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Abstract

The sharp increase in both gross and net capital flows over the past two decades has
lead to a renewed interest in their determinants. Most existing theories of interna-
tional capital flows are in the context of models with only one asset, implying that
two-way flows are impossible and there is no role for portfolio choice. In this pa-
per we develop a method for solving stochastic general equilibrium open-economy
models of portfolio choice. We show why standard first- and second-order methods
to solve stochastic general equilibrium models no longer work in the presence of
portfolio choice. We then extend the standard solution method in a way that gives
special treatment to the optimality conditions for portfolio choice. We apply the
solution method to a particular two-country, two-good, two-asset model and show
that it leads to a much richer understanding of both gross and net capital flows.
The approach highlights time-varying portfolio shares as a potential key source of
international capital flows. The model also illustrates the role of expected and un-
expected valuation effects in the external adjustment process, which have received

significant attention in recent years.



1 Introduction

The last two decades have witnessed a remarkable growth of both gross and net
international capital flows and external positions. The near-tripling of gross posi-
tions among industrialized countries has also given rise to large valuation effects
as asset price and exchange rate changes interact with much bigger external assets
and liabilities.! These developments have lead to a renewed interest in understand-
ing the driving forces behind capital flows and their macroeconomic implications.
Most of what we know about capital flows is within settings where only one risk-
free bond is traded. Such models imply that there are no two-way capital flows, no
portfolio choice and no valuation effects. At the other extreme are models where
financial markets are complete. But capital flows don’t really matter in these mod-
els and are rarely ever computed as the real allocation is independent of the exact
structure of asset markets.? A broad consensus has therefore recently developed
of the need for general equilibrium models of portfolio choice in which financial
markets are not restricted to be complete.?

The goal of this paper is twofold. First, we develop a tractable method for
solving general equilibrium open-economy models of portfolio choice that can be
implemented both when asset markets are complete and incomplete. Second, the
method is applied to a particular two-country, two-good, two-asset model to both
illustrate the solution technique and to show that it can lead to a much richer un-

derstanding of both gross and net capital flows and positions, and corresponding

'Lane and Milesi-Ferretti (2005) offer a detailed review of these developments.
2The magnitude of capital flows in complete markets models depends on the particular struc-

ture through which the market completeness is implemented. In a setup where a full set of
Arrow Debreu securities covering all possible future contingencies is traded in an initial period,
subsequent capital flows will be always be zero. In other asset market structures with complete
markets capital flows will generally be non-zero (e.g. Kollman (2006)), but Obstfeld and Rogoff
(1996) argue that then they are “...merely an accounting device for tracking the international
distribution of new equity claims foreigners must buy to maintain the efficient global pooling of

national output risks.”
3Typical of current views, Gourinchas (2006) writes “Looking ahead, the next obvious step is

to build general equilibrium models of international portfolio allocation with incomplete markets.
I see this as a major task that will close a much needed gap in the literature...”. Also emphasizing
the need for incomplete market models, Obstfeld (2004) writes: “at the moment we have no
integrative general-equilibrium monetary model of international portfolio choice, although we

need one.”



adjustments of goods and asset prices. Our approach highlights a potential key
source of international capital flows, associated with changes over time in portfolio
shares.* We show that capital flows can be broken down into a component associ-
ated with portfolio growth through savings and a component associated with the
optimal reallocation of portfolios across various assets. The model also allows us
to study the impact of both expected and unexpected valuation effects that have
received significant attention in recent years, e.g. Gourinchas and Rey (2006),
Lane and Milesi-Ferretti (2005) and Tille (2005).°

Standard solution methods of stochastic general equilibrium models separately
analyze model equations at different orders (zero-order, first-order, and so on). The
zero-order component of a variable is its steady state.® The first-order component
of a stochastic variable is proportional to model innovations, while the second-order
component depends on the product of model innovations (product of first-order
variables). The standard solution method computes the zero-order component of
the variables from the zero-order order component of the model equations, the
first-order component of the variables from the first-order component of the model
equations (after linearization), and so on.

Unfortunately the standard method cannot be applied to a model with port-
folio choice. For example, the zero-order component of portfolio shares cannot
be computed from the zero-order component of model equations because portfolio
choice is not well-defined in a deterministic environment. More generally we show
that the problem is concentrated in one dimension, namely the difference between
portfolio shares of Home and Foreign investors (i.e. the share of one asset in the
Home investor’s portfolio minus the share of that asset in the Foreign investor’s

portfolio).” We show that the first-order component of portfolio share differences

4Even in complete market models authors generally only solve the steady portfolio allocation
rather than its time variation, e.g. Engel and Matsumoto (2005), Heathcote and Perri (2005)

and Kollman (2006).
°In the United States this has been particularly important in recent years. During 2002-2005

the United States experienced very favorable valuation effects associated with the depreciation of
the dollar and strong performance of European asset markets. These favorable valuation effects
allowed the U.S. net external debt to be stabilized over this period even though it experienced
an enormous $2.5 trillion cumulative current account deficit.

6Throughout the paper we define the steady state of a variable as the level it reaches when
no shock has occurred for an infinitely long time.

"The portfolio share difference is closely connected to the concept of portfolio home bias.



cannot be solved from the first-order component of model equations. In contrast,
the first-order component of average portfolio shares (i.e. the average fraction in-
vested by Home and Foreign investors in an asset) is determined by the first-order
component of asset market clearing conditions.

The difficulty in solving the difference in portfolio shares is best illustrated by
considering its zero-order component. The steady state portfolio allocation will
depend on second-order moments such as the variance and covariance of asset re-
turns. These second-order moments only show up in the second-order component
of the optimality conditions for portfolio choice. We show that solving the zero-
order component of portfolio share differences is based on the second-order compo-
nent of the optimality conditions for portfolio choice. Analogously, the first-order
component of portfolio share differences is based on the third-order component of
the optimality conditions for portfolio choice. While the third-order component
of model equations is generally considered to be very small and best ignored, we
show that this is misleading as it is key to obtaining the first order solution of
portfolio shares.

Overall the method can be summarized as follows. The zero-order compo-
nent of portfolio share differences is solved jointly with the first-order component
of other model variables. This uses the second-order component of the optimal-
ity conditions for portfolio choice and the first order component of other model
equations. Taking this one step further, the first-order component of portfolio
share differences is solved jointly with the second-order component of other model
variables. This uses the third-order component of the optimality conditions for
portfolio choice and the second-order component of other model equations.

Solving for the first-order component of portfolio share differences is technically
challenging as it is based on the second and third-order components of model
equations. However, we show that this is only needed to solve gross capital flows
and gross external assets and liabilities. It is not needed to solve for the first-
order component of net capital flows and the net external asset position. Those
are computed using the much easier first step of the solution method, combining
the second-order component of the optimality conditions for portfolio choice with
the first-order component of other model equations. This gives us the first-order
component of average portfolio shares, which affects net capital flows through a
reallocation towards Home assets by the average investor.

The two papers that are most closely related to ours are Devereux and Suther-



land (2006a) and Evans and Hnatkovska (2005). Both papers consider general
equilibrium models with portfolio choice under incomplete markets. Devereux and
Sutherland (2006a) are the first to show how one can derive a solution for the
zero-order (steady state) component of portfolio allocation in a broad class of such
models. They combine the second-order component of optimality conditions for
portfolio choice with the first-order component of other model equations. Their
work is important as gross positions can have substantial macroeconomic impli-
cations. They however do not analyze the time-variation in portfolio shares, nor
the dynamics in gross and net capital flows.® Evans and Hnatkovska (2005) solve
for the dynamics of the portfolio allocation in a discrete time model by combining
discrete time and continuous time solution techniques. Our approach differs from
theirs in that we solve the model entirely in a discrete time setup.” This also
has the advantage that it is more closely linked to existing solution methods of
discrete time stochastic general equilibrium models. In addition we show that a
large portion of our results, such as the dynamics of net asset positions and net
capital flows, can be solved while keeping the technical complexity to a minimum.

The remainder of the paper is organized as follows. In section 2 we describe
the solution method in general terms. Section 3 describes a particular model to
which the solution method is applied. Section 4 describes the solution method in
the context of the model. For a particular parameterization, section 5 discusses
the implications of the model for gross and net capital flows and positions, as well

as asset prices and the real exchange rate. Section 6 concludes.

8Building on Devereux and Sutherland (2006a), Devereux and Sutherland (2006b) consider
the impact of monetary policy rules in such models. They also discuss the instantaneous impact
of productivity and monetary shocks on the current account, but do not consider the dynamic
response of net capital flows and the role of portfolio reallocation. Another related paper is
Devereux and Saito (2005), who present an elegant analytical solution for incomplete markets
model in a continuous-time setting. The analytical solution is however only possible in special
cases.

9 An additional advantage is that our solution method is not constrained to logarithmic pref-

erences.



2 A general description of the solution method

2.1 Overview

This section describes the key features of our approach. We start by presenting
the breakdown of the model equations and variables into components of different
orders. We then illustrate how these components are used in standard first- and
second-order solution methods for models that abstract from portfolio choice. The
next step shows why this standard approach no longer works in a model with
portfolio choice. The section ends by describing how the method is adapted to
encompass portfolio choice and discusses a solution algorithm for solving general

equilibrium models.

