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Abstract

Many variables of interest to economists take the form of time varying distri-
butions or functions. This high dimensional ‘functional’ data can be interpreted
in the context of economic models with function valued endogenous variables,
but deriving the implications of these models requires solving a nonlinear system
for an infinite dimensional function of infinite dimensional objects. To overcome
this difficulty, I provide methods for characterizing and numerically approximat-
ing the equilibria of DSGE models with function valued variables by lineariza-
tion in function space and representation using basis functions. These methods
permit arbitrary infinite dimensional variation in the state variables, do not im-
pose exclusion restrictions on the relationship between variables or limit their
impact to a finite dimensional sufficient statistic, and come with demonstrable
guarantees of consistency and polynomial time computational complexity. I
demonstrate the applicability of the theory by providing an analytical charac-
terization and computing the solution to a dynamic model of trade, migration,

and economic geography.
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1 Introduction

In order to understand and evaluate the causes and consequences of economic het-
erogeneity, it is helpful to have an analytical framework in which the distribution
of heterogeneity can change over time and can both affect and be affected by other
variables. A perspective in which some of the endogenous variables of an economic
model are endogenous random functions allows distributions, as well as objects like
demand and supply curves or policy or value functions, to be treated as data. While
descriptive models and methods for function valued time series are undergoing rapid
development,® interpreting this data requires formulating economic models capable of
generating the observed functional data and deriving their implications. For models
featuring forward looking decision making and endogenous aggregate variables, this
derivation typically requires solving a computationally intractable infinite dimensional
system of nonlinear expectational difference equations. Although heuristic or strongly
model dependent methods have been proposed, to date there appears to be no general
purpose algorithm which provides a formal guarantee of even an approximate solution
to rational expectations models with stochastic function valued states.?

This paper provides such an algorithm. In particular, it demonstrates how the
equilibrium conditions for a general class of function valued rational expectations
models, including but not limited to heterogeneous agent dynamic stochastic gen-
eral equilibrium models, can be linearized directly in function space, with solutions
characterized locally by a functional linear process, a tractable empirical model for
function valued time series (Bosq, 2000). Construction of a local solution requires
introducing a novel infinite dimensional extension of the generalized Schur decom-
position used to solve finite dimensional rational expectations models (Klein, 2000)
and developing perturbation theory for this object, which may be contributions of
independent mathematical interest. The solution can be implemented numerically by

a procedure based on finite dimensional projection approximations which converges

1See Horvath & Kokoszka (2012); Bosq (2000); Morris (2014); Ferraty & Romain (2011) for sur-
veys of the rapidly expanding field of functional data analysis, which focuses on modeling, estimation,
and inference for series of observed or estimated functions.

ZModels and algorithms with a distribution of agents were deveoped Bewley (1986), Huggett
(1993) and Aiyagari (1994) in the time invariant case and Krusell & Smith (1998) with aggregate
uncertainty. For surveys of models and methods see Krusell & Smith (2006); Heathcote et al. (2009);
Guvenen (2011); Ljungqvist & Sargent (2004) and the Journal of Economic Dynamics and Control
symposium on the topic (Den Haan, 2010). A noteworthy exception with computational guarantees
in a related class of models is the recent work of Prohl (2017).



to the local solution under mild regularity conditions. I analyze in detail a particular
approximation algorithm in this class, a wavelet transform based procedure which
yields an approximate solution accurate to within any desired degree in polynomial
time.

To demonstrate and evaluate the method, I develop a dynamic spatial model of
trade, migration, and economic geography which introduces forward looking migra-
tion decisions and spatial shocks into the economic geography model of Krugman
(1996). In the model, the spatial distribution of population, wages, and welfare over
a continuum of locations is allowed to vary nonparametrically in response to persistent
spatially correlated shocks to the desirability of different locations. Due to the spatial
structure of trade and production, the spatial distribution of economic activity is a
determined by the distribution of population across locations, while the distribution
of population is determined by forward looking migration decisions which take into
account the expected distribution of economic activity. In this setting, the relation-
ship between these two functions is not easily reduced to low-dimensional summaries
or split into “local” and “global” components, but is well characterized by a functional
linear model representation. By exploiting an analytical characterization of the so-
lution to certain parameterizations of this model, the speed and numerical accuracy
of the algorithm are evaluated in practice and shown to be in line with the strong
theoretical guarantees.

The core idea behind the solution method is functional linearization. By taking
the functional derivatives of the equations defining an equilibrium, it is possible to
construct a system of equations which can be solved for the functional derivatives at a
fixed point in function space of the policy operator, a map from function valued states
to function valued endogenous variables. In this way, it is possible to recover local
information about the solutions, which can then be used to construct a functional
Taylor expansion of the policy operator which provides an accurate solution for all
functions not too far from the function around which the model is linearized.

