averages
The world labor-leisure tradeoff is:

W =W 4 ﬁLtW : (43)

Averaging log-linear Euler equations across countries and using the (log-linear) consumption

functions for newborn households and the equilibrium condition ¢}V = y}V yields:
! ==t + (L+n)yhy —nhily, (44)

where r is the percentage deviation of the gross real interest rate from the steady state, which

satisfies:
_w CcPIW
f+1 = 41 — Tep1 - (45)

Equation (44) resembles the standard, forward-looking IS relation of the recent closed economy
literature, the only difference being inclusion of world human wealth, which disappears if n = 0.

World human wealth obeys:

hY = —Bris1 + Bhil, + (1 - B)w". (46)
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It is easy to verify that RP" = 0, because PV = aP 4 (1 —a)P* = ap (h) + (1 — a) p* (f) =
p" (i), i.e., there is no difference between world CPI and world PPI. Thus, the world production

function is:
vV =7V + L. (47)
with Z)V = ¢ZV,. World marginal cost equals the negative of the markup:
w =7}V = -y, (48)
And the dynamics of the markup are described by:

K w w
ol = =2 7P — g+ myafH (49)

because 71 71 Y= eaitl " Equations (48) and (49) relate inflation to expected inflation and current

marginal cost as in the Calvo-Yun setup.

3.6 Monetary policy

I assume that central banks set interest rates according to simple Taylor-type rules of the form:

i1 = arys + oot Pl g, in = aayf + aanE P g, (50)

with a1 > 0, ag > 1. (Recall that i;1 and 4}, are set at time ¢.) The reaction coefficients to
GDP and inflation are identical at home and abroad. Because the two economies are identical in
all structural features, if central banks with identical objectives independently chose the optimal
values of a; and «s, they would choose identical reaction coefficients. & and £* are exogenous
interest rate shocks. I assume &, = u&;_q, & = p&i_q, Vt > 0 (t = 0 being the time of an initial,
surprise impulse below), 0 < u < 1. Hence, §tD = pftD_ 1-

The interest rate rules in (50) yield iZ; = aiy? + aon{? I” 4 ¢P. Because PPP implies
7thpr =€ — €1, it is:
i1 = oyl + oo (e — e 1) + &7 (51)

The world monetary stance is described by:
. w
it = onyf’ +agmg P ¢, (52)

with & = ug}Vs.

Before moving on, I stress that nominal interest rates react to the deviations of GDP from the
steady state rather than to the output gap—the deviation of GDP from the flexible price equilibrium—
in the benchmark policy specification of this paper. This is consistent with Taylor’s (1993) original
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analysis. But a reaction to the output gap is the standard in the recent normative literature on
monetary policy. I stick to the Taylor benchmark for essentially two reasons. First, this is a positive,
rather than normative, paper. Its purpose is to point out how reasonable assumptions about
openness, parameter values, and asset markets can help explain dynamics that are observed in U.S.
data that the Taylor-specification fits fairly well. (Ireland, 2001, considers a similar specification,
though he allows for a reaction of the interest rate to money growth. Clarida and Gertler, 1997, and
Clarida, Gali, and Gertler, 1998, provide evidence from other countries.) Second, the normative
claim that central banks should react to the output gap is borne out of representative agent models

subject to rather stringent assumptions. It is not clear that the same result would hold here. '

4 World dynamics

The domestic economy coincides with the world economy if ¢ = 1. In this case, the home economy
is a closed economy. Regardless of the relative size of home and foreign, the world economy is a
closed economy by definition. This implies that we can use the system (43)-(49), (52) to describe
closed economy dynamics. Straightforward substitutions yield the following system of equations

for world inflation, GDP, and human wealth:

0

w 174
P = B +n)afHT + w=p) (v —=2), (53)
W _ 1 (1+n) | N _HTCPIW “ 7rCPIW . §W (54)
Yt 1+ ay Yi4+1 t+1 t+1 27Ty t |
1-0 w w 1-0
hY = Bhif,+ (Tp - ﬁm) v+ 8 (Wgﬁl — agm{ P! ) - %ZZV — B¢V (55)

Equation (53) is familiar, forward-looking, New Keynesian Phillips curve for world inflation, the
only difference relative to the standard equation being the adjustment of discounting for population
growth. Equation (54) follows from substituting the world policy rule (52) into the IS equation (44).
Similarly, the dynamic equation for human wealth incorporates the assumptions about monetary

policy.!!