2.2 The various orders of approximation

Dynamic general equilibrium models generally lead to a set of equations of the

form:
Etf(xtamt-‘rl) =0 (1)

where x; contains a vector of both control and state variables at time ¢. The
number of equations, Z, is equal to the number of variables in x;. A subset of
the state variables, denoted 7, such as productivity processes, usually follows an
ex0genous process:

Yer1 = Aye + €1 (2)

where €;.1 are the model innovations. Each variable has components that are

zero-order, first-order, and higher order:
xp = 2(0) + z¢(1) + 24(2) + ... (3)

x(0) is the zero-order component of x;, which is the steady state value of x; around
which the model equations are expanded. x;(O) is the order O component, for
O > 0. For instance, z4(2) is the second-order component of z;. Normalizing the
standard deviation of all model innovations to o, the order of a variable is defined

as follows:
Definition 1 The component of a variable is of order O if:

lim _xt(O)

o—0 O'O

5



18 either a well-defined stochastic variable whose variance does not depend on o or

a non-zero constant that does not depend on o.

Components of order O are proportional to ¢©. Zero-order variables are non-
zero constant terms that do not depend on o such as the steady state p(0) of
goods prices. Stochastic variables that are proportional to model innovations are
first-order. An example is the dynamics of goods prices in response to a shock:
pir1 (1) = pregyq. Stochastic variables that depend on the product of model in-
novations are second-order, such as pyy1 (2) = po (et+1)2. Examples of third-order
variables are the product of three model innovations, or the product of ¢ and a
model innovation.

(1) can be written as an infinite order Taylor expansion around the allocation
xy = 2441 = x(0). Let f; and fo denote the first-order derivatives of f with respect
to respectively z; and x;,1, both evaluated at 2(0). Second-order derivatives fi1,
fao and f15 are defined analogously. Writing #; = z; — x(0), and limiting ourselves

for illustrative purposes to a second-order expansion, we have:

. . r,, . 1, . NP
f(ze, xe41) = f(@(0),2(0)) + fiZe+ folpr + s @ fr1de + 25 foolen + 24 fraZea + -
2 2

Substituting #; = (1) + x(2) + ... in this relation and taking expectations, we

write the zero-order component of (1) as

f(x(0),2(0)) =0 (4)

Similarly, the first-order component is

fize (1) + foBra (1) =0 (5)

which consists only of linear terms. The second-order component is

0= Fr2) & REria(2) + 52 (1) fu, (1) O

1
t3 141 (1) farepn (1) + By (1) frawega (1)

Notice that the second-order component includes linear terms. Therefore, while
first-order components are linear, linear terms are not necessarily made only of

first-order components.



2.3 Standard solution without portfolio choice

The standard method for solving dynamic stochastic general equilibrium models
solves the order O component of model variables from the order O component of
model equations, with O usually limited to 1 or 2.

The solution is sequential in that the solution of the order O component of
model variables requires the solution at lower orders. The zero-order component
of variables is obtained from the deterministic steady state (4). The first-order
dynamics is then obtained using a linear approximation of the model equations
around the steady state, (2) and (5). The terms f; and f5 in (5) are computed using
the zero-order solution. Finally, the second-order component of model variables is
solved from (6). f1, fa, fi1, foe and fi2 in (6) are computed using the zero-order

solution, while z; (1) and ;.1 (1) use the first-order solution.

2.4 Introducing portfolio choice

When solving a model with portfolio choice the standard solution method unfor-
tunately no longer works. But before showing this, it is useful to specify how

portfolio shares enter the model.

Assumption 1 The only two ways that portfolio shares enter model equations are

(i) through the return on the overall portfolio and (ii) through asset demand.

This assumption is not very limiting and holds in almost any general equilib-
rium model with portfolio choice. Portfolio shares clearly affect the overall portfo-
lio return, which determines wealth accumulation. For concreteness, assume that
there are two countries, Home and Foreign, and N assets with asset ¢ providing a
gross stochastic return R; ;1 from ¢ to ¢ + 1, with the return expressed in units
of a numeraire currency. Consider an investor in the Home country. In period ¢
she invests a share kZHt of her wealth in asset i, with the shares summing up to 1.

Treating asset 1 as a base asset, we can write the portfolio return as

N N
p,H __ H _ H
RIS = ki Rz = R+ Y K ERi
i=1 =2

where ER; 111 = R; 141 — R1441 1s the excess return on asset ¢, relative to the base

asset.



The second way portfolio shares are assumed to affect the model is through

asset demand. This shows up in the asset market clearing condition for asset ¢:
QitkKiy = kW, + kW) (7)

The left hand side of (7) is the value of the asset supply, which is the product of
the asset price ();; and the quantity of the asset available for trading, K;;. The
right hand side of (7) is the asset demand from both Home and Foreign investors.
The Home investor invests a share k:ﬁ of her wealth W; in asset ¢, and the Foreign
investor invests a share kZFt of her wealth W} in the asset.

By affecting portfolio returns, which affect future wealth and consumption,
portfolio shares also affect asset pricing kernels. We will write the asset pricing
kernels for the Home and Foreign investors as m™ (x;, z,,1) and m (24, ,,1). The

optimality conditions for portfolio choice are then:

Eth(xt7$t+1)ERi7t+]_ =0 1= 2, ey N (8)
Eth(l'h xt—l—l)ERi,t-i—l =0 1= 27 ) N (9)

These show that investors choose their portfolio to equalize the expected return on
each asset, discounted by the pricing kernel. An immediate implication of (8)-(9)
is that the zero-order components of assets returns are the same: R;(0) = R(0) for
any ¢ =1,.., N.

Rather than conducting the analysis in terms of the portfolio shares of each
country, it is useful to do so in terms of average portfolio shares and differences in
portfolio shares. The average portfolio share of asset ¢ is the average of its share in
the portfolios of the Home and Foreign investors. It measures the extent to which
investors worldwide hold asset i:

ki, =

2y

(kP + KE) (10)

N —

The difference in portfolio shares of asset ¢ measures the extent to which Home

investors hold more or less of the asset relative to Foreign investors:
kD =kl — k] (11)

ki’?t > 0 indicates that the share of asset ¢ in a Home investor’s portfolio exceeds

the share in a Foreign investor’s portfolio. If asset ¢ is equity in Home firms, this



is the well-known home bias in portfolios. The shares in each portfolio are simple
combinations of (10) and (11): kf} = 0.5k, + k, and kf, = —0.5k], + k.

We define similar measures of average wealth and cross-country differences:
1
Wit = 5 W+ 17) WP =w, —wy

Although this is not key to the argument, we assume that the zero-order compo-
nents of the wealth of the two countries are the same, equal to W (0).1°

Assumption 1 has an important implication that will be key to the solution
method.

Corollary 1 The order O components of portfolio share differences k:i]?t do not

affect the order O component of model equations for any O > 0.

In order to see this, the order O components of the Home portfolio return and

total asset demand are:

RM(0) = Ryya(O) + Z > (0.5k5(0) + k4(0)) ERi 1 (0 —0) (12)
> (0.565,(0) WP (0 = 0) + 2k (0) WA (O — o)) (13)

0=0

The order O component of the average portfolio share, 7} (O), enters (13) and can
therefore be identified from the order O component of the asset market clearing
equations. By contrast, the order O component of the difference in portfolio shares,
k5 (O), does not enter either (12) or (13), and we therefore cannot compute it
from the order O equations of the model. Specifically, kft(O) appears in (12) only
multiplied with the zero-order component of excess return, E'R;;41(0), which is
zero. Similarly, k5 (O) appears in (13) multiplied with the zero-order component
of the wealth difference, W;”(0), which is also zero.

While the order O component of ki’?t does not affect the order O component of
model equations, it is clear that the O — 1 and lower order components of k;ft do
affect the order O component of model equations (they affect both (12) and (13)).
This will be key to the solution method discussed below.

100therwise average portfolio shares need to be defined as a weighted average, using the zero-
order components of wealth shares as weights.



2.5 The limitation of the standard solution method

The standard method of solving the order O component of model variables from the
order O component of model equations only works if the following two necessary

conditions are satisfied:

Condition 1 The order O components of all model equations depend on the order

O component of at least one model variable.

Condition 2 The order O components of all model variables affect the order O

component of at least one model equation.

These conditions are needed to solve the order O components of variables from the
order O components of equations.

Neither of these conditions holds in the presence of portfolio choice. First,
Corollary 1 implies that Condition 2 is not satisfied. The order O components of

D
it

any model equation, as discussed above. Second, Condition 1 is also not satisfied

the N — 1 portfolio share differences, k;;, do not affect the order O components of

because there are N — 1 equations whose order O components do not depend on
order O variables.
To see this, consider the order O component of the optimality conditions for
portfolio choice of Home and Foreign investors:!!
o
E\ER;i111(0) + E Y _m{t (0)ERi11(0O—0) = 0 i=2.,N (14)

o=1

0
E\ER;;1(0)+ E > _m{ (0)ER;;11(0—0) = 0 i=2_N (15)
o=1
(14)-(15) show that the order O component of the expected excess return depends
on the order O component of the covariance between the asset pricing kernel and

the excess return.!'2

The order O component of the asset pricing kernels does
not enter (14)-(15) since it is multiplied by zero-order components of the excess
returns, FR;;.1(0), which are zero. (14)-(15) imply that for both Home and
Foreign investors the first-order component of expected excess returns is zero:

EtERi,tJrl(l) == O

'Without loss of generality the zero-order components of the asset pricing kernels are normal-

ized at 1.
12 A covariance is often considered to be a second-order moment, but it can have higher order

components as well when it is not constant over time.

