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1. Introduction

The process of financial globalization has led to an unprecedented increase in the size and complexity of gross financial
positions and gross financial flows among countries. Lane and Milesi-Ferretti (2007a) argue that this increase in cross-
border asset holdings may have significant implications for understanding the international transmission mechanism, the
resolution of external imbalances, and the effects of macroeconomic policy.? Until quite recently, however, most open
economy macroeconomic models have not included the analysis of the composition of gross country portfolios and gross
capital flows, focusing instead on net foreign assets as a measure of a country’s external position and the current account as
a measure of financial flows. Probably the main reason for this neglect has been the technical difficulties faced in deriving
optimal portfolio positions for general equilibrium models with incomplete markets, while at the same time retaining
enough tractability to explore the responses to macroeconomic shocks and the effects of economic policy.>

This paper presents a general approximation method for characterizing time-varying equilibrium portfolios in a two-
country dynamic general equilibrium model. The method can be easily adapted to most dynamic general equilibrium
models, it applies to environments in which markets are complete or incomplete, and it can be used for models of any
dimension. Moreover, the approximation provides simple, easily interpretable closed-form solutions for the dynamics of
equilibrium portfolios.

* Corresponding author. Tel.: +1604 822 2542; fax: +16048225915.
E-mail addresses: devm®@interchange.ubc.ca (M.B. Devereux), ajs10@st-and.ac.uk (A. Sutherland).
1 Tel.: +441334462446; fax: +44 1334462444,
2 See also Lane and Milesi-Ferretti (2001, 2007b) and the subsequent work of Ghironi et al. (2009), Gourinchas and Rey (2007), and Tille (2003, 2008).
3 Engel and Matsumoto (2009) and Kollmann (2006) show how portfolio allocation problems can be analysed in open economy models with complete
international financial markets. While this provides a valuable starting point for analysis, it is not a fully satisfactory approach, given the extensive
evidence of incompleteness in international financial markets.
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The approach presented in this paper follows the fundamental contribution of Samuelson (1970) in recognizing that
successively higher-order aspects of portfolio behaviour may be captured by a higher degree of approximation of an
investors objective function. We modify and adapt this approach to a dynamic stochastic general equilibrium (DSGE)
environment, and derive simple formulae for equilibrium asset holdings which can be applied to any DSGE model that can
be solved by standard first or second order approximation methods. Building on Devereux and Sutherland (2009), which
shows how to obtain the zero-order (or steady state) portfolio holdings, we obtain expressions which fully characterize the
way in which portfolio holdings evolve over time at the first order. For simple models, optimal portfolios may be derived
analytically. For more complex models, the paper provides a simple, one step, computationally efficient approach to
generating numerical results.*

The approach to characterizing portfolio dynamics here is based on Taylor-series approximation of a model’s
equilibrium conditions. The standard log-linear approximation procedures used in macroeconomics can not be directly
applied to portfolio problems. This is for two reasons. First, the equilibrium portfolio is not determined by a first order
approximation of a DSGE model. Second, the equilibrium portfolio is indeterminate in a non-stochastic steady state, a fact
which appears to rule out the most natural choice of approximation point.> The first problem can be overcome by
considering higher-order approximations of the portfolio problem. The second problem can be overcome by treating the
value of portfolio holdings at the approximation point as an unknown, to be determined endogenously as part of the
solution. The procedure described in Devereux and Sutherland (2009) solves for portfolio holdings at the approximation
point by looking at the first-order optimality conditions of the portfolio problem in the (stochastic) neighbourhood of the
non-stochastic steady state.®

In general, a second-order approximation of the portfolio problem is sufficient to capture the different risk
characteristics of assets. It is therefore sufficient to tie down a solution for steady-state portfolio holdings. However, in
order to solve for the dynamic behaviour of asset holdings around the steady state portfolio, it is necessary to know how
variations in state variables affect the risk characteristics of assets. This, in turn, requires consideration of a third-order
approximation of the portfolio problem. A third-order approximation captures the first-order effect of state variables on
second moments and thus makes it possible to understand how portfolios should be adjusted as state variables evolve. We
show that a third-order approximation of the portfolio optimality conditions (used in combination with first and second-
order approximations of the non-portfolio parts of the model) can be solved to yield an analytical formula which captures
the dynamics of optimal country portfolios. We show that, even in its general form, this formula provides valuable insights
into the fundamental factors that determine portfolio dynamics.

The general principles underlying the derivation of approximate solutions to portfolio problems were stated by
Samuelson (1970). Using a static model of a portfolio problem for a single agent and exogenous returns, he showed that, in
general, to derive the solution for portfolio holdings up to n th order accuracy, one has to approximate the portfolio
problem up to order n+2. It is easy to see that our solution procedure follows this general principle. Our solution for the
steady-state (or zero-order accurate) portfolio is derived using a second-order approximation of the portfolio optimality
conditions, and our solution for the first-order accurate portfolio is derived using a third-order approximation of the
portfolio optimality conditions. An important innovation of our procedure, relative to the principle established by
Samuelson, is that, to derive n th-order accurate solutions for portfolios, only the portfolio optimality conditions need be
approximated up to order n+2. The other optimality and equilibrium conditions of the model need only be approximated
up to order n+1. This leads to a considerable simplification of the solution procedure.”

In a recent paper, Tille and van Wincoop (2009) use this same general set of principles to solve for the steady-state and
first-order behaviour of country portfolios in an open economy model. The Tille and van Wincoop approach is identical to
ours to the extent that, for any given model, the methods are based on solving the same set of equations. While we focus on
an analytical approach, Tille and van Wincoop (2009) describe an iterative numerical algorithm which can be used to solve
for the coefficients of the Taylor-series approximation for portfolio behaviour. It is straightforward to show that, for any

4 In the existing literature, a number of alternative approaches have been developed for analysing incomplete-markets models. Judd et al. (2002) and
Evans and Hnatkovska (2005) present numerical algorithms for solving dynamic portfolio problems in general equilibrium. These methods are, however,
very complex compared to our approach and represent a significant departure from standard DSGE solution methods. Devereux and Saito (2007) use a
continuous time framework which allows some analytical solutions to be derived in a restricted class of models.

5 It is important to understand that these are two distinct problems. The first problem arises in the approximated form of the model with stochastic
shocks, while the second arises in the non-approximated form of the model without stochastic shocks. In both cases the portfolio is indeterminate because
all assets are identical. This arises in a first-order approximation because certainty equivalence holds. And it arises in the non-stochastic steady state
because of the absence of stochastic shocks.

6 Judd (1998) and Judd and Guu (2001) show how the problem of portfolio indeterminacy in the non-stochastic steady state can be overcome by
using a Bifurcation theorem in conjunction with the Implicit Function Theorem. The solution approach presented here relies on first and second-order
approximations of the model, rather than the Implicit Function and Bifurcation Theorems, but the steady-state gross portfolio holdings derived using our
technique correspond to the approximation point derived by the Judd and Guu method.

7 Samuelson focused on a simple partial equilibrium static model where time-variation in portfolio holdings is irrelevant (because there is only one
time period). Samuelson’s approach derives successively higher-order components of the solution for portfolio holdings using higher-order
approximations of the model. We are considering a dynamic framework where portfolio holdings are potentially time varying and we show that time
variation can be captured in the approximate solution by considering higher orders of approximation of the model. The logic of our approach is the same
as Samuelson’s despite the lack of time variation in Samuelson’s model.
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given model, the steady-state and dynamic portfolio behaviour generated using the Tille and van Wincoop approach is
identical to the analytical solution supplied by our approach.