19T do not allow for interest rate smoothing in the policy rule because I do not want to introduce persistence in
the model economy through this channel. In addition to the assumptions about interest rate setting, I assume that
speculative bubbles in prices or the exchange rate are ruled out by the commitment to fractional backing mechanisms
as in Obstfeld and Rogoff (1983).

"1f there is no population growth, the behavior of world inflation and GDP under policy (52) is described by the
very familiar equations:

w w (7]
i :ﬁﬂt0+1311 +H(1—_p)(yy—zy),

1 w w
w w CcPI CcPI w
Yo = 1+ a; (Yt+1 + T — Q27 —-& ) .
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The system (53)-(55) can be combined with Z}V = ¢Z/V, and &}V = u&}; to solve for the
dynamics of the closed, world economy. I assume that the reaction of central banks to inflation is

such that the system has a determinate equilibrium. The solution can be written as:

w
m P = nTrWZWZXV_I_UTerWé-IYV’ (56)
v, = ngwawZl +nwewtl, (57)

where the 7n’s are elasticities that can be obtained with the method of undetermined coefficients as
in Campbell (1994).

Equations (56)-(58) imply that there is no persistence in world inflation, GDP, and human
wealth beyond that implied by the persistence of the productivity and policy shocks. In particular,
equation (57) shows that the standard Calvo-Yun-Rotemberg sticky-price model cannot generate
endogenous persistence of closed economy GDP dynamics, as well as of other real variables. This
is the weakness of the closed economy benchmark highlighted in Clarida, Gali, and Gertler (1999)
and Chari, Kehoe, and McGrattan (2000). In addition, monotone dynamics of Z}V and &}" imply
that the closed economy benchmark cannot generate hump-shaped responses to shocks in line with
the data regardless of the persistence of the shocks. Real GDP dynamics are monotonic, lacking
the hump-shaped behavior that motivates Christiano, Eichenbaum, and Evans (2001) to introduce

habit persistence and Papadopoulou (2001) to allow for limited participation.

5 Cross-country differences
5.1 Flexible prices

To understand better the impact of price stickiness under internationally incomplete markets, I
start by briefly discussing the solution of the model under flexible prices. If prices are flexible
(k = 0), a dichotomy exists between nominal and real variables in the model. Real variables affect
nominal ones, but the converse is not true (except for real balances, which are a function of the
nominal interest rate). There is no longer a time-varying, forward-looking markup. Equilibrium
profits are zero in all periods, along with the equity value of both economies. The equations that
describe firm behavior in the log-linear system for cross-country differences between real variables
simplify as Y2 = dP =vP =0 Vt.

Given the simplified, flexible-price system, it is easy to show that ¢ = wP = LP = yP =
0 if w = 1. Unitary intratemporal elasticity of substitution ensures that domestic and foreign
consumption, the real wage, employment, and GDP are equal regardless of productivity. Hence, to

preserve bond market equilibrium, it must be B; = Bf = 0 if w = 1. This is the result first obtained
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by Corsetti and Pesenti (2001). If the elasticity of substitution between domestic and foreign goods
is one, accumulation of net foreign assets plays no role in the transmission of shocks, and current
accounts are always zero: y; = ¢; and y; = c;. This is the same allocation that would be generated
by the complete markets assumption, through perfect “risk-sharing” between the domestic and
foreign economy.

To solve the model, observe that aggregating the consumption functions for individual domestic
and foreign households and log-linearizing yields the following expression for the consumption
differential:

= Hst +hP. (59)
The consumption differential in each period reflects the net foreign asset position of the two
economies and the differential between the expected real wage paths from that period on.

Using (59) in conjunction with the flexible-price versions of (32), (36), (37), and (41) yields:

Biri = 7B —vahf +1327, (60)
hY = 74h£r1+75|3t+76zf)a (61)
where
= 1+pwB—-1) vy = w(l—a) o= (w—=1)(1-a)
T4+ -1 T A4n)[d+pw-1] P (I+n)[l+pw-1]
L, = Bitpw-1] p(1—p)(1=B)> =08 w1
P+ s-p) P B0-a)w+B80-p] T pw+B(1—p)

Equations (60) and (61) constitute a system of two equations in two unknowns (the endogenous
state variable B and the forward-looking variable h?) plus the exogenous relative productivity
term ZP. The stock of net foreign assets and the levels of the exogenous productivity parameters
describe the state of the (real) economy in each period. I assume that the restrictions on structural
parameter values such that the solution of the system (60)-(61) exists and is unique are satisfied.