10



Now consider the difference between the Home and Foreign optimality condi-
tions for portfolio choice (14) and (15), which we will refer to as the portfolio Euler
equation differentials. The zero and first-order components of the difference are
zero. For O > 2 the difference is

o)
E)Y  [mfly(0) = m{1(0)] ERjy:1(0 —0) =0 i=2,..,N (16)
o=1
While this difference is not zero, it still does not depend on the order O component
of variables because FR;;11(0) = 0. There are therefore N —1 equations for which
the order O component does not depend on the order O component of any model
variable. Clearly therefore, both Conditions 1 and 2 are not satisfied.!?

Two final comments are worth making with regards to (16), which will be
relevant to the solution algorithm discussed below. First, while the order O com-
ponents of the portfolio Euler equation differentials do not depend on the order O
components of model variables, they do depend on the order O — 1 components of
model variables, as reflected in both mf% | (O—1)—m;,;(O—1) and ER;;1(0O—1).
Second, portfolio share differences do not directly affect (16). They only impact the
asset pricing kernels indirectly through the portfolio return, which affects next pe-
riod’s wealth. To summarize, the order O components of portfolio Euler equation
differentials depend on components of order O —1 and less of model variables other
than portfolio share differences, which enter only indirectly through the portfolio

return.

2.6 Solution algorithm

In developing the solution method, we start from the fact that Conditions 1 and
2 are satisfied for Z = Z — (N — 1) equations and variables. This includes all
model variables other than the vector k” of N — 1 portfolio share differences and
all model equations other than the N — 1 portfolio Euler equation differentials
(16). From now on we will simply refer to these as the “other” model variables

and “other” model equations. This suggests that the order O components of the

13(16) is derived under the assumption that the return on asset i is the same for Home and
Foreign investors, in terms of the numeraire. The model presented in Section 3 relaxes this
assumption by introducing a trading friction, which appears as an additional term in (16). But
the presence of this additional term does not affect our point that the order O component of (16)
does not depend on the order O component of model variables.

11



Z “other” model variables can be solved from the order O components of the Z
“other” model equations using the standard method. However, this solution is
conditional on k”(O — 1) as we have shown that the order O — 1 components
of portfolio share differences affect the order O components of the “other” model
equations.

In order to simultaneously solve for k”(O — 1) we need to use the order O + 1
components of the N — 1 portfolio Euler equation differentials (16). The latter
depend on the order O components of the “other” model variables, which in turn
are solved as a function of kP (O — 1) from the “other” model equations. We can
therefore use (16) to solve for k2 (O—1). This suggests a joint solution of k” (O —1)
and the order O components of “other” model variables. The solution algorithm

can be summarized as follows.

Solution Algorithm In sequence O = 1,2, .. solve the order O — 1 component of
kP jointly with the order O components of all “other” model variables, using (i)
the order O + 1 components of the portfolio Euler equation differentials and (ii)

the order O components of all “other” model equations.

Consider the case of O = 1. We know from (12)-(13) that the first-order
component of model equations is affected by the zero-order component of kP,
namely kP (0), but not the first-order component of £, that is k”(1). Using the
first-order component of the Z “other” model equations, we can then solve the first-
order component of the Z “other” variables as a function of the unknown kP (0).
To solve for kP (0), we then use the second-order component of the portfolio Euler
equation differentials. These depend on the first-order components of the “other”
model variables, which have been solved as a function of k”(0). Therefore k”(0)
and the first-order components of the “other” model variables are solved jointly,
using the first-order components of “other” model equations and the second-order
component of (16).*

For O = 2 we follow the same steps one order higher, jointly solving the first-
order component of k” and the second-order component of the Z “other” model
variables. In this case we use the second-order components of the “other” model
equations together with the third-order component of the portfolio Euler equation

differentials. This is where we stop in the paper as we are only interested in the

14 This method to jointly solve kP (0) and the first-order components of the “other” variables

corresponds to the method of Devereux and Sutherland (2006a).

12



first-order components of gross and net capital flows. But in principle one can
keep following this algorithm for higher orders.

Solving for the first-order component of kP requires second and third-order
components of model equations and is therefore substantially more complicated
than solving the first-order component of “other” model variables. However, the
first-order solution of kP is only needed to compute the first-order component of
gross capital flows and gross external positions. We can gain substantial insights
on the solution of the model, while avoiding technical complication, if we are
willing to focus on the net asset positions and net capital flows. The first-order
components of these net variables do not depend on the first-order solution of k.
Solving the zero-order solution of kP jointly with the first-order solution of the
other model variables is sufficient.

This can be seen as follows. If the first J assets are claims on the Home country;,

the net value of Home external assets minus liabilities is

N J J J
Wi kW SO = W W3 W K,
=1 =1 =1

i=J+1
The first-order component of the net external asset position is proportional to:

J

W, (1) — 2w/ (1 Zk: ) —2W(0) > K, (1) ——WD Zk
i=1
It clearly depends on the zero and first-order components of the average portfolio
shares, but only on the zero-order component of the difference in portfolio shares.
Net capital flows are simply equal to the change in the net external asset position,
after controlling for valuation changes associated with asset prices, and can also

be solved without needing the first-order difference in portfolio shares.

3 A two-country, two-good, two-asset model

This section describes a symmetric two-country, two-good, two-asset model to
which the solution technique will be applied. In order to both simplify and focus
the analysis, the key element of the model is portfolio choice. We abstract from
consumption and investment decisions, even though they can easily be introduced
in extensions. By focusing squarely on portfolio decisions, the model aims directly

at what has been the key obstacle so far in solving incomplete markets models.

13



3.1 Two goods: production and consumption

The two countries, Home and Foreign, each produce a different good that is avail-
able for consumption in both countries. Production uses a constant returns to

scale technology combining labor and capital:
Yoy = AnaKpy Ny Vi = AroK "Ny,

where Yy and Y7 denote outputs of the Home and Foreign goods respectively, A is
an exogenous stochastic productivity term, K is the capital input and NV the labor
input. A share 0 of output is paid to labor, with the remaining going to capital.
The capital stocks and labor inputs are exogenous and normalized to unity, so

outputs simply reflect the levels of productivity:
Yu: = Amy Yri = Apy (17)

Log-productivity in both countries is assumed to follow an exogenous auto-

regressive process.

Aft+1 = POt + €H 141 Apty1 = PAF + €F 41 (18)

where lower case letters denote logs and p € (0,1). The innovations have a N (0, o)
distribution and are uncorrelated across countries.
Both goods are used for consumption, with the overall consumption index in

both countries reflecting a preference towards domestic goods:

A—1 A—1

G = [} (Cu= + (-} (e ]

1

¢ = Ja-wb ()T + @ )]

C is the overall consumption index of the Home consumer, C'y denotes her con-

>

sumption of Home goods and Cr denotes her consumption of Foreign goods. The
index for the Foreign consumer is similar, with an asterisk superscript added. A
is the elasticity of substitution between Home and Foreign goods. « is relative
preference towards domestic goods, with o > 0.5 corresponding to home bias in
consumption.

The allocation of consumption across goods is computed along the usual lines.

For instance, the demands for Foreign goods by Home and Foreign consumers are:
Cry = (1 =) (Pr) " (P)* G he=a(Pe) (B CE o (19)

14



The Home good is the numeraire. P, is the relative price of the Foreign good and

P, and P} are the consumer price indices:

1 1
Po=la+(1—a)[Pr) " Pr=|1-a)+alPg] "

The presence of home bias in consumption, a > 0.5, implies that the Home and
Foreign consumer price indexes do not move in step, so movements in the relative
price of the Foreign good lead to movements in the real exchange rate P;/P,. The
model therefore has implications for real exchange rate adjustments that can be
expected when faced with external imbalances, as in Obstfeld and Rogoff (2005)
and Engel and Rogers (2006).

3.2 Two assets: rates of return

Two assets are traded, claims on the Home capital stock Ky and claims on the
Foreign capital stock Kp. We refer to these assets as Home equity and Foreign
equity. The price at time ¢ of a unit of Home equity is denoted by @, measured
in terms of the numeraire Home good. The holder of this claim gets the dividend
at period t + 1, which is a share 1 — 6 of output (17), and can sell the claim for
a price Qu 1. The overall return on a Home equity, in terms of Home goods, is
then:

- 1-0)A
n Qui+1 — Qg +( JAR 11
Qm Qu,

Similarly, the price at time ¢ of a unit of Foreign equity is denoted by @)z, expressed

RH,t+l - 1 (20)

in terms of the numeraire Home good. The return on Foreign equity is:

QF,t—‘rl - QF,t + (1 - Q)PF,t—‘rlAF,t-i-l
Qry Qry

(20)-(21) show that the returns consist of a capital gain or loss due to movements

RF,t—i—l - 1 + (21)

in equity prices and a dividend yield.