An advantage of the analytical approach is that it provides a formula which can be applied to a wide range of DSGE
models.® In many cases this formula may yield closed-form analytical solutions for equilibrium portfolios. Such solutions
can provide important insights and intuitions which are not available from numerical solutions. In addition, the formula
can be used to generate numerical results for more complex models without the need for iterative algorithms. Finally, by
employing the formula for portfolio holdings derived below, the user does not actually have to undertake higher order
approximations. That is, the solution for the zero order portfolio solution requires only a first order approximation of the
model, and the first order solution requires only a second order approximation of the model.

The paper proceeds as follows. Section 2 describes the structure of a basic two-country two-asset model. Section 3
briefly reviews the Devereux and Sutherland (2009) derivation of the steady-state portfolio for this model. Section 4
describes the solution for the first-order dynamic behaviour of portfolio holdings around this steady state. Section 5
derives the solution for expected excess returns. Section 6 applies the method to a simple endowment economy with trade
in nominal bonds. Section 7 concludes the paper.

2. A two-asset open-economy model

The solution procedure is developed in the context of a simple two-country dynamic general equilibrium model. To
make the steps as transparent as possible, the model here is restricted to a case where only two assets are internationally
traded. In addition, we assume that agents in each country consume an identical composite consumption good, so that
purchasing power parity holds. Generalising the analysis to cases with many assets, many countries and asymmetries
between countries, and cases where PPP does not hold, is straightforward.® In order to develop the solution procedure, it is
not necessary to set out the details of the whole model. Only the features necessary for portfolio choice need to be directly
included. Other aspects of the model, such as the production structure and labour supply, can be neglected since they are
not directly relevant for deriving the expressions for steady-state or first-order properties of portfolios.

It is assumed that the world consists of two countries, which will be referred to as the home country and the foreign
country. The home country is assumed to produce a good (or a bundle of goods) with aggregate quantity denoted Yy
(which can be endogenous) and aggregate price Py. Similarly the foreign country produces quantity Yr of a foreign good (or
bundle of goods) at price Pf. In what follows foreign currency prices are denoted with an asterisk.

Agents in the home country have a utility function of the form

Ur=Ec Y 0:u(Co)+v()] M

T=t
where C is consumption and u(C) = (C'-?)/(1—p). 0, is the discount factor, which is determined as follows:
01+l = 6rﬁ(CAr)’ 90 =1

where C, is aggregate home consumption and 0 < B(Cy) <1, B(C4) <0. If B(Cy) is a constant (i.e. f'(C4)=0) then the
discount factor is exogenous. In this case, if international financial markets are incomplete, there is a unit root in the first-
order approximated model. Although our solution approach works perfectly well in this case, there may be occasions
where it is useful to eliminate the unit root. This can be achieved by allowing f'(C4) < 0. Endogenising the discount factor in
this way has no impact on the applicability of our solution approach. The function v(-) captures those parts of the
preference function which are not relevant for the portfolio problem.'® The consumer price index for home agents is
denoted P.

It is assumed that there are two assets and a vector of two gross returns (for holdings of assets from period t—1 to t)
given by

re=1[rie 12,

Asset payoffs and asset prices are measured in terms of the aggregate consumption good (i.e. in units of C). Returns are
defined to be the sum of the payoff of the asset and capital gains divided by the asset price. It is assumed that the vector of
available assets is exogenous and predefined.

The budget constraint for home agents is given by

We=oq 1+ +Ye =G 2

8 We emphasise that the method is designed for use with general equilibrium models. The method relies on some of the equilibrium first-order
properties of expected asset returns. Additional restrictions may need to be imposed before the method can be applied to a partial equilibrium setting
where asset returns are specified exogenously.

9 Devereux and Sutherland (2009) develop the procedure for solving for the steady state portfolio in a much more general environment. Dedola and
Lombardo (2009) show how to apply the method to models with many countries.

10 For convenience we adopt the CRRA functional form for u(C) and assume that utility is additively separable in u(C) and v(-). Generalising our
approach to deal with alternative functional forms is straightforward.
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where o1 1 and o, ¢ are the real holdings of the two assets purchased at the end of period t—1 and brought into period t.
It follows that

o114+ 021 = Wi 3)

where W,_ is net wealth at the end of period t—1.!" In (2) Y is the total disposable income of home agents expressed in
terms of the consumption good. Thus, Y may be given by Y,Py/P+T where T is a fiscal transfer (or tax if negative).
The budget constraint can be re-written as

We =gt +12,Wee1 +Ye—Ce 4)
where
Txt =T1t—T2¢t

Here asset 2 is used as a numeraire and r,, measures the “excess return” on asset 1.

At the end of each period agents select a portfolio of assets to hold into the following period. Thus, for instance, at the
end of period t home agents select o . to hold into period t+1. The first-order condition for the choice of o, ; can be written
in the following form:

Eu'(Cer 111 = EeW (G 120 41] (3)
Foreign agents face a similar portfolio allocation problem with a budget constraint given by
Wi =oi e +12, Wi +Y -G (6)

Foreign agents are assumed to have preferences similar to (1) so the first-order condition for foreign-country agents’ choice
of of . is
Eu'(CE )1 e 1] = Eeu' (G D26 41] (7)

To simplify notation, in what follows we will drop the subscript from o and simply refer to o. It should be understood,
therefore, that o = o and oy = Wi—0os.

In any given DSGE model, there will be a set of first-order conditions relating to intertemporal choice of consumption
and labour supply for the home and foreign consumers and a set of first-order conditions for profit maximisation and factor
demands for home and foreign producers. Taken as a whole, and combined with an appropriate set of equilibrium
conditions for goods and factor markets, this full set of equations will define the general equilibrium of the model. As
already explained, the details of these non-portfolio parts of the model are not necessary for the exposition of the solution
method, so they are not shown explicitly at this stage. In what follows these omitted equations are simply referred to as
the “non-portfolio equations” or the “non-portfolio equilibrium conditions” of the model.

The non-portfolio equations of the model will normally include some exogenous forcing variables. In the typical
macroeconomic model these take the form of AR(1) processes which are driven by zero-mean innovations. In what follows,
the matrix of second moments of the innovations is denoted X. As is the usual practice in the macroeconomic literature,
the innovations are assumed to be i.i.d. Therefore, 2 is assumed to be non-time-varying. We further assume (although this
is not necessary for our solution method to work) that all third moments of the vector of innovations are zero.

It is assumed that the innovations are symmetrically distributed in the interval [—¢,&]. This is convenient because, given
the general equilibrium nature of the models we are dealing with, it ensures that all exogenous and endogenous variables
have a maximum deviation from their non-stochastic steady state values which is proportional to ¢. & can therefore be
treated as an index of the size of deviations of any variable from its value at the point of approximation, and any residual in
an equation approximated up to order n can be captured by a term denoted O(¢"*'). This greatly simplifies notation
without having any significant loss of generality.'2

The solution procedure is based on a Taylor-series approximation of the model. The approximation is based around a
point where the vector of non-portfolio variables is given by X and portfolio holdings are given by @. In what follows a bar
over a variable indicates its value at the approximation point and a hat indicates the log-deviation from the approximation
point (except in the case of &, W and #, which are defined below).