The solution can be written as:

Bis1 = nppBi+npgnZy, (62)
hY = muoBi+nupznZP. (63)

In addition, the solution for the GDP differential can be written as:
yY = nyopBi+nypz0Zf. (64)

The cross-country GDP differential displays persistence beyond that of the exogenous productivity

differential because of persistent net foreign asset dynamics. Since ngp is close to 1 for realistic
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parameter values, relative productivity shocks cause a persistent GDP differential far beyond the
time at which the exogenous shock has died out under flexible prices. (See Ghironi, 2000, and
Cavallo and Ghironi, 2001.) No such persistence would arise under internationally complete asset
markets or unitary intratemporal elasticity of substitution between domestic and foreign goods. If
w=1,n,0p=n,0z0 =npzo =0 (and B, = yf’ =0 Vt).

Given that domestic GDP is given by y; = y}¥ + (1 — a) y?, a relative productivity shock has
endogenously persistent consequences on domestic GDP s long as a < 1 and w # 1. Nevertheless,
the elasticity n,pp is quite small for realistic values of structural parameters. This implies that
persistent net foreign asset dynamics under flexible prices are not sufficient to generate sizeable
persistent deviations of domestic GDP from the steady state following exogenous shocks. Once the

shock has died out, the deviation of domestic GDP from the steady state becomes very small.!?

5.2 Sticky prices

The dynamics of the economy are now affected by the markup fluctuations generated by nominal
rigidity.

It is possible to prove that w = 1 implies Byy1 = 0 Vt also under sticky prices regardless of
other parameter values. Intuitively, equation (36) shows that the GDP differential is always zero
regardless of productivity and interest rates if the elasticity of substitution between domestic and
foreign goods is one. Because countries are starting off with zero net assets, identical GDP levels
imply that the two economies have identical real resources to allocate to consumption in all periods.
Thus, the utility maximizing choice entails ¢ = 0 Vt.

The path of the nominal exchange rate can be determined by using the UIP condition (29)
in conjunction with the interest setting rules for the domestic and foreign economy. Combining

equation (51) with UIP and rearranging, we obtain:
_ . uD | ¢D
€1 — (1 + ag) & + ager—1 = ary,” + & (65)

The system on which I focus for the general case w # 1 consists of equations (31), (32),
(36), (37), (39), (40), (41), (42), and (65), combined with the assumptions on the shock processes,
ff) = ,uﬁg ; and ZP = ngZtQ ;- It is hard to obtain an easily interpretable analytical solution for
this system. Thus, I resort to Uhlig’s (1999) numerical implementation of Campbell (1994). The

. / .
endogenous state vector is [Bt+1, €t, ¢tD , th , ytD , htD , vtD ] , the vector of other endogenous variables
. D ! i . o .

is [Wf PI ,C,P] , and the vector of exogenous driving forces is [ZIP &P ] . T include h? and vP in

the state vector to avoid singularity problems in the solution. I interpret periods as quarters and

2Tnclusion of capital accumulation in the model along the lines of Backus, Kehoe, and Kydland (1994) would likely
amplify the importance of net foreign asset accumulation for cross-country differentials under flexible prices.
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consider the following benchmark parameter values: 8 = .99 (a standard value), p = .33 (in steady
state, agents spend one-third of their time working), a = .5 (the two economies—say, the U.S. and
Europe-have equal size), w = 3, and n = .01 (population grows by one percent per quarter). A value
of 3 for the elasticity of substitution between domestic and foreign goods is in line with estimates
from the trade literature, indeed a conservative choice. (For example, see Harrigan, 1993, Shiells,
Stern, and Deardorff, 1986, and Trefler and Lai, 1999) The choice of n is higher than realistic, at
least if one has developed economies in mind and n is interpreted strictly as the rate of growth of
population.'® However, I could reproduce the same speed of return to the steady state with slower
population growth in a version of the model that incorporates probability of not surviving as in
Blanchard (1985). I take n = .01 as a proxy for that situation. I assume a3 = .5 and ag = 1.5, as in
the interest rule popularized by Taylor (1993). Finally, I set x to 77, the estimate in Ireland (2001)
for the post-1979 period, and 6 to 6, consistent with Rotemberg and Woodford (1992). These values
imply that PPI inflation of 1 percent would generate a resource cost of .385 percent of aggregate
per capita real GDP. The choice of 6 implies a steady-state markup (non-adjusted for the subsidy
7) of 20 percent.