While agents can invest in equity abroad, this entails a cost. Specifically, the
agent receives only the returns in (20)-(21) times an iceberg cost exp [—72] €
(0,1). This cost does not represent lost resources, but instead is a fee paid to a
broker. It is a simple way to capture the hurdles of investing outside the domestic
country, reflecting the cost of gathering information on an unfamiliar market for

2

instance. The cost is second-order (72 is proportional to ¢?) to ensure a well-

behaved portfolio allocation.
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In period t a Home agent invests a fraction k'g,t of her wealth in Home equity,
and a fraction kﬁt =1- kg,t in Foreign equity. The overall real return on her

portfolio, expressed in terms of the Home consumption basket, is then:

by
P

RN = [l Roger + (U= ki)™ R (22)

Similarly, a Foreign agent invests a fraction k:f“ of her wealth in Home equity, and
a fraction kﬁt =1- kat in Foreign equity, leading to an overall real return in
terms of the Foreign consumption basket of:

Py
P

Rfﬁ = kfl,teiTzRH,tH + (1 - kf{,t)RF,tH (23)

3.3 Wealth accumulation

It is well-known that when financial markets are incomplete even transitory shocks
can lead to a non-stationary world distribution of wealth, so that the steady
state is not well-defined. In order to induce stationarity, and also abstract from
consumption-savings decisions, we adopt the framework of Caballero, Fahri and
Gourinchas (2006). A fraction ¢ of agents dies each period. An identical number
of agents is born, keeping the population constant. Agents only consume in the
last period of life, during which they liquidate all their assets. Since the probabil-
ity of death is the same for all agents, total consumption is then simply equal to
aggregate wealth times the probability of death.

As an additional simplification we assume that newborn agents work only in
the first period of their life and therefore face no risk on any future labor income.

After that the wealth of a particular Home investor j accumulates according to
Wi, = WjRp! (24)

The portfolio return will be the same for all Home investors as they all choose the
same portfolio.

Aggregate wealth accumulation is different for three reasons. First, only a
fraction 1 — 1 of wealth is reinvested since the rest is consumed by agents who
will die. Second, labor income of the newborn raises aggregate wealth. Third, we
assume that the cost of equity investment abroad does not represent lost resources,
but instead is a fee paid to a broker. For simplicity we assume that the brokers

are the newborn agents. These fees therefore redistribute wealth between the
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newborn and older agents, but do not affect aggregate wealth. Let W, and W}
be real aggregate wealth of the Home and Foreign countries, measured in terms of

their respective consumption baskets. They then accumulate according to

P, HA
Wi = (1 =9) [kg,tRH,t—H +(1 - kg,t>RF,t+1] LW, 4 —hd
Pra Py

(25)

Pr 0Pp 1A
Wi = (L= 9) [k Ries + (1= ki) R ] 5= W7 + =5 —25426)
t+1 t+1

3.4 Markets clearing

There are goods and asset market clearing conditions for both countries. Con-
sumption by the Home and Foreign dying agents has to equal the output of Home
and Foreign goods. Using (17) and (19), the Home and Foreign goods market

clearing conditions are

Ay = a(P) W, + (1—a) (P Wy (27)
Ape = (1=0a) (Pre) (P Wy + o (Pre) 7 (P7) 9 W (28)

Turning to asset markets, the total values of Home and Foreign equity supply
are equal to Qm; and (Qr, since the capital stocks are normalized to 1. The
amounts invested by Home and Foreign agents at the end of period ¢, measured in
Home goods, are (1 — ) W, P, and (1 — ) W} P} respectively. The market clearing
conditions for Home and Foreign asset markets are then

QH,t = (1 - 77/1) [kg,tWtPt + k?gtm*Pﬂ (29)
Qry = (1=) [kf WP+ kp,W; P/ (30)

3.5 Portfolio allocation

The only decision faced by agents is the allocation of their investment between
Home and Foreign equity. A Home agent j who dies in period ¢ 4+ 1 consumes her

entire wealth and gets a utility

(W)

Utj+1: 1—~

From the point of view of period t, the agent faces a probability 1) of dying the
next period. We denote the value of wealth in period ¢ by V(W/). The Bellman
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equation is
. 1_,Y
. , E, (W
V) = 80— BV vy + g )
where 3 is the discount rate. We conjecture the following form for the value of

(31)

wealth: 1
) (W7)

1 —7
where S; is the state space discussed below. The function fy(S;) captures time

V(W) = ertints (32)

variation in expected portfolio returns. The steady state of .S, is a vector of zeros
and we normalize fy(0) = 0. The constant term v can have components of zero,
first and higher order, written as v = v(0) + v(1) + ..., with v(7) proportional to
o'. For Foreign investors the function fz(S;) is replaced by fr(S;).

Agent j chooses the portfolio allocation to maximize the right hand side of (31).
After substituting the wealth accumulation equation (24) for agent j and using the
portfolio return (22), the first-order condition with respect to the portfolio share

invested in Home equity is

2

-
By (1 —gp)ertInSn) 4 ) (Rfﬁ> (RH,t+1 —e’ RF¢+1) =0 (33
1
Similarly, the first-order condition for Foreign investors is
O+ fF (St41) pF\ [ 72 by
By (1= )7 ) (RER) (67 Rires = Brwt ) 5 =0 (34)
t+1
Using (32), the Bellman equation can be written as
1—
eVt fu(St) — BE, ((1 _ ¢)6U+fH(St+l) + ¢) (Rfﬁ) K (35)

This gives an implicit solution to the function fx(S;). The Bellman equation for

Foreign investors it is

1—y
€y+fF(St) _ ﬁEt ((1 . w)ev'f‘fF(SH-l) + @D) <Rﬁﬂ> (36)

4 Solution of the model

We now apply the general solution method discussed in section 2 to the specific

model of section 3. After substitution of the expressions for asset and portfolio
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returns, the model can be summarized by 12 equations: the two processes for
technology (18), the two wealth accumulation equations (25)-(26), the two goods
market equilibrium equations (27)-(28), the two asset market clearing conditions
(29)-(30), the two Euler equations for portfolio choice (33)-(34) and the two Bell-
man equations (35)-(36). The Foreign goods market equilibrium condition (28)
can be dropped due to Walras’ law, which gives a total of 11 equations.

Dropping country subscripts due to symmetry, the steady state or zero-order
components of variables are W(0) = 1/¢, R(0) = (1 —¢0) /(1 —v) > 1, Q(0) =
(1= ) /6, A(0) = Pp(0) = 1 and v(0) = In(B)+(1—)in(R(0))—In(1—B(1—)).
These follow directly from the zero-order components of all equations. As discussed
in section 2, the zero-order component of portfolio shares can only be computed
from a higher (second) order component of portfolio Euler equations. We write
the steady state fraction that each country invests in domestic assets as k(0).
Therefore k#(0) = kE(0) = k(0). To compute the higher order components of
all equations we expand around the zero-order components of all variables. As
standard, for variables other than portfolio shares the expansions will be around
their logarithmic form, which we denote with lower case letters. Appendix A lists
the model equations with variables in logarithmic form.

We can now follow the solution method described in section 2. We keep the
description of the solution method as non-technical as possible, focusing on the
methodology rather than the details. Appendices B and C provide an abbreviated
version of technical details associated with the Bellman equations and the Euler
equations for portfolio choice, with a full description of all the algebra left to a

Technical Appendix that is available on request.

4.1 The easy part

We start with the first-order solution of all variables other than the portfolio share
difference kP = kﬁt — kﬁt, conditional on the zero order component £(0) of port-
folio shares. For technology, wealth and portfolio shares we use the differences and
averages of the variables across countries rather than the country-specific variables

themselves. For example, a” = af — af and a* = 0.5(af’ + al).
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The vector of state variables is

The state consist of the average and difference in technology variables and the
difference in wealth levels. The average wealth level is not a separate state variable
since it is tied to the average technology level through the goods market equilibrium
conditions. The first-order components of w;* and a;! turn out to be identical.
First consider the 9 equations of the model other than the Bellman equations.
After linearization we obtain the first-order components of the equations. There is
one redundancy since the first-order component of the Euler equations for Home
and Foreign investors are identical. They both imply that the first-order compo-

nents of expected returns are equal:
EtTH,t+1(1> = EtTF,t—i—l(l)

This leaves us with 8 equations. Taking expectations of all equations, they take
the form F;f(x;, x;11) = 0, where x; consists of the 3 state variables in (37) plus
the 5 control variables cv; = (W, prs, kY, qre, qre)'-

Using the entirely standard first-order solution technique applied to the first-
order components of the log-linearized equations (see the Technical Appendix for
details), we can then solve for the first-order component of control variables as a
function of state variables and the dynamic process of the first-order component

of state variables:

cvy(1) = BSy(1) (38)
St+1(1) = N15t<1) + N26t+1 (39)

where B, N; and N, are matrices and €41 = (€}, €1,,)" is the vector of technology
shocks.