3. Steady-state portfolios

This section briefly reviews our approach to solving for the steady-state portfolio, &.!> As already explained, a second-
order approximation of the portfolio problem is sufficient to capture the different risk characteristics of assets and is

™ We interpret W, as the home country’s net wealth, which represents its total net claims on the foreign country. Assets in this set-up are defined to
be in zero net supply. Hence any income on durable assets, such as the income on (home) capital, is included as part of income, Y. Claims to capital may
be traded indirectly, however, since the asset menu can include a security with the identical rate of return to the home capital stock. Our method for
deriving portfolio dynamics works equally in the alternative approach, where wealth is defined in gross terms and some assets are in positive net supply.
The present approach makes our derivations easier, however.

12 If, alternatively, the innovations are assumed to have infinite support it is possible to use the concept of “order in probability” to denote residuals.
See Kim et al. (2008) for further discussion of “order in probability”.

3 A more comprehensive coverage is contained in Devereux and Sutherland (2009).
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therefore sufficient to tie down a solution for &. The solution for @ is defined to be the one which ensures that the second-
order approximations of the portfolio optimality conditions (5) and (7) are satisfied within a neighbourhood of X and @. We
use the symmetric non-stochastic steady state of the model as the approximation point for non-portfolio variables. Thus
W =0,Y=C and F; =T, = 1/8. Note that this implies 7, = 0. Since W =0, it also follows that &, = —o; = —.

Taking a second-order approximation of the home-country portfolio first-order conditions yields

Edlfxes 143G 17300 1)=PCoiafresa] = 0E) ®)
where 7y, 1 =71r11—T2¢41. Applying a similar procedure to the foreign first-order conditions yields

Et[fx,t+1 +%(f$,r+1 *f’;,t+1)*pé:+1fx,t+l] = 0(33) (€)]

The home and foreign optimality conditions, (8) and (9), can be combined to show that, in equilibrium, the following
equations must hold:

Ed(Cei1—Cpy1)ixes1]=0+0() (10)
and

Elfes1]= =3 EIF5 (11504114 PIEL(Cos1 +Cry e 11+ 0(E?) (11)

These two equations express the portfolio optimality conditions in a form which is particularly convenient for deriving
equilibrium portfolio holdings and excess returns. Eq. (10) provides a set of equations which must be satisfied by
equilibrium portfolio holdings. And Eq. (11) shows the corresponding set of equilibrium expected excess returns. Note that
these equations define the behaviour of portfolios and expected excess returns in equilibrium. The behaviour of expected
excess returns is therefore endogenously determined.

In order to evaluate the left hand side of Eq. (10) it is sufficient to derive expressions for the first-order behaviour of
consumption and excess returns. This requires a first-order accurate solution for the non-portfolio parts of the model.
Portfolio decisions affect the first-order solution of the non-portfolio parts of the model in a particularly simple way. This is
for three reasons. First, portfolio decisions only enter the non-portfolio parts of the model via budget constraints. Second,
the only aspect of the portfolio decision that enters a first-order approximation of the budget constraints is @, the steady-
state portfolio. And third, to a first-order approximation, the portfolio excess return is a zero mean i.i.d. random variable.'*

The fact that only the steady-state portfolio enters the first-order model can be illustrated by considering a first-order
approximation of the home budget constraint.!® For period t+1 this is given by

o
—T

N 1. N R
W1 = Wit Yep1—Copr4 —=Frrr1+0E?) (12)

B Y

where W, = (W,—W)/C. Notice that the deviation of « from its steady-state value does not enter this equation because
excess returns are zero in the steady state, i.e. 7y =0.

The fact that the portfolio excess return, &y, 1, iS @ zero-mean i.i.d. random variable follows from Eq. (11). This
equation shows that, up to a first order, the expected excess return is zero. Deviations of the realised excess return, fy; 1,
from the expect excess return are therefore i.i.d. (and are a linear function of the i.i.d. innovations affecting the exogenous
forcing processes of the model). The fact that the expected excess return is zero (up to a first order) arises endogenously
from equilibrium in asset markets. This can be explained in economic terms by noting that, up to a first order, agents are
indifferent about the risk characteristics of assets. Arbitrage therefore requires that, in equilibrium, all asset pay the same
expected rate of return.!®

These properties can now be used to derive a solution for z. In what follows, it proves convenient to define & =% /(fY)
and to describe the solution procedure in terms of the solution for &. The corresponding solution for o is simply given by
a=apY.

To derive a solution for & it is useful initially to treat the realised excess return on the portfolio as an exogenous
independent mean-zero i.i.d. random variable denoted ¢,. Thus, in (12), replace (@/BY)7x¢.1 by &;. We can then incorporate
(12) with (&/BY)f x4 1 replaced by &, into the linear approximation to the rest of the non-portfolio equations of the model.
As in any standard dynamic rational expectations model, we may summarise the entire first-order approximation (of the

14 In fact, the first of these properties is not critical for the implementation of our solution method. Our method can easily handle cases where the
portfolio excess return (i.e. o 17x) enters equations other than the budget constraint.

15 From Walras’s law it follows that it is only necessary to consider one budget constraint.

16 The equality of expected returns (at the first order) is thus a natural endogenous feature of a very wide class of general equilibrium macro models.
Our solution method can be adapted to handle cases where small trading frictions prevent arbitrage from ensuring equality of first-order expected
returns. In such cases it would be necessary to work with returns appropriately adjusted for the costs of trading frictions. Note that, if our solution
method is to be applied to a partial equilibrium model, where excess returns are specified exogenously, it would be necessary to impose (by assumption)
the equality of expected excess returns at the first order level.
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non-portfolio equations) as follows:

St | 4 Asxe+BE +0(6?) (13)
1 Edlceial | — 2 Ct 3% St

Xe=Nx;(_1+¢&

where s is a vector of predetermined variables (including W), c is a vector of jump variables (including €, C", and #), x is a
vector of exogenous forcing processes, ¢ is a vector of i.i.d. shocks, and B is a column vector with unity in the row
corresponding to the equation for the evolution of net wealth (12) and zero in all other rows.!” The state-space solution to
(13) can be derived using any standard solution method for linear rational expectations models and can be written as
follows:

Ser1=F1xe+Fose+F3&+0(e%)

Ct = P1xe+Pyse +P3 €+ 0(e%) (14)

This form of the solution shows explicitly, via the F3 and P; matrices, how the first-order accurate behaviour of all the
model’s variables depend on exogenous i.i.d. innovations to net wealth.'®

By extracting the appropriate rows from (14) it is possible to write the following expression for the first-order accurate
relationship between excess returns, 7y, 1, and &, and &, 4

Txee1 = [R11Ee 1 +[Rolilee 411 +0(e%) (15)

where the matrices Ry and R; are formed from the appropriate rows of (14). 19 Similarly extracting the appropriate rows
from (14) yields the following expression for the first-order behaviour of (€, ;— Ceip):

(Cey1=Ci) =Dl w1 +Dakilee s 1T +D3lilze + 11+ 0(e%) (16)

where z; ; =[x S;,1] is a vector formed from the exogenous driving processes and the endogenous state variables.
Expressions (15) and (16) are written using tensor notation (in the form described, for instance, by Judd, 1998; Juillard,
2003).2° This notation will prove particularly useful in the next section, where higher-order approximations are
considered.