Table 1 shows the solution for the relevant elasticities for different values of the persistence
parameters ¢ and p.'* Nominal price rigidity implies that all variables in the endogenous state
vector (with the exception of the exchange rate) can be written as functions of By, y” ;, and
the shocks only (i.e., that the values of all other elasticities are zero, at least for the benchmark
parameterization and a number of plausible alternatives).!® In particular, the solution for the GDP

differential can now be written as:
i = WyDyDY£1 + nyp Bt + nyDZDZP + ’nyDngf)- (66)

Sticky prices introduce persistence in the relative GDP process (and in other real variables) beyond
its dependence on assets accumulated in the previous period. Recall that GDP is measured in units
of the consumption basket, i.e., by multiplying production of domestic goods by their relative price.
Stickiness in the latter generates endogenous persistence in the GDP differential and, hence, in the
dynamics of each country’s GDP. The assumption that markets are internationally incomplete (and
that the elasticity of substitution between domestic and foreign goods differs from 1) is crucial for
this result. If w = 1, there is no GDP differential at any point in time. Hence, y; = y; =y} Vt and
there is no persistence in GDP dynamics. Similarly, openness is crucial for endogenous persistence.

If home coincides with the world economy (a = 1), y; =y} Vt regardless of market incompleteness.

13The average rate of quarterly population growth for the U.S. between 1973:1 and 2000:3 has been .0025.
"The table includes also key elasticities for world dynamics.
15Tn addition, the exchange rate features a unit root.
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6 Quantitative analysis

Table 1 shows that the elasticity of today’s GDP differential to its past value, n,p,p, is sizable for
very reasonable parameter values. The endogenous persistence effect of price stickiness and market
incompleteness on GDP dynamics is significant.

To evaluate the quantitative significance of the persistence generated by price stickiness and
market incompleteness, Figure 1 presents impulse responses for three measures of real activity
following a 1 percent impulse to domestic productivity with persistence ¢ = 0, .5, .9. I consider
impulse responses for y" (this would be the response of output to a .5 percent productivity shock in
the closed economy model), y (domestic GDP in units of consumption basket), and y (h) (domestic
output in units of the representative domestic good). I include the latter as it shows that persistent
relative price dynamics translate into endogenous persistence of output also when the direct effect
of relative price stickiness is removed.'6

The top portion of Figure 1 shows that world GDP is above the steady state for only one
period following a productivity shock with no persistence. Market incompleteness under sticky
prices amplifies the initial deviation and causes domestic output to be above the steady state for
several periods.!” World GDP deviates more persistently from the steady state if ¢ = .5. However,
the deviations of y and y (h) remain larger and more persistent. The bottom portion of Figure
1 shows that sticky prices and incomplete markets succeed in generating hump-shaped responses
of y and y (h) for sufficiently high persistence of the productivity shock. Instead, the response of
closed-economy GDP is monotonic regardless of the persistence of productivity.

Figure 2 repeats the exercise for the case of a 1 percent impulse to the domestic interest
rate. The pattern is similar to that for productivity shocks. Sticky prices and incomplete markets
magnify output responses and generate hump-shaped dynamics for sufficiently persistent shocks.
There can be no hump in the closed economy case. In both figures 1 and 2, a value of w above
1 but quite low in the range provided by the trade literature generates substantial differences in
GDP dynamics relative to the w = 1/internationally complete markets allocation. This reinforces
Ghironi’s (2000) conclusion that incomplete markets, open economy dynamics can be quite different
from those under complete markets, different from results in Heathcote and Perri (2002), Kehoe
and Perri (2002), and Schmitt-Grohé and Uribe (2001).

The quantitative relevance of stickiness, openness, and market incompleteness hinges on the

Y6This happens because persistence in a country’s real consumption resources affects the dynamics of the labor
effort in general equilibrium.