The first-order component of k', the average fraction invested in Home assets,
only shows up in the first-order component of the asset market clearing conditions.
A higher average portfolio share implies a higher demand for Home equity, which
raises the relative price of Home equity. This lowers the expected return on Home

equity relative to Foreign equity. Imposing that the first-order components of
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expected returns must be equal then identifies the equilibrium average portfolio
share. As discussed in section 2, the first-order solution of the average portfolio
share, not the portfolio share difference, is sufficient to compute the first-order
component of the net external asset position and net capital flows.

The final two equations are the Bellman equations. Let the first-order compo-
nents of fy(S:) be Hy ySi(1), where Hy y is the first-order derivative of fy with
respect to S; at its steady state of S;(0) = (0,0,0)". Appendix B shows that H g
can be computed from the first-order component of the Home Bellman equation,
which also gives v(1) = 0. For the Foreign country the first-order component of
fr(Se) is Hy pSi(1), with H; p solved analogously from the first-order component
of the Foreign Bellman equation.

4.2 A bit more difficult

The first-order solution so far is conditional on the unknown zero-order component
of the portfolio share, k(0). As discussed in section 2, it can be solved from the
difference across countries of the second-order component of the portfolio Euler

equations. Leaving the algebraic details to the Technical Appendix, we get

1 = Lo (). era(1)
k0) = 2 * yvar(ery1(1)) * 2 v var(ery1(1)) (40)
1(1 — ¢)cov(fre1(1) — freni(1), erya (1))
2 yvar(eriy1(1))

where eryy 1 = rg11 — rri+1 18 the excess return, whose first-order component
is ery 1 = re€i4q for a 1 by 3 vector r. that follows from the first-order solution.
frts1(1) = HypSia(1) is the first-order component of the function fg(Si1).
Finally, ' =1 — B(1 — 4)R(0)!.

(40) shows that three channels can push investors away from a fully diversified
portfolio, defined as k(0) = 0.5. The first reflects the cost of investing abroad,
72, with a higher cost making investing in domestic equity more attractive. The
second channel reflects the co-movements of the real exchange rate and excess
return. Assuming v > 1, it is attractive for Home investors to invest in the Home
equity if the excess return on Home equity is high in states where the Home price
index is relatively high. The final channel captures a hedge against changes in
future expected portfolio returns, which are captured by the functions fy(S;.1)

and fr(Si+1) in the value function of Home and Foreign investors next period.
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An increase in these functions imply a drop in welfare. It is attractive for Home
investors to invest in Home equity when the excess return on Home equity is high
in states where fy(S;;1) is relatively high.

Notice that each of the three components of k(0) in (40) is a ratio of second-
order variables. Both the numerator and the denominator of these terms are
proportional to o2, and the ratio is therefore zero-order. This illustrates why the
second-order components of portfolio Euler equations are necessary to compute
the zero-order component of portfolio shares.

With the exception of 72, all the second-order components in the three ratios are
based on variances and covariances of first-order components of model variables.
These are based on the first-order solution (38)-(39). But the first-order solution
(38)-(39) is in turn conditional on k(0). This leads to a fixed point problem. We
solve k(0) as a fixed point of the function that maps k(0) into itself: k(0) maps
into the first-order solution (38)-(39), which maps into k£(0) in (40). The solution

described so far implements the solution algorithm in section 2 for O = 1.

4.3 The hard part

The final step is only necessary to compute gross external holdings or gross capital
flows, which requires the first-order component of the portfolio share difference
kP. For a given average portfolio share, an increase in kP implies that Home
investors increase the share of Home equity in their portfolio and Foreign investors
increase the share of Foreign equity.!® Such a retrenchment reduces gross assets
and liabilities. So far we have only solved for the zero-order component of kP,
which is 2k(0) — 1.

In order to solve for the first-order component of kP we need to implement the
solution algorithm in section 2 for the case O = 2. It proceeds along the same
line as the solution described above for O = 1, but now one order higher for all
equations and variables. It is based on the third-order component of the difference
in portfolio Euler equations, combined with the second-order components of all
10 “other” model equations. These are used to jointly solve for the first-order
component of kP and the second-order component of all “other” variables.

We start by solving the second-order component of the “other” variables condi-

tional on a first-order solution for the portfolio share difference: k(1) = k,S;(1),

15 This follows because kﬁyt = k{! + 0.5kP, kfl,t = k! — 0.5kP and k‘ﬁt =1- kg,r

22



with ks a 1 by 3 vector. The second-order components of the “other” variables
are obtained after substituting the first-order solutions of all variables into the
second-order components of the 10 “other” model equations. Since such second-
order solutions are by now quite standard, we leave a full description of the algebra
to the Technical Appendix.!® For control variables, for example pg;, the solution
takes the form

pre(2) = psSi(2) + Si(1) pssSi(1) + kypo? (41)

where p, is a vector, py, a matrix and k, a scalar. The second-order solution for

state space accumulation takes the form

Si(1)' N3 1S¢(1) + €, Naj€ry1 + Se(1) N5 g€e41
Sp1(2) = N1Si(2) + | Si(1)'N32Si(1) + €, Nuser1 + Si(1)'Nsaeryr | + Neo?
St(1)'N335¢(1) + €41 Nag€rr1 + St(1)' N5 36141
(42)
where Nj;, Ns; and N5; are matrices and Ng is a vector. Finally, Appendix B
shows that the second-order component of the Bellman equations yield the second-
order derivative of the functions fy(S;) and fr(S;) at the steady state.

In order to solve kP (1), we combine the second-order solution described above
with the third-order component of the difference in portfolio Euler equations across
countries. The latter is derived in Appendix C. The resulting first-order solution
for kP can be described as follows. For variables x and y with mean zero, define
var(z) = Fz(1)x(2) + Ex(2)z(1) and cov(x,y) = Ex(1)y(2) + Ex(2)y(1). These
capture respectively the third-order component of the variance of z and of the
covariance between = and y. We normally think of variances and covariances as
second-order terms, but to the extent that they are time varying, they include
terms of of higher order.

The first-order solution for kP from the third-order difference in portfolio Euler

equations is

var(ery1) v — 1 eov(per — Piyys €Te41)
kP (1) = —(2k(0) — 1 43
e (1) (2k(0) )var(ert+1(1)) Y var(ery11(1)) (43)
cov (frisr — frerns erea) + 0.5¢ By [(fri1(1))? — (fra(1))?)] erega (1)
yoar(ery1(1))/(1 =)
Y6For descriptions of second-order solutions see Kim et.al. (2003), Schmitt-Grohe and Uribe
(2004) and Lombardo and Sutherland (2005).
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In this expression the variance in the denominator of each ratio is second-order,
while the terms in the numerator are all third-order, so that the ratios are all first-
order. The three ratios capture respectively the time variation in the variance of
the excess return, the time variation in the covariance between the real exchange
rate and the excess return, and the time variation in the hedge against changes in
expected portfolio returns. These same elements without their time variation are
present in the zero order component (40) of portfolio shares.

An increase in the variance of the excess return by itself reduces home bias.
For example, the higher expected return on domestic assets due to the transaction
cost 72 on investment abroad translates into a smaller home bias the larger the
variance of the excess return. This is captured by the first ratio in (43). An
increase in the covariance between the real exchange rate and the excess return
leads to increased home bias as it implies that for both Home and Foreign investors
their domestic asset has a relatively high payoff when the domestic price index is
high. This is captured by the second ratio in (43). Similarly, an increase in the
covariance between the hedging term fy(S;11) — fr(Si+1) and the excess return
leads to increased home bias as it implies that for both Home and Foreign investors
their domestic asset has a relatively high payoff when their utility is low.!” This
is captured by the last ratio in (43).

The third-order terms in the numerator of (43) take the form ¢25;(1). Since
var(ery;1(1)) in the denominator is proportional to o2, the ratio is proportional to
S;. This yields kP (1) = k,S; for a 1 by 3 vector k,. We can then solve the vector
ks by solving the fixed point of a function that maps k, into itself. For a given
vector k,; we can solve the second-order components of the “other” model variables.
Together with the first-order components of the “other” model variables it allows
us to solve the time varying moments var and cov in (43). This in turn yields a
new vector k,. Solving the fixed point problem yields the first-order solution of
kD,

17 An increase in fg(S;y1) lowers utility for the Home country in time ¢ + 1 when v > 1.
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5 A numerical illustration

5.1 Parametrization

The implications of our simple model can be illustrated through a numerical exam-
ple. The particular parameterization we adopt is for illustrative purposes only, not
to match the data of any particular country. We believe that various extensions of
the model will need to be introduced before it can be seriously confronted to the
data.

We assume a labor share of output, ¢, of 0.7. Productivity shocks are assumed
to be highly persistent, with p = 0.99, and productivity innovations have a stan-
dard deviation of o0 = 5%. Turning to consumers’ preferences, we assume home
bias in preferences by setting o« = 0.8. The elasticity of substitution between Home
and Foreign goods is set at A = 2. The rate of relative risk-aversion,y, is set at
10. Agents face a probability of death of ¢y = 0.05, leading to a consumption-
wealth ratio of 5%. The transaction cost on investing abroad, 72, is set at 0.4%.
These parameters generate a sizable home bias in equity holdings, with k£(0) = 0.8.
We illustrate the dynamic response to a one standard deviation increase in Home

productivity through nine charts.