Now recognize that the term &, represents the home country’s return on its portfolio, which depends on asset
holdings and excess returns, i.e.

Crp1=0Fxer1

Substituting into (15) and (16), we get

Fres1 = [Ralilee 411 +0(%) 17)

(Ces1—Cryp) =[Dallee s 1T +D3lilze 411 +0(e?) (18)
where

o 1

[Rao]i = 2[R ]~[R2]l (19)

2= (15 el 1021 ) 20)

17 In more general cases, were the portfolio excess return enters the model in equations other than the budget constraint, the portfolio excess return
should be replaced by &, wherever it appears in the model. The vector B would then contain non-zero elements in all the rows corresponding to the
equations where £, appears.

18 When writing a model in the form of (13) we are following the convention that s, contains the value of the s variables prior to the realisation of &,
while ¢, and x, contain the values of the ¢ and x variables after the realisation of &;.

19 Note that, because f, is a zero-mean i.i.d. variable up to first-order accuracy, (15) does not depend on the vector of state variables.

20 For instance, a subscript or superscript i refers to the i th element of a vector. When a letter appears in a term, first as a subscript on one vector, and
then as a superscript on another vector, it denotes the sum of the products of the respective terms in the two vectors. Thus [A];[B]' denotes the inner
product of vectors A and B. (Note that we enclose the matrix names in square brackets in order to separate subscripts which are part of the matrix name
from subscripts which refer to matrix elements.) When manipulating equations written in tensor notation one simply needs to keep in mind that a term
such as [AJ{[B]' is just a convenient way of writing > naib; where g; and b; are the i the elements of A and B and n is the number of elements in A and B.
Manipulations of tensor equations therefore obey all the rules of equations containing such summation terms. See Chapter 14 of Judd (1998) for more
discussion.
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Egs. (17) and (18) now show how, for any given value of &, consumption and excess returns depend on the vector of
exogenous innovations, ¢. Therefore, these expressions can be used to evaluate the left-hand side of (10) and thus to derive
an expression for a.

Note that, as shown in Devereux and Sutherland (2009), the second-order approximation of the portfolio problem is
time invariant. Thus the time subscripts can be dropped in (10). Substituting (17) and (18) into (10) implies?'

[D2iR>},[217 = 0 21
Finally substituting for [D,]; and [Rz]j using (19) and (20) and solving for & yields

[Da][Ra} (2T _
((R1JID2 )R>}~ Dy IR R [>T

This is the tensor-notation equivalent of the expression for & derived in Devereux and Sutherland (2009).

&= +0(e) (22)

4. First-order time-variation in portfolios

The portfolio solution given in (22) is non-time-varying. This is because time variation in the true portfolio, o, has no
effect on the properties of consumption, excess returns, or any other variable in the vector [s,c], when evaluated up to first-
order accuracy. But because we are modelling a dynamic environment where the portfolio choice decision is not identical
in every period, the true portfolio will in general vary across periods. Thus, o will in general vary around . In order to
solve for the behaviour of asset holdings around « it is necessary to know how the risk characteristics of assets are affected
by the predictable evolution of state variables such as wealth, or persistent movements in output. To capture these effects,
it is necessary to determine how these state variables affect the second moments that govern the optimal portfolio choice.
This in turn requires consideration of a third-order approximation of the portfolio problem. A third-order approximation of
the portfolio problem captures the effect of state variables on second moments and thus makes it possible to understand
how portfolios should be adjusted as state variables evolve.

Taking a third-order approximation of the home and foreign country portfolio first-order conditions yields

. 1 . 2 1.3 -3
Txer1ts (rl,t+1_r2,t+1)+6(rl,t+l —1r41)
E; 2 =0+0(*) (23)

2

PO o . 0~ 2 52
—PCriiTxer1+ 7Ct+1"x,t+l _§C[+1(r1,t+1_r2,t+1)

. 1 . 52 1 .3 53
Txer1+ 51 =120 1)+ g (e —T2001)
E; =0+0(eh (24)

P N P %2 o P ~2 ~2
—pCt+1rx,r+1+7Ct+1rx,t+1_jcr+](r1.t+1_r2.t+1)

Combining these two conditions implies that portfolio holdings must ensure that the following holds:

. I 2 .2 ~x2 .
—P(Ce1—Coy Dixes1 +%(C[+]7C;k+l)rx.t+‘l

E: 0. p . " =0+40(eh (25)
_i(ct+1_ct+1)(rl,t+1_r2,t+1)
while expected returns are given by
1 . 2 1.3 53
) (rl,t+l_r2,t+l)_6(rl,t+l_r2,t+1)
. . Ak . 2 .2 ~x2
Edfeeet]=Er| 45 €+ €l Db =o€ +E i | 06 (26)

+%(ét+1 + é:+ 1 )(ff,wrl _fg,tJr 1)

These are the third-order equivalents of (10) and (11).

Notice that (25) contains only second and third-order terms. Thus it is possible to evaluate the left-hand side of (25)
using first and second-order accurate solutions for consumption and excess returns from the rest of the model. Second-
order accurate solutions for the behaviour of consumption and excess returns can be obtained by solving a second-order
approximation of the non-portfolio parts of the model.

As in the first-order case, it is possible to show that portfolio decisions affect the second-order solution of the non-
portfolio parts of the model in a particularly simple way. In particular, as before, portfolio decisions only enter the

2! Here the tensor notation [D,];[R2];[Z]" denotes the sum across all i and j of the product of the i th element of Dy, the j th element of R, and the
(ig)th element of X.
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non-portfolio parts of the model via the portfolio excess return in budget constraints.?? Furthermore, the portfolio excess
return (as it relates to the time varying element of the portfolio) is a zero mean i.i.d. random variable.
To see this, first take a second-order approximation of the home budget constraint as follows?3:

- 1 - - - . 142 1.2 1. . N A s 1., .
Wi = Fwt+yt+l_ct+l Forxer1+5Y =500+ jfx(r%,tﬁ—l_rg,t+l)+o‘trxi+l + ﬁWrrz.rH +0(e%) (27)
where
&t: L_(Oﬂt—&): O(—i—ONC
BY BY

Here 4, represents the (level) deviation in the portfolio holding from its steady state value (adjusted by 1/8Y). Note that
the value of & in this equation is given by (22) (i.e. the steady-state portfolio calculated in the previous section), so it is not
necessary to solve again for a. Recall that, oy = o; and that oy + 0y = W: so

G1e=8¢ Goc=(1/PHWc—8; (28)

The objective in this section is to solve for the behaviour of &;. Movements in the optimal portfolio are determined by
time-variation in the economic environment. It therefore follows that, up to a first-order approximation, movements in &
will be a linear function of the state variables of the model. We thus postulate that &; has the following functional form:

G =721 = [Vlzes1 ] (29)

where z; | =[x st+11:24 Our objective is to solve for the vector of coefficients in this expression, i.e. 7.

This postulated functional form for the determination of &, implies that, from the point of view of period t, the value of
Z¢+1 is known and thus &, is known. In turn, this implies that (as in the derivation of the steady-state portfolio) the realised
excess return on (the time-varying element of) the portfolio, &7y 1, in period t+1 is a zero-mean i.i.d. random variable
(up to second-order accuracy).?> Bearing this in mind, the solution for 7 can now be derived using a procedure which is
very similar to the solution procedure for the steady-state portfolio.