"Indeed, the deviations of y and y (h) from the steady state are more persistent than it is apparent from Figure
1. Small, non-zero deviations persist until net foreign assets remain different from zero. This is the case for a large
number of periods, as a small rate of entry of new households implies slow convergence of net foreign assets to the
steady state.
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assumptions about x (the size of the cost of price adjustment), a (the relative size of the economy),
and w (the elasticity of substitution between domestic and foreign goods). The smaller x, the larger
a, and the closer w to 1 (the closer the allocation to that under internationally complete markets),
the smaller the endogenous persistence effect of stickiness, openness, and market incompleteness.
However, the results of this section suggest that price stickiness succeeds at generating sizable
endogenous persistence in real dynamics when combined with openness of the economy and market

incompleteness for quite reasonable parameter values.

7 Conclusions

I have used a two-country, monetary model to show that endogenously persistent dynamics of the
real economy are not a puzzle for the Calvo-Yun-Rotemberg sticky-price benchmark if the economy
is open and asset markets are incomplete. Market incompleteness matters because complete markets
would remove endogenous persistence through persistent dynamics of cross-country differentials
generated by sticky relative prices. Openness is crucial because, if the home economy coincides
with the world economy, domestic GDP coincides with world GDP regardless of asset market
structure.'® The endogenous persistence effect of incomplete markets in a standard sticky-price
model is quantitatively sizable for reasonable parameter values. The model can explain hump-
shaped dynamics of the real economy following productivity and monetary policy shocks. Extending
the model to incorporate capital accumulation with reasonable costs of adjusting the capital stock
in each country would reinforce the conclusions.

Openness and market incompleteness provide both an alternative and a complement to Chris-
tiano, Eichenbaum, and Evans’ (2001) habit formation, costly capital accumulation, and variable
capital utilization and to Papadopoulou’s (2001) limited participation as ingredients of sticky-price

models that can explain important features of the data.

'8Stationary net foreign asset dynamics are necessary to avoid spurious persistence of the open economy under
incomplete markets.
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Table 1. The sticky-price solution, elasticities
Endogenous states to endogenous states

B i wD wD yD hD D
B 9940 0 0 0 2144 0 0
€ 0050 1 0 0 -2041 0 O
PP 0042 0 0 0 -5438 0 0
wP 0060 0 0 0 3256 0 O
yP -0036 0 0O 0O 4363 0 0
h? 0023 0 0O O .0066 0 O
vl -0830 0 0O 0 -4498 0 0

Endogenous states to shocks

6=0 pu=0 ¢=5 pu=.5 ¢=9 p=.9

ZD gD ZD gD ZD SD
B 0499 -.2858 .0727 -.3128 .1513 -.2206
€ -.0475 -.3946 -.1047 -.5500 -.3879 -1.1087

PP 13661 7250 1.3054 .8041 1.0556  .6223
wP  -4168 -.4342 -3800 -.4834 -.2214 -.3838
yP 01015 -.5817 .1492 -.6414 3317  -.4770
h?  -.0034 -0088 -.0053 -.0192 .0026  -.0683
vP o -1046 5997 9849  2.1177 5.9911 10.4412

Other endogenous variables to endogenous states
B c o0 wD yD  hD D

wPPI” 0069 0 0 0 .0778 0 0

cP 0086 0 O 0 .0033 O 0

Other endogenous variables to shocks

ZD §D ZD gD ZD fD

aPPI7 - 0982 -.1037 -.1792 -.2293 -.5538 -.8702
cD 0008 -.0044 .0023 -.0095 .0261 -.0314

World GDP and inflation to shocks

w 1042 -.5972 1887 -.8113  .5376 -.7706
aCPIY . 1042 -.0695 -.1887 -.1887 -.5373 -.8955
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Figure 1. Impulse responses, domestic productivity shock
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Figure 1, continued
=9

Impulse responses to a shock in Z
0.7 I I I I I

Percent deviation from steady state

Years after shock



Figure 2. Impulse responses, domestic monetary policy shock

pu=0

Percent deviation from steady state

Percent deviation from steady state

Impulse responses to a shock in csi
0.1 I I I

08 | | | | |

0 0.5 1 1.5 2 2.5 3
Years after shock
Impulse responses to a shock in csi
0.1 I I I

|
0 0.5 1 1.5 2 2.5 3
Years after shock



Figure 2, continued
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