5.2 Real exchange rate and equity prices

Chart 1 illustrates the dynamic response of the relative price of the Foreign good.
The persistent increase in Home productivity boosts the supply of the Home good,
leading to an increase in the relative price of the Foreign good by 2.6% on impact.
This is followed by a gradual drop in the relative price for the Foreign goods
towards its initial level as the shock gradually dissipates. The shock therefore
leads to an immediate real depreciation of the Home currency, followed by a gradual
appreciation.

Chart 2 shows the dynamic response of equity prices. It shows the Home
equity price in units of the Home good (solid line) and the Foreign equity price in
units of the Foreign good (dotted line). The persistent Home productivity shock
immediately raises the Home equity price by 4.7%. The Foreign equity price rises
by a small 0.3%. This is because the higher productivity boosts wealth, some
of which is invested in Foreign equity. The increase in Foreign equity prices is

larger when expressed in Home goods (2.9%), due to the increase in the relative
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price of Foreign goods. Yet Home equity prices still increase by more on impact.
Following the initial jump, equity prices gradually drop back to their steady state.
The expected drop in the Home equity price is clearly much larger than of the
Foreign equity price. We return to this below when describing the role of expected

valuation effects in the external adjustment process.

5.3 Financial positions

Chart 3 shows the dynamic response of gross external assets and liabilities of the
Home country (dotted and solid lines), as well as its net external asset position
(thick line). All are shown as a fraction of the initial GDP. Gross positions change
both as a result of valuation effects and capital flows. It is therefore useful to
view Chart 3 jointly with Chart 4, which shows net external assets (solid line)
along with the cumulative net capital outflows (dotted line). The initial response
of both gross assets and liabilities is almost entirely due to unexpected valuation
effects. Chart 4 shows that initial net capital outflows are small in comparison.
Gross liabilities rise due to the increase in the Home equity price that boosts the
value of Foreign investors holding of Home equity. Gross assets rise both as a
result of the rise in the Foreign equity price (in units of the Foreign good) and the
large immediate real depreciation of the Home currency. Overall the net external
position becomes negative at —6.1% of GDP. This reflects primarily the adverse
valuation effect from high Home equity prices, which by itself leads to a —16.7%
net external position. It is partially offset by the valuation gain due to the real
depreciation of the Home currency, which by itself adds 10.0% to the net external
position.

After the initial shock gross liabilities drop much faster than gross assets and
soon the country becomes a net creditor. Chart 4 shows that this is driven to a
large extent by cumulative net capital outflows, which are the result of an increase
in savings by the Home country. On top of that the Home country also receives
fully expected valuation gains that increase its net external position, reflecting
to the gradual fall in Home equity prices in Chart 2. This is illustrated by the
decreasing gap between cumulative capital outflows and the net external position
in Chart 4.
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5.4 Capital flows

Chart 5 shows the dynamic response of both gross and net capital flows as a
fraction of the initial GDP. A positive gross capital outflow (solid line) captures
purchases of Foreign equity by Home investors, while a positive gross capital inflow
(dotted line) captures purchases of Home equity by Foreign investors. Net capital
outflows (thick line) measure the difference between gross outflows and inflows.
Initially there is a retrenchment in that both Home and Foreign investors reallocate
portfolios towards domestic assets, leading to a drop in both gross capital outflows
and inflows. Gross inflows drop by more, so that net capital outflows become
positive. After that gross capital outflows and inflows almost perfectly mirror
each other, with positive gross outflows and negative gross inflows. This means
that both Home and Foreign investors are reallocating their portfolios towards
Foreign equity by almost exactly the same amount after the initial shock, leading
to continued net capital outflows.

The next three Charts illustrate the driving forces behind the gross and net
capital flows in Chart 5. Chart 6 shows the portfolio share invested in Home equity
by both Home (solid line) and Foreign (dotted line) investors. Chart 6 also shows
the "passive portfolio share" (thick line) which reflects what the share would have
been in the absence of capital flows. Without any asset trade, the increase in
Home equity prices (Chart 2) automatically boosts the value of investors’ holdings
of Home equity, thereby raising the passive share of Home equity in portfolios.

Chart 6 shows that there is a difference between the Home and Foreign portfolio
shares is positive. In the immediate response to the shock the Home portfolio share
(0.30%) is a bit higher than the passive portfolio share (0.28%) and the Foreign
portfolio share (0.24%) is a bit smaller. This means that Home investors actively
reallocate their portfolio towards Home assets, as the increase in home equity
prices still leave the passive portfolio share short of their desired share. Home
investors then purchase additional home equity, accounting for the negative gross
capital outflows in Chart 5. Foreign investors by contrast actively reallocate their
portfolio towards Foreign assets, which accounts for the negative gross capital
inflows in Chart 5. The difference in the direction of portfolio flows across the
two countries is brought about by changes in the three elements in (43) affecting
kP: changes in the variance of the excess return, the covariance between the real

exchange rate and the excess return and the hedge against changes in expected
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returns.

Chart 6 also shows that after the initial shock the portfolio shares of both Home
and Foreign investors drop much faster than the passive portfolio share. This
means that both Home and Foreign investors actively reallocate their portfolio
towards Foreign assets, accounting for the positive gross capital outflows and the
negative gross capital inflows in Chart 5. This reallocation towards Foreign equity
by all investors is brought about by an increase in the expected excess return on
Foreign equity. This change is third-order and therefore very small.'® But expected
excess returns are divided by the second-order variance of the excess return in the
optimal portfolio, so that even a very small third-order component of expected
excess returns can generate a first-order reallocation of portfolios. Note also that
while changes in portfolio shares in Chart 6 may seem small, they can generate
large capital flows when multiplied by total wealth.

The next two charts show that portfolio reallocation indeed accounts for most
of the gross capital flows displayed in Chart 5. Some standard balance of payments
accounting that we leave to the Technical Appendix shows that gross capital flows
can be written as the sum of two components. The first is the active reallocation
of the portfolio share from the passive portfolio discussed above. We call this the
active portfolio reallocation effect. The second component of capital flows is a
portfolio growth effect, which has been emphasized by Kraay and Ventura (2000).
Holding constant the portfolio share at the steady state, an increase in national
savings leads to capital outflows equal to the rise in national savings times the
steady state fraction invested abroad.

Charts 7 and 8 document the breakdown of gross capital outflows and inflows
(solid line) into the portfolio reallocation (thick line) and portfolio growth (dotted
line) components. The shock leads to a rise in Home savings and an offsetting
drop in Foreign savings (they add to zero). Therefore the portfolio growth effect
by itself leads to positive capital outflows and negative capital inflows. While the
portfolio growth effect is not negligible, for the assumed parameterization Charts
7 and 8 show that the portfolio reallocation effect dominates the overall dynamics

of gross capital flows.

18Both the first and second order components of the expected excess return are zero in the

model.
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5.5 Channels of external adjustment

Our setup allows us to explore the channels through which the net external position
of the Home country adjusts after the initial jump. Standard balance of payments

accounting, reported in the Technical Appendix, implies that

GLi(1) — GA(1) = T:f(;os)(sl) — GA(0) Z TH,t+s(]?<O)s7:1;,t+s(1) (44)
s=1 s=1

where GA and G L represent gross assets and liabilities of the Home country and
T A is the trade balance. (44) shows that the first-order component of net external
debt is equal to the present value of future trade surpluses minus the present value
of future excess returns. A net external debt can therefore either be financed
by future trade surpluses or by more favorable future returns on external assets
(Foreign equity) than external liabilities (Home equity).

Adding an expectation to both sides of (44), the net external debt is equal to the
present value of expected future trade surpluses minus the present value of expected
future excess returns. As expected future excess returns are zero to the first-
order, this implies that the net external debt is simply equal to the present value
of expected trade surpluses. The model can therefore not account for empirical
findings by Gourinchas and Rey (2006) that net external debt is to some extent
financed by differences in expected returns.

While the expected excess returns are zero, it is nonetheless of interest to look
at their components. Breaking down asset returns into dividend yields and capital

gains, we can write

GL/(1) — GA(1) = Z E, TAtJrs Z ndt+s —Si‘TllkHs(l)) (45)
s=1 =1

where nd, s captures the net dividend income associated with differences in divi-
dend yields for the two assets and nk;, ; captures the difference in returns associated
with capital gains and losses. The latter therefore captures expected valuation ef-
fects. It can further be broken down into valuation effects associated with expected

changes in equity prices and expected changes in the real exchange rate.
Chart 9 breaks down the components of net external adjustment. In the im-
mediate response to the shock the net external debt of the Home country reaches
6.1% of GDP. As discussed above, this is financed entirely through expected fu-

ture trade surpluses, whose present value is also 6.1%. As Home productivity is
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persistently higher, the expected dividend yield is larger for Home than Foreign
equity, which further increases the net external debt. In present value terms this
adds 2.1% to the external debt. As the relative price of Foreign goods decreases
(Chart 1), the Home real exchange rate is expected to appreciate, leading to a
capital loss on Home investors’ holdings of Foreign equity. In present value terms
this channel adds 5.1% the the external debt. Finally, Home equity prices are
expected to decrease faster that Foreign equity prices do (Chart 2), leading to
an expected capital loss for Foreign investors on their holdings of Home equity.
In present value terms, the expected valuation effects through changes in equity
prices reduces the external debt of the Home country by 7.2%, exactly offsetting
the impact of expected differences in dividend yields and expected real exchange

rate appreciation.