As in the previous section, initially assume that the realised excess return on the time-varying part of the portfolio is an
exogenous independent mean-zero i.i.d. random variable denoted &,. The second-order approximation of the home country
budget constraint in period t can therefore be written in the form

- 1 1 1 1
We=15 2773 7

where, again, the value of & in this equation is given by (22).2° Now assume that the entire second-order approximation of
the non-portfolio equations of the model can be summarised in a matrix system of the form

- oA a 2 2 1. 0 o . YR
Wea V= Cot Byt 5 V=5 Cot 500 —15)+ &t g Weafar +0() (30)

[ s . . . N
e = A Ak +A4 A +ASE[ A 1]+ BE +0(E?) 31
Edlcesq] Ce
Xe =Nxe_1+¢& (32)
Xt
Ag=vech| | St |[% st ¢t (33)
Ct

where B is a column vector with unity in the row corresponding to the equation for the evolution of net wealth (30) and
zero in all other rows.?” This is the second-order analogue of (13), which was used in the derivation of the solution for the
steady-state portfolio. However, note that in this case the coefficient matrices on the first-order terms differ from (13)
because (31) incorporates the effects of the steady-state portfolio. This is indicated by the tildes over the matrices A4, Az, As,
A4 and As.

22 Again, this particular property is not crucial for our procedure to work. It is simple to generalise our method to handle cases where the portfolio
excess return enters other equations of the model.

23 As before, Walras’s law implies that we need only consider one budget constraint.

24 Given that &, represents portfolio decisions made at the end of period t for holdings of assets into period t+1, it follows that & will depend on the
value of state variables observable at time t. In terms of the notational convention we follow, the relevant vector is therefore [x; s,.1], i.e. the values of x
and s prior to the realisation of & 1.

25 To see why this is the case, note that we are approximating &f, 1 in (27) only up to second-order accuracy. Because 4. is a first-order variable,
Fxe41 is also measured up to first order. We have already shown that up to a first order, 7.1 is a mean zero i.i.d. variable.

26 To clarify, Eq. (30) is formed by replacing &,_; 7y, with &.

27 Note that A is a vectorised form of the matrix of cross products. The matrix of cross products is symmetric, so (33) uses the vech(.) operator, which
converts a matrix into a vector by stacking the columns of its upper triangle. Note also that the form of Eq. (31) may not be general enough to encompass
all dynamic general equilibrium models. For instance, some models may contain terms in the lagged value of A;. Such terms can easily be incorporated
into (31) without affecting our solution approach.
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The state-space solution to this set of equations can be derived using any second-order solution method (see for
instance Lombardo and Sutherland, 2007). By extracting the appropriate rows and columns from the state-space solution it
is possible to write expressions for the second-order behaviour of (C—C") and 7 in the following form?%:

(€—C") = [Dol+[D11E +D2lfel + D31 (2T +[2°1) + [Dal eV eV + Dl el (21 + Dl [Z T2 T + 0 (34)

Px = [Rol+[R11E+[Ra el + [Rale(Z 1 +[2T%) + [Rali el [V + [Rs e ilel 121 + [Re)i 12 T2 Y +O(e?) 35)

where time subscripts have been omitted to simplify notation and Z” and Z° are, respectively, the first and second-order
parts of the solution for z. These expressions are the second-order analogues of (15) and (16) (but note again that they
incorporate the effects of the steady-state portfolio).?® These expressions show how the second-order behaviour of (C—C )
and 7, depend on the excess returns on the time-varying element of portfolios (represented by ¢) and the state variables
and exogenous i.i.d. innovations.

As we noted above, up to first-order accuracy, the expected excess return is zero and, up to second-order accuracy, it is a
constant with a value given by (11). This implies that [R3],[Z]*=0 and that the terms [R3],[z*]* and [Re];;[Z/T[Z} are
constants. It also follows that

[Ro] = Elfx]—[Rs}i[2 ]~ [Ral ;[ 217 —[Re); [ 112Y
N
P = ElFx]—[Rali (217 + [R11E + [RoJile] + [Rali (el [eF + [Rs ) fe) 21 + O(e) (36)
Now recognize that ¢ is endogenous and given by
&=afy=[yl2 17

This is a second-order term, so #, can be replaced by the first-order parts of (36), that is, by the term [R,];[£]'. This implies
that

&= [l ¥« = [RaLily el [ 1 37)
so (34) and (36) can be rewritten as follows:

(€—C") = Dol + D)l + D31 (Z T + 21+ [Dal; el [V + ([Ds s + [D11R 1IN Z T + Dol IZTIZT +0(e%) 38)

P = B[] =[Ralij {217 + [RaJfe]' + [Ral; el [eF + (Rs )+ R IR B0 0IEN 21+ O@) (39)

These two expressions provide some of the components necessary to evaluate the left hand side of (25). The following
expressions for the first-order behaviour of home and foreign consumption and the two asset returns are also required

¢ =[CHUET +ICHZ T +0(2), " = [Colel +[C5 L2 T +0(e?) (40)

P1 = ROHET + R +0(6),  y = Ro}(el + [RoulZ 1 +0(e?) (41)

where it should be noted that [R;]k = [Rﬁ]k. The coefficient matrices for these expressions can be formed by extracting the
appropriate elements from the first-order parts of the solution to (31).
Substituting (38)-(41) into (25) and deleting terms of order higher than three yields

[D21iRLZTY + (E[Fx]—[Ralij{ZTHD 312 1 + [Rali D31 Z1[Z T + [R21:((D sl + D1 R S [V IOIETZ 1 + D21 ([Rs T
+ RO IETZ T —pIR1CS KT 1~ Co TSI EZ T+ MR MR R MRS DD L1 [2 T
D LRIRIUZTIZ T = 04 O(e?) (42)

where use has been made of the fact that [Do] is a second-order term and that all third moments of ¢ are assumed to be
30
Zero.
The fact that solutions (34) and (35) are based on an approximation where the steady-state portfolio is given by (22) by
definition implies that

[D21i[R2;[217 = 0 43)

28 The appendix discusses the steps necessary to derive these equations from a state-space solution based on Lombardo and Sutherland (2007).

29 Note that the matrices R, and D5, in (34) and (35) will, in fact, be identical to the matrices defined by Eqgs. (19) and (20) (which were derived in the
process of solving for the steady state portfolio).

30 The generalisation of the solution procedure to handle non-zero third moments is simply a matter of allowing for a constant term in the expression
for &. This constant term captures the first-order component of the steady state portfolio (which can be added to the zero-order component derived in the
previous section to obtain a first-order accurate expression for the steady-state portfolio). It is this first-order constant term that would be identified by
Samuelsons (1970) approach to approximating portfolio behaviour.
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This implies that (42) is homogeneous in [Z]. Thus, the following equation must be satisfied for all k:
(ETFx1~TRal [ZTID3 ]+ [Raliy[D 321V +[R21i([Ds ) + D 11R2] [V IOIZTY + [Dali([Rs i j + [RalIR2[y10121Y
— PRI YIS I IC5HCIOET + MR LRy}~ (R LRSID3 KIETY + D} [Ra} [R5 K[ZTY = 0+0(e2) (44)
Using (40) and (41) it is possible to write the following expression for expected excess returns:
Eff = JIRLRS S ~[RSIRSY + pIC) HiR2) + pICS L R)IZT +0(e2) 5)

Substituting this into (44), using the fact that from (38) and (40), it must be that [D,] = [C;']—[C"Z], [D3]= [63”]—[651, and
simplifying yields

— S IDaLRo}ACS e+ CSIET +[Ra}(Ds e+ D1 IR IIET +1D2]([Rs ey

+RARIIOIET + DR JR31ZTY = 0+ 0(e3) (46)
which, by applying (43), simplifies to
[R21([D 51 + D1 TRV IOIZETY +[D2]ilRs1i 1214 = 0+ 0(&) (47)

which implies, for all k, that

_ _ (Ro}{Ds]e (X1 + [D2]iRs ], 1 21)
‘ [D1)IR>}[Ra}(2T

+0(e) (48)

which is our solution for y.3! Eq. (48) expresses the solution for 7y in terms of tensor notation. It can equivalently be stated
in the form of a matrix expression, as follows:

' = —(D1R2ZR,) (R, =D+ D, ZR5)+0(e) (49)

It should be emphasized that implementing this solution procedure requires only that the user apply (48), which needs
only information from the second-order approximation of the model in order to construct the D and R matrices. So long as
the model satisfies the general properties described in Section 2, the other details of the model, such as production, labour
supply, and price setting can be varied without affecting the implementation. The derivations used to obtain (48) do not
need to be repeated. In summary, the solution for equilibrium y has three steps:

1. Solve the non-portfolio equations of the model in the form of (31) to yield a state-space solytiqn. o 5
2. Extract the appropriate rows from this solution to form Eqs. (34) and (35) and thus derive D1, R3, D5, Rs and Ds.
3. Calculate y using (48) or (49).

What is the intuition behind expression (48)? When we evaluate the portfolio selection equation up to a third order, we can no
longer describe the optimal portfolio choice as being determined by a constant covariance between (€ —C") and 7. Predictable
movements in state variables will lead to time-variation in this covariance, and this requires changes in the optimal portfolio
composition. Take for instance the first term in the numerator of (48), given by [R,];[Ds]y J-[Z]i'j . Looking at (34), we see that [Ds]
captures the way in which movements in state variables affect the response of the consumption difference to stochastic shocks.
Since this leads to a predictable change in the covariance between the (C—C ")y and 7 so long as [R.] is non-zero, a compensating
adjustment of the optimal portfolio is required. The other term in the numerator has a similar interpretation; predictable
movements in the state variables affect the response of 7 to stochastic shocks at the second order, and so long as [D,]is non-zero,
this changes the covariance between (€ —C *) and 7y, and requires a change in the optimal portfolio.

5. Expected excess returns
Having derived an expression for ), and thus an expression for &, it is now relatively simple also to solve for the
dynamics of expected excess returns, E[fx] using (26). Notice that (26) can be written as follows:
. ) 52 3 -3
Edlfxe 143 (P 1—To0s )40 0120, D)1= Te+ 0% (50)
where

N k. 2 .2 ~x2 .
g(crﬂ+C[\+1)rx.r+1—pj(ct+1+C7+1)rx.r+1

I':=E; (G28)

+ %(éwl +C:+1)(fi[+1 _fg,t+1)

31 The error term in (48) is of order O(¢). Thus the solution for y is of the same order of approximation as the solution for & (the steady state portfolio).
Note, however, that the solution for & will, nevertheless, be of first-order accuracy because & depends on the (inner) product of y and z, where the latter is
evaluated up to first order accuracy.
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In what follows we present a solution for I';.3?> We postulate that I'; is a linear function of the state variables, z, as follows:
I :(30+(3/Zt+1 (52)

Notice that third-order evaluation of I" requires first and second-order approximate expressions for fy and C+C". The
second-order solution for 7 is given in (39). The second-order solution for C+C can be written in the following form:

(€ +C") =[Col+[G11E +[Collel +[C3L (Z T+ 21 +[Cali el [eF +[Csli el 121 +[Goli 2 T2V +0(e?) (53)
where, to simplify notation, time subscripts have been omitted. After substituting for & using (37), this becomes
(€ +C") = [Gol+[Galilel +[G31(Z T +(2°1) + [Galijlel el + (Csles + [G1IRAIOETZ T +[Gol 12 T2 Y + 0 (54)

For convenience we define

[Cals = [Gsli+IG1 IR

(RSl = [Rs ]k + [R1JR21 YT
After substitution from (39)-(41) and (54), (51) becomes
[[GalR2)[E]Y + [R5 AC) 12T
+ (G5l R T+ %[Czli[fez],»[zw [R3hd T
r— g +[G3ll2 Elfx] (55)
S @M+ 2ACHC R

1. ~ ~ ~ ~ .
+ 5 G2 PR MR R MR 2T

where use has been made of the fact that [G] is a second-order term and that all third moments of ¢ are assumed to be
zero. Making use of (45) this can be simplified to

[CalRJIZTY + (RS 1 (G} 21V 1
HICS T RZTIZ T+ (Gl R L Z T RS 1 2T
_ P . L. L. 56
2|+ LGaG R T 0
~ D @IETE L+ 2ACSWC IR E T
This expression can be further simplified by noting that, in equilibrium, [D,];[R>};[2]¥ = 0 and

2[CH I3 T+ 2(C51(C3 ) = [D31dDa)i +[G31Col:

hence

(Gali R IZT + [Re T (G ZTH[Z T
= g ~A ~ .. k ~ ~ | X (57)
+[Gs Ik R LI [Z T +[GaliR2IZ1Y R, 1 [2 1

It thus follows that

60 = S Gl R T (58)

Ok = S IRSACHZT + £ (CENRET + SolRs e (59)

As before, it is no~tAnecessa~r to derive these expressions for each model. Having obtained a solution for y via (49) it is
simple to evaluate [R;] and [G5] and thus apply (58) and (59) to obtain do and 6.

Egs. (58) and (59) show that expected excess returns, while zero at the first order, are not in general zero at higher
orders. Eq. (58) shows that expected excess returns will contain a constant term which is second order and which depends
on the second moments of model variables. This effectively captures the steady state risk premium in expected excess
returns. Eq. (59) defines the coefficients which show how the risk premium varies through time in response to changes in
state variables. The resulting time variation in expected excess returns occurs at the third order level because the
coefficients, J;, are second order while the time variation in state variables in (52) is measured at the first order level.

32 It is straightforward to derive expressions for the terms (72—#3) and (73 —#3) so, for the sake of brevity, we focus on the term .
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The steady state and time varying element in risk premia identified by these calculations are likely to be quite small in
many standard macro models, unless one assumes that second moments are implausibly large and/or risk aversion is very
strong (as measured by the parameter p). Gourinchas and Rey (2007) claim that excess returns on US assets have been
quite large and vary systematically in response to shocks to the US current account. Devereux and Sutherland (2010) show
that risk premia in a simple dynamic endowment model, calculated using the solution method described in this paper, are
unlikely to be as large as suggested by the Gourinchas and Rey (2007) data. However, risk premia may be larger in models
which allow for more general specifications of consumer preferences. Alternatively large measured excess returns may
reflect trading frictions in financial markets. As previously noted, our solution method can be adapted to handle such
frictions.