6 Conclusion

We have developed a method for solving stochastic general equilibrium open-
economy models of portfolio choice with the aim of better understanding the na-
ture of international capital flows. The method has the advantage that it closely
connects to existing first and second-order solution methods of stochastic general
equilibrium models, while giving special treatment to optimality conditions for
portfolio choice. It highlights the need to go to higher orders of these optimality
conditions to solve for steady state and first-order components of the portfolio
allocation and therefore capital flows.

The method also has the advantage that it can be broadly applied. The simple
two country, two-asset, two-good example discussed in the paper illustrates what
we can learn from such models. The next natural step is to extend this frame-
work by introducing consumption and investment decisions. This will put us in a
better position to confront the model to data on gross and net capital flows and
make meaningful predictions related to the external adjustment process faced by
countries with large external imbalances like the United States.

Ultimately we will also need to introduce monetary elements to address the
call by Obstfeld (2004) for an “integrative general-equilibrium monetary model
of international portfolio choice.” Together with introducing fiscal policy and

nominal bonds, this puts us into a better position to address policy questions.
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Capital flows play a key role in discussions about the nature of exchange rate policy
that countries should adopt. In the model welfare and capital flows are naturally
intertwined as the second-order component of the value function requires the same

solution method that gives the first-order component of gross and net capital flows.
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Appendix

A Equations of the model

As discussed at the beginning of section 4, the model can be summarized by 11
equations. Writing variables other than portfolio shares in logarithmic form these

equations are

GHt+1 = PAHt + €H 11 (46)
Api1 = Paps + Epp (47)
ewt+1+pt+1 — (1 o w) [kgterH,t-H + (1 - kgt)emr,u-l] ewt+Pt +

fe®H t+1 (48)

ewt*+1+Pf+1 = (1 - 1/1) [klljfterH!t“ + (1 — kflt)erF’Hl] ewf“‘l’f +
eeth+1+aF,z+1

COH t — a¢€wt+>\pt +(1—a) ¢ewf+)\p? + a¢€w?+>\(Pf—PF,t)

edHt — (1 _ 77Z)) [k‘ﬁtewtﬂ’t + k}f;’tewf‘*‘ﬁ}

(49)
(50)
(51)
elFt — (1_w) [kgtewt+pt+k£tewt*+pf] (52)
(53)
(54)
(55)
(56)

eVt (S) — BE, ((1 _ ¢)ev+fH(5t+1) + ¢) 6(1—7)7“fﬂ
VT fr(St) — BE, ((1 _ 77Z))ev-f-fF(SHl) + ¢) 6(1—7)T§7ﬂ

(46) and (47) are the autoregressive processes for productivity. (48)-(49) are the
wealth dynamics in the Home and Foreign countries. (50) is the Home goods
market clearing condition (we can omit the Foreign goods market clearing condition
due to Walras’s law). (51)-(52) are the market clearing conditions for Home and
Foreign equities. (53)-(54) are the optimal portfolio conditions for Home and
Foreign investors. Finally, (55)-(56) are the Bellman equations for Home and
Foreign investors.

These equations depend on consumer price indices, asset and portfolio returns,
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which in logarithmic form can be written as

=M — (4 (1—a) e(1=A)pr:

eTH.,tJrl — G(IH,tJrl_(IH,t + (1 _ e)eaH,t+l_(IH,t

57
o8
59
60
61

e'Ft+l — pdFt+1—qF + (1 _ g)eppt+1+ap,t+1*QF,t

p,H _ 2 _
o — [kgter}z,tﬂ + (1 _ k:g’t)er““ T ] ePt—Pi+1

(
(
(
(
(
(62

)
)
)
)
)
)

., F 2
ert+1 — |:le{ terH,t-H*T + (1 _ k[F{t>erF’t+1] epzfp;+1

(57)-(58) define the consumer prices indexes. (59)-(60) define the rates of return
on Home and Foreign equity. Finally, (61)-(62) define the rates of return on the

portfolios of Home and Foreign investors.

B Expansions of the Bellman equation

The elements of the Bellmann equation for the Home investor (55) are solved by
taking a second-order expansion around S = 0. The resulting expression contains
both first- and second-order components. The first-order components are:

v(1) + HygSi (1) = (1 — ) [v (1) + Hy g EtSpea (D] + Ei(1— )1 (1) (63)

where v (1) is the first-order component of v and H; p is a 1x3 matrix with the first
derivative of fz(S), evaluated at S = 0. ¢ is a transformation of the probability
of death 1: ¢' =1 — (1 — ¢)R(0)*~7. (63) is solved by v (1) = 0 and:

Hyg=1—7)r (I — (1—9)Np) "

where 7, is a 1x3 matrix taken from the first-order solution of the portfolio return
for the Home investor from (38): Tfﬁ (1) = 7381 (1), I3 is a 3x3 identity matrix
and N; is the 3x3 matrix from (39).

The second-order components of (55) are:

1

Hym$i(2) + 5 [[H1 S ()] +20(2) + S, (1) Ho Sy (1)] = (64)
(1= /) iy BuSis )+ (1= ) Bt @)+ LB [0 =t 0]+
L | [furSe 1)+ (0= et 0] 20 ©) 4 S (1) HoSi (1)
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where v (2) is the second-order component of v and Hj y is a 3x3 matrix with the
second derivative of fy(5), evaluated at S = 0.

(64) entails cross-products of the first-order components of the state variables,
Si1 (1), and the portfolio return, 77}1 (1). These terms are taken from the first-
order solution (38)-(39). (64) also includes the second-order components of the
state variables, S;;; (2), which are taken from (42), as well as the second-order
component of the expected the portfolio return, Etrfjg (2), which takes a from

similar to (41):
EarP(2) = 7050 (2) + i (1) 746S; (1) 4 70 (65)

where r,, is a 3x3 matrix and 7 is a scalar.

We use (64), along with the solution for Sy, (1), Siy1 (2), 727 (1) and EyrP? (2)
to solve for Hy ir."* The 9x1 vector H35; is the "vectorized" form of the 3x3 matrix
Hjy . Specifically, the first three elements of Hy%; are the first row of Hy g, the
next three elements are the second row of Hs i and the last three elements are the

third row of Hy . Hy% is solved from (64) as:
5% = (Ig — (1 — ¢)N) " Hy*

where Ig is a 9x9 identity matrix. N is a 9x9 matrix that consists of cross-products

"vec-

of various elements of the N; matrix from (39). The 9x1 vector H{* is the
torized" form of a 3x3 matrix Hs. The matrix H3 includes cross-products of the
matrices Hy y and 75, as well as the matrix 7, in the second-order component of

the expected portfolio return (65), specifically:

H3 = _H{,HHLH + 2F1 + 2(1 - ’7)7”55 + (]_ - 77/}/)N{HLHH1,HN1
+2(1 =) (1 = y)N{H] s + (1= 7)*rirs

3
Fy = (1—¢)) Hyu(v)Ns,
v=1

where Hj y(v) is the v’th element of the 1x3 vector Hy gy and the 3x3 matrices
Nj, are the same as in (42).
The corresponding matrices for the Foreign investor, H; p and Hj g, are com-

puted analogously.

9We also solve for v (2), but this element does not affect portfolio choice.
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C First-order difference in portfolio shares

The solution of the first order component of the portfolio share difference kP relies
on the third-order components of the optimal portfolio conditions (53)-(54). The

expansion of the condition for the Home investor (53) leads to:

Ereryir (3) + Eyerpr (1) 1y (2) + Erereyn (2) riy (1) (66)
FErer (1) | (1= 0 frenn (2) = 972 (2) 4 91 (2) = pisa (2)
+Brerian (2) [(L= 0) fen (1) = 908 (1) 4+ pe (1) = pera (1)

+72 B, [TF,Hl (1) + (1= ) frren (1) = 8 (1) + p (1) = pesa (1)} +03 =0

where eryq (1) = T (1) — 7R (0), iy (1) = 0.5 [rme (0) + 7pesa (i)], and
72 is second-order. The first term in (66) is the third-order component of the
expected excess returns. The next two terms are the third-order components of
the cross-product between excess returns and the average return, and consists of
products of first- and second-order terms. Similarly, the fourth and fifth terms are
the third-order components of the cross-product between excess returns and the
pricing kernel. The sixth term reflects the friction in investing abroad, 72. The

last term in (66) consists of cubic-products of first-order elements:

O3 = %Et (P4 (1)) = (rrgs ( 1))3]
+E; [(1—¢1)th+1( ) = (1) + i (1) = pent (1)} rivy (1) erpyq (1)

(
5= 9B, frer (1) = 2 (1) (1) = s (D] ern (1)

W B [ () 4 20 () = s (V)] e (1)

The various components of O3 are solved using the first-order solution (38)-(39).