6. Example

The solution procedure is illustrated using a simple dynamic endowment model. This is a one-good, two-country
economy where the utility of home households is given by

) Cl -p
U=E> 't (60)
T=t 1 —-p

where C is consumption of the single good.>®> There is a similar utility function for foreign households. The home and
foreign endowments of the single good are auto-regressive processes of the form

logY: = (ylogY: 1 +éyr, logY{ ={ylogYy ;+&y-¢ (61)

where 0<{y<1 and ¢y and e&y. are iid. shocks symmetrically distributed over the interval [—¢,&] with
Var[ey] = Varley-] = 0%. Asset trade is restricted to home and foreign nominal bonds. The budget constraint of home
agents is given by

W =017 +0pet—17 ¢ + Y —C (62)

where W is net wealth, o and ap- are holdings of home and foreign bonds and rg, and rp.; are the real returns on bonds.
Net wealth is the sum of bond holdings, i.e. W; = oz + g ;. Real returns on bonds are given by
t—1

P, P
g =Rp: o It =Rpe ¢ 1;1 (63)
t

where P and P* are home and foreign currency prices for the single tradeable good and R and Rp. are the nominal returns
on bonds. The law of one price holds so P=SP* where S is the nominal exchange rate (defined as the home currency price of
foreign currency).

Consumer prices are assumed to be determined by simple quantity theory relations of the following form:

M;=PY;, M;=PY; (64)

where home and foreign money supplies, M and M*, are assumed to be exogenous auto-regressive processes of the
following form:

logM; =logM;_1 +é&m,, logM; =logM; |+ e (65)

where &y and ey. are ii.d. shocks symmetrically distributed over the interval [—¢,¢] with Var[ey] = Var[ey-] = 63
The first-order conditions for home and foreign consumption and bond holdings are

G = ﬁEr[C[_fl Tgeer1l, CF P = PEICH {1 41] (66)

t+1

E[C /1811 =EdC P 5 c1)s ECE{TB41]=EdCH LT r11] (67)
Finally, equilibrium consumption plans must satisfy the resource constraint
C+Ci =Y+ Y] (68)

To make the example easy, the shock processes are assumed to be independent from each other. There are four sources
of shocks in this model and only two independent assets. Hence, assets markets are incomplete.

33 In this example, we assume a constant time discount factor so as to allow for explicit algebraic solutions for portfolios.

34 It would be more conventional to assume that the demand for real balances depends on consumption rather than output (as assumed in (64)). Our
solution method can easily handle either assumption, but the formulation in (64) yields particularly simple results which are useful for demonstrating the
application of the method.
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6.1. Solution for steady-state bond holdings

Solving the model in linearised form and applying (22) yields the following expression for steady state bond holdings:
I S
2(cty+09)(1—Ply)

Home residents hold a gross negative position in home-currency bonds, because their real return (inversely related to the
home price level) is positively correlated with home consumption.

5(3 = —O~(Bx =

6.2. Solution for first-order time-variation in bond holdings

Solving the model up to the second order, and applying the procedures described in Section 4, we obtain the following
expressions:

D1 =[2(1-p)]

Ry=[1 =1 =1 1], Dy=[0-24 24-0 24 —24]

0 00O A -4 -4 4
0000 A —A4 -4 4
Rs=|0 0 0 0|, Ds=| 0 0 0 0O
0000 0 0 0 O
0000 —® & 0 -20

where 4 = (f—1)ap, © =(1-p)/(1-pLy), ®=(1-p)/p and, for simplicity, we set p = 1. The vectors z; and ¢ are defined as
follows:

ZtZ[Y/tq 911 Mr—l M::1 Wr—1]/

er=leys ey=r eme Eme el
The solution for &g, is

&B.t=V19f+729j+73Mt+V4M:+V5Wf/ﬁ (69)
where
"/12"/2:%553- Y3=74=0, V5=%

Note that, from (28), it follows that the solution for &g ; is

Bpee = —71 Y=, ¥ —sMe—9,M; +(1—75) W, /B (70)

The intuition behind the time variation in portfolios in this example follows the logic of the previous section.
Predictable movements in home income make the consumption difference (€-C *) more sensitive to stochastic shocks to
home or foreign income, when evaluated up to a second order. This means that consumers in each country must increase
the degree to which nominal bonds hedge consumption risk. So, for instance, in response to a predictable rise in home
income, home consumption becomes more sensitive to home output shocks, at the second order. As a result home
consumers increase their short position in home currency bonds. For the same reason, they increase their long position in
foreign bonds. A predictable rise in foreign income has the same effect.

In this example, movements in net wealth are distributed equally among home and foreign currency bonds. Hence, as
the home country’s wealth increases, beginning in the symmetric steady state, it increases its holdings of both bonds,
becoming less short in home currency bonds, and more long in foreign currency bonds. Of course the foreign country
experiences exactly the opposite movement.

The expressions for dg; and &g given in (69) and (70) can be used to study the dynamic response of bond holdings to
shocks. Fig. 1 shows the response of home-country gross and net asset holdings to a persistent fall in home income.>* Fig. 1
shows that the short-run impact of a persistent fall in Y is a large one-time increase in home-country net wealth. This
comes from an (unanticipated) capital gain on the home portfolio, caused by a jump in P, given that home currency bonds
are a liability for the home country.3® But since the home endowment is persistently lower, net wealth subsequently falls
and converges to a new (lower) steady state. The extent of the initial rise and subsequent fall in net wealth depends on the
scale of the initial portfolio positions &p and &s.. As o2 falls relative to o, steady state gross asset and liability positions are

35 The figure is based on the following parameter values: f=0.98, p=1.0, {y =0.9, and 0% = 0. Bond holdings are measured in terms of the
deviation from steady-state value expressed as a percentage of steady-state income.
36 An equivalent interpretation is that the home country gains from an exchange rate depreciation.
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Fig. 1. Home country gross and net asset holdings.

higher.With greater leverage, the initial rise in net wealth then becomes larger, and the subsequent decline smaller, so that
the response to a shock tends towards that under complete markets.

The movement in gross asset and liability positions are illustrated by the other plots in Fig. 1, which show how the time
path for net wealth is divided between holdings of home and foreign bonds. The short run effect of the fall in Y is to cause a
rise in the holdings of the home bond which is roughly equal in magnitude to the fall in net wealth. This can be understood
by considering Eq. (69) which shows that the fall in Y and the rise in W both imply that it is optimal for home agents to
increase their holdings of home bonds. On the other hand, the shock to income has a much smaller short-run effect on
home country holdings of the foreign bond because the fall in Y and the rise in W have offsetting effects on &g., as can be
seen from (70). After the initial shock, as net wealth gradually falls, the holdings of home bonds and foreign bonds both
decline to new lower levels.

6.3. Solution for expected excess returns

The solution for expected excess returns can by obtained by applying the method described in Section 5. The second
order solution of the model yields the following expressions for the matrices R5, G, and G5:

00 0 0
0000
RE=10 0 0 0], Ga=[1100]
0000
0000
CLAOFY Ly AO-T (L AO  (yAO
“LAO-Y  yAO+Y  [yAO  —(yA@
Gh = 0 0 0 0
0 0 0 0
| 24-0)0  (O-24)d 200  2Ad

where ¥ ={y(1-{y)@(1+6)/29.
Given the symmetric structure of this example model it is simple to show that

E} Fgei1—To o) +a(aes1—T5 o )1=0 1)

SO Eelfpe1—Tpcs1]=Te+0(%). A
The expressions for Ry, R5, G, and G5 given above can be used to derive an expression for I'; in the following form:

Te=00+061Y+082 +33M+34M; +5W, (72)
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Fig. 2. Expected excess return on home bonds.

Applying (58) it is found that

S0=0 (73)
While applying (59) shows that

S1=-6,=3y0y, 93=04=05=0 (74)

The solutions (73) and (74) indicate that the unconditional expected excess return on home currency bonds, evaluated up
to the third order, is zero. This is natural, since the model in this example is completely symmetric across countries. Shocks
to either country’s endowment, however, will lead to time variation in expected excess returns. In response to a persistent
shock to the home (foreign) endowment, the expected excess return on home currency bonds increases (decreases).

Fig. 2 illustrates the impact of a fall in the home country endowment (the same shock as in Fig. 1) on expected excess
returns on home currency bonds. In response to the fall in the home endowment, there is a shift in demand towards home
currency bonds, and away from foreign currency bonds (as illustrated in Fig. 1). This is associated with a persistent fall in
the expected return on home currency bonds relative to foreign currency bonds.3” Since the home country has a negative
position in home bonds, this anticipated fall in excess returns facilitates a continued portfolio transfer towards the home
agent.>® But the movement of expected excess returns in this example is very small, as shown in Fig. 2. Thus, following the
negative shock to the home endowment, the anticipated excess return on the home country portfolio is negligible in
comparison to the initial, unanticipated portfolio gain immediately following the shock.

7. Conclusion

This paper develops a simple analytical method for characterizing optimal equilibrium portfolios up to a first order in
stochastic dynamic general equilibrium models. In addition to obtaining time-varying optimal portfolio holdings, the
approach also gives a solution for time varying excess returns (or risk-premiums). There are a number of advantages of our
approach relative to previous models of portfolio choice. First, the method is not restricted to situations of low
dimensionality—we can use (49) to characterize portfolio holdings in any dynamic economic model in which it is practical
to employ second-order solution methods. Second, as we have shown, the method applies equally to contexts where
financial markets are either complete or incomplete. Third, the application of the formula does not actually require the user
to go beyond a second-order solution to the underlying model. While, as we have shown, capturing first order aspects of
portfolio behaviour requires a third-order approximation of the portfolio selection equations, all implications of that
approximation are already contained in the derived expressions for the response of portfolio holdings to predictable state

37 Using (23), (24) and (71) it is possible to show that third-order movements in E[ry 1] are equal (but opposite in sign) to third-order movements in
the covariance between the stochastic discount factor (of both countries) and the excess return. Thus the decline in the excess return shown in Fig. 2 is
matched by a rise (of equal magnitude) in the correlations between the home and foreign stochastic discount factors and the excess return.

38 This is consistent with the empirical findings of Gourinchas and Rey (2007). They find that a decline in the US trade surplus is associated with a
persistent increase in the expected excess return on the US external portfolio.
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variables. The ingredients on the right hand side of (49) can all be obtained from a second-order approximation of the non-
portfolio parts of the model.

More generally, an advantage of our general formula is that it can provide simple and clear insights into the factors
which determine the dynamic evolution of portfolios and returns in general equilibrium. These insights may not always be
easy to obtain using a purely numerical solution procedure.
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Appendix

A number of alternative solution algorithms are now available for obtaining second-order accurate solutions to DSGE
models. See, for instance, Judd (1998), Jin and Judd(2002), Sims (2000), Kim et al. (2008), Schmitt-Grohé and Uribe (2004)
and Lombardo and Sutherland (2007). For the purposes of implementing our solution procedure for portfolio dynamics,
any of the methods described in this literature can be used to derive second-order accurate solutions to the non-portfolio
parts of a model. Care must be taken, however, to ensure that the solution thus obtained is transformed into the correct
format. As an example of the steps required to accomplish this, in this appendix we show how the Lombardo and
Sutherland (2007) solution can be transformed into the required format. Similar steps can be used to transform the second-
order solutions obtained by other methods.

It is assumed that the entire second-order approximation of the non-portfolio equations of the model can be
summarised in a matrix system of the form

~ S,
Afpe! =] | +Asxe+Aa A ASEd Ar 1]+ BE -+ OE) (75)
Et[ce 1]
Xe = NX;_1+& (76)
Xt
Ar=vech| | St |[xe st ¢ 77)
Ct

Lombardo and Sutherland (2007)show that the solution to a system of this form can be written as follows:

Sty1= F]Xt +F25r+ﬁ3€[ +F4Vt+F5 VeCh(Z)+O(83) (78)
=131Xf+f)25t+133é[+1~)4vt+135 VECh(Z)+O(83) 79)
where

Z=E[8t+1€;+1 (80)

Xt
Vi =vech< Sf:| [Xt s{]) @81

t
sl =Fixe+Fasl +0(e?) (82)

where the superscript f indicates the first-order part of the solution.

When written in this form, the solutions for s;.; and c; depend on x, s and the cross product of the vector [x; s +]'. And
thus the solution for Cre1 depends on x;.1, S;+1 and the cross product of the vector [x;,1 s; +]] Notice, however, that the
solutions for C[Jrl—C[+l and 7.1, given in Egs. (34) and (35), are expressed in terms of z.; and &1 (where
Z;, 1 =[X St4+1]) and cross products of Zf.1 and &, 1. We show here how the solutions given in (78) and (79) can be re-
written in the appropriate form.

First note that [x; s{]’ and 7| are related via the following equation:

Xt
Lf } = Urz +Uag
t
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where

el 3 el

It is thus possible to derive the following expression for V; (where V, is defined in (81)):
V, = X, vech(e,£))+ X, vec(Z &) + X3 vech(z Z]') (83)
where

X, =LU, ® U, L"
Xo =L[U> ® Uy + Uy ® UpP]

X3 =LU; @ Ui L"
where the matrices L and L" are conversion matrices such that
vech(:) = L°vec(-)
L"vech(-) = vec(-)
and P is a ‘permutation matrix’ such that, for any matrix z,>°
vec(Z) =Pvec(Z)
Egs. (76) and (83) can now be used to write (78) and (79) in the following form:

Sti1=F1e+[F1N,Folze+ F3 &, +F4X; vech(ee)) + F4X vec(Zhe)) + F 4 X3 vech(z} ) + F 5 vech(2) + 0(e?) (84)
€ = Pr&r+[P1N,Pylze + P3 &, + PaXqvech(ece)) + P4X, vec(Z e)) + P4X3 vech(Z 2 + Ps vech(2) + 0(e?) (85)
and thus
o1 =Prer 1 +PINP2JZe 1 +P3E 1 +PaXy vech(er 18, 1) +PaXo VEC(Z{+18£+1)+1~’4X3V€Ch(2{+12{;1)
+Psvech(2)+0(&) (86)

These expressions now express the solution to the non-portfolio parts of the model in a form which is appropriate for
constructing Eqgs. (34) and (35). So, for instance, if C and C" are, respectively, the i th and j th elements of the vector ¢, then
D, is formed from the difference between i th and j th rows of P+, while Ds is formed from the difference between i th and j
th rows of P4X>. In the latter case, the row vector is transformed into the matrix D5 using the vec~1(.) operator.
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