We can show that the resulting expression is:

U1 =)

03 ZQTDEBHAHUzst—i- 9

E; [frim (1)) erea (1)

where Ay is a 1x3 vector and rpg and By are scalars. rpg reflects the sensitivity

of the first-order excess return to innovations:

erei1 (1) = TDEEBrl
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where €/, = e | —€l,,. Ay and By reflect the first-order solution of a combination

of the average rate of return r7}; (1) and the pricing kernel:

rﬁi—l + (1 - wl)thJrl (1) - ’erﬁ (1) +pe (1) —pea (1) = Au Sy + BHEtD-‘rl + CHetA+l

where Cpy is a scalar and €}, = 0.5 (¢/; + €[,,).
We undertake similar steps using the condition for the Foreign investor (54).

Combining the resulting expression with our results, we write:

g, [ (O = e ()] eren() (7

FBera(y | ¥ U @) = T @) =3 (H @ =25 ) |
0 2) - i (2) - (pm(z) p:+1<>> _

Bery(e | 17 a0 = frea 0] = (5 ) =28 0) ] _
I e

The first-order component of the difference in portfolio shares, k” (1), enters
(67) through the second-order components of the portfolio returns. Taking the

second-order components of (61)-(62) leads to:
i (2) = (2) = (2K (0) = 1) ere (2) + (e (2) = 97 (2)
- (pt+1 (2) = Piga (2)) + k(1) erp (1)

Similarly, taking the first-order components of a first-order expansion of (61)-(62)

leads to:

rp (1) =7 (1) = (2K (0) = 1) erpar (1) + (2 (1) = 97 (1)) = (pea (1) — 2 (1))
Using this result, (67) becomes:

wﬂt HthH(l)]Q - [thH(l)]Q)] eriy1(1)
+(1 = ")eov (fraerr — [revt, eriv1) — ¥(2k (0) — D)var(eryy1)
+ (v = 1) cov(pr1 — Dy, erern) — vk (1) var(eryr) = 0 (68)

where cov (er1,Yer1) = Ererr (1) Yer1 (2) + By (2) yera (1) and var (z41) =
cov (T441, T41) and var(ery) = Ey [ere (1)]7. (43) follows simply from (68).
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The elements of (68) are computed by using the first-order solution (38)-(39),
the second-order dynamics of the state variables, (42), and the second-order so-
lution for the control variables, which are of the form of (41). For instance, the

excess returns are:
erii1 (1) = T;€t+1 erir1 (2) = St (1)/ M€t+1

R o H F / . . .
where 7/ is a 1x2 vector, €41 = [et € +1] and M is a 3x2 matrix. Using these

expression, we write:
var(erii1) = 2Eery1 (1) erpyr (2) = 20°r.M'S, (1) (69)

(69) shows that the third-order components of the variances and covariances in (68)
reflect the second-order variance of the innovations, o2, along with the first-order
state variables, S; (1). Solving for all the third-order components of the variances
and covariances in (68) along similar lines we compute the first-order difference in

portfolio shares as a function of the first-order state variables:

where k, is a 1x3 vector.

37



References

1]

[10]

Devereux, Michael B. and Alan Sutherland (2006a), “Country Portfolios

2

in Open Economy Macro Models, ” working paper, University of British

Columbia.

Devereux, Michael B. and Alan Sutherland (2006b), “Monetary Policy Rules

2

and International Portfolio Choice, ” working paper, University of British

Columbia.

Devereux, Michael B. and Makoto Saito (2005), “A Portfolio Theory of Inter-

national Capital Flows,” working paper, University of British Columbia.

Engel, Charles and Akito Matsumoto (2005), “Portfolio Choice and Home
Bias in Equities in a Monetary Open-Economy DSGE Model,” working paper,

University of Wisconsin.

Engel, Charles and John Rogers (2006), “The U.S. Current Account Deficit
and the Expected Share of World Output,” forthcoming in Carnegie-

Rochester Conference Series on Public Policy.

Evans, Martin D.D. and Viktoria Hnatkovska (2005), “Solving General Equi-

”

librium Models with Incomplete Markets and Many Assets,” working paper,

Georgetown University.

Gourinchas, Pierre Olivier (2006), “The Research Agenda: Pierre-Olivier
Gourinchas on Global Imbalances and Financial Factors,” Review of Eco-

nomic Dynamics Newsletter, April.

Gourinchas, Pierre Olivier and Helene Rey (2006), “International Financial

Adjustment,” working paper, UC Berkeley and Princeton University.

Heathcote, Jonathan and Fabrizio Perri (2005), “The International Diversifi-
cation Puzzle is Not as bad as You Think,” working paper, NYU Stern and

Georgetown University.

Kim, Jinill, Sunghyun Kim, Ernst Schaumburg and Christopher A. Sims
(2003), “Calulating and Using Second Order Accurate Solutions of Discrete

Time Dynamic Equilibrium Models,” working paper.

38



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Kollman, Robert (2006), “International Portfolio Equilibrium and the Current

Account,” miemo, University of Paris XII.

Kraay, Aart and Jaume Ventura (2000), “Current Accounts in Debtor and
Creditor Countries,” Quarterly Journal of Economics XCV, 1137-1166.

Lane, Philip and Gian Maria Milesi-Ferretti (2005), “A Global Perspective on

External Positions,” IIIS Discussion Paper 79.

Lombardo, Giovanni and Alan Sutherland (2005), “Computing Second-Order-
Accurate Solutions for rational Expectations Models using Linear Solution
Methods

Obstfeld, Maurice (2004), “External Adjustment,” Review of World Eco-
nomics, 140(4), 541-568.

Obstfeld, Maurice and Kenneth Rogoff (1996), “Foundations of International
Macroeconomics,” Cambridge, MA: MIT Press.

Obstfeld, Maurice and Kenneth Rogoff (2005), “Global Current Account Im-

7

balances and Exchange Rate Adjustments,” working paper, Harvard Univer-

sity.

Schmitt-Grohe, Stephanie and Martin Uribe (2004), “Solving Dynamic Gen-
eral Equilibrium Models Using Second-Order Approximation to the Policy
Function,” Journal of Economic Dynamics and Control, 27, 755-775.

Tille, Cedric (2005), “Financial Integration and the Wealth Effect of Exchange
Rate Fluctuations,” Federal Reserve Bank of New York Staff Report 226.

39



Chart 1: Relative price of the Foreign good*
3.0% -
2.5% -
2.0% -
1.5% -
1.0% -

0.5% -

O .O% T T T T T 1
0 50 100 150 200 250 300

* Impulse response of the relative price of the Foreign good to a 5% increase in Home productivity.
An increase in the relative price of the Foreign good corresponds to a real depreciation for the
Home country.

Chart 2: Equity prices*
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* Impulse response after a 5% increase in Home productivity. In terms of the notation in the text the
lines represent gy and qg-pe.



Chart 3: International assets and liabilities*
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*Impulse response after a 5% increase in Home productivity. The gross assets of the Home
country are the gross liabilities of the Foreign country.

Chart 4: Net assets and cumulative net capital outflows*
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* Impulse response after a 5% increase in Home productivity. The 'cumulative net capital outflows'
line at period t denotes the sum of net capital outflows from Home to Foreign between period zero
and period t.
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Chart 5: Gross and net capital flows*
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* Impulse response after a 5% increase in Home productivity. Positive values for gross outflows
indicate a purchase of Foreign equity by Home investors. Positive values for gross intflows indicate
a purchase of Home equity by Foreign investors.
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Chart 6: Share of Home equity in portfolio*
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* Impulse response after a 5% increase in Home productivity. The chart shows the change in the
share invested in Home equity. The passive portfolio share reflects the direct impact of movements
in equity prices (the change in the portfolio share without equity trade).
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Chart 7: Breakdown of gross capital outflows*
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* Portfolio reallocation indicates capital outflows due to active reallocation towards Foreign equity.
Portfolio growth indicates capital outflows due to increased saving, allocated across assets at
steady state portfolio shares.
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Chart 8: Breakdown of gross capital inflows*
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* Portfolio reallocation indicates inflows due to reallocation towards Home equity. Portfolio growth
indicates inflows due to increased saving, allocated at steady state portfolio shares. Both are negative as
Foreign saving drops and the portfolio is reallocated to Foreign equity.



Chart 9: External adjustment channel: net present values*
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* Changes after 5% increase in Home productivity. All values are measured at the end of the
period when the shock occurs, after any initial jump in response to the shock. The 'net external
debt' column indicates the value of the Home net external debt as a fraction of GDP. The 'trade
balance' column is the net present value of expected future trade surpluses of the Home country.
The 'net dividend income' column is the present value of expected net dividend income of the
Home country (negative value=expected positive net dividend payments to Foreign country). The
‘exchange rate valuation' column is the present value of expected future valuation gains due to a
real depreciation of Home currency (negative value=valuation losses due to expected real
appreciation). The 'equity prices valuation' column is the net present value of expected future
valuation gains due to equity price changes.
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