Related perturbation methods for heterogeneous agent models have previously
been developed: see Chung (2007), Reiter (2009), Winberry (2014, 2016), Veracierto
(2014), Boppart et al. (2017), and Ahn et al. (2017) for methods and discussion of the
advantages of this class of procedures. While these approaches are similar in spirit and
practice, none works directly in the space of functions as the approach advocated here

does; this complementary perspective allows for development of theoretical accuracy



guarantees and precise delineation of regularity conditions that may have broader
applicability to this entire class of methods.

Constructing this linear approximation of the policy operators from the functional
derivatives of the model equations requires solving a system of quadratic equations in
linear operators. In the case of linear or linearized finite dimensional rational expec-
tations models, the analogous quadratic equation can be solved using matrix decom-
position. In particular, Klein (2000) demonstrated that a solution can be found using
the generalized Schur (QZ) decomposition of the matrices of derivatives. In infinite
dimensions, an analogous decomposition appears to be absent from the literature, in
part because the finite dimensional version is constructed by induction using eigen-
values, which may fail to exist or have countable cardinality in infinite dimensional
space. Nevertheless, it is possible to construct an analogous decomposition by other
methods, described in detail in Appendix A. Under the conditions required for such
a decomposition to exist and under further conditions analogous to the well known
criterion of Blanchard & Kahn (1980) ensuring that the model has a unique linear
solution, it is possible to solve for the first order expansion of the policy operator.

Calculating this local solution numerically requires representing it in a form that
can be evaluated on a computer. A standard procedure for reducing problems in
function spaces to finite dimensional objects is to approximate the functions by pro-
jecting the space onto the span of a set of basis functions, such as wavelets, splines, or
trigonometric or Chebyshev polynomials and represent operators on function space
in terms of their behavior with respect to the basis functions. These approaches are
referred to as spectral methods and are commonly applied to solve integral and differ-
ential equations: see Boyd (2000), Chatelin (2011). If any function one is interested
in can be represented reasonably accurately by a finite set of basis functions, the
loss from the use of a finite set of functions may be small. The caveat here is that,
unlike in classical function approximation problems where the class of functions is
known, ‘the set of functions one is interested in’ is not explicitly assumed, but must
be determined by the properties of the model.

The issue that projection methods must overcome is that the class of functions well
approximated by finite projection is in fact small in the class of all possible functions
which could conceivably arise endogenously as outcomes of an implicitly defined model
with function valued variables. To handle this concern, conditions must be imposed

on the model which ensure both that the solutions themselves are continuous with



respect to projection approximations and that the solutions are operators which have
the property that they map functions which are well approximated by basis functions
to functions which are well approximated by basis functions. Continuity properties
of the generalized Schur decomposition are derived in Appendix B, and a set of
restrictions on the model which ensure that basis function approximation is valid is
described in Section 5.1.

While the precise statements of the sufficient conditions on a model for projection
to be valid do impose nontrivial mathematical regularity on the class of applicable
models, the conditions themselves are economically mild. Essentially, they rule out
certain kinds of maps which take well behaved smooth functions as input and produce
jagged, noisy, or discontinuous functions as output. Many economic models can be
represented in forms which satisfy these conditions, and many of those that do not can
be modified slightly so that they do, for example by smoothing discontinuous cost
functions or adding a small amount of noise to ensure that a distribution remains
smooth.

Provided that the regularity conditions hold, implementing the solution is simple
and fast. The linearized equilibrium equations can be approximated by projection,
either analytically or numerically by quadrature, to produce two pairs of matrices,
to which one can apply the finite dimensional QZ decomposition, solve, and combine
to form a matrix approximation to the infinite dimensional policy operator. The
accuracy of the approximation is then determined by the number of basis functions
used and the smoothness of the functions that they are used to approximate. If all
the equilibrium conditions are defined using Holder continuous functions, wavelets
provide the smallest and fastest feasible representation. Implementing approximate
projection using the Discrete Wavelet Transform, the method converges in a number
of operations polynomial in the degree of accuracy of the solution and in numerical
experiments gives demonstrably accurate results at high speed. High level conditions
are also provided for more general procedures, including for the case when parts of

the model are estimated directly from data.

Outline

The structure of this paper is as follows. I describe the setting of rational expectations

models with function valued states in Section 2. Section 3 describes an illustrative



application, a dynamic model of trade, migration and economic geography. Section
4 characterizes and gives necessary conditions for the existence of solution to the lin-
earized model, while Section 5 introduces projection algorithms for calculating this
solution and describes conditions for their consistency. Section 6 illustrates the pro-
cedure by applying it to solve the geography model from Section 3 and evaluates its
performance by comparing to an analytical characterization of the solution. Section
7 concludes. Several appendices contain additional results: Appendix A describes
conditions for existence of an infinite dimensional version of the generalized Schur
decomposition and Appendix B gives conditions under which it is continuous. Ap-
pendix C covers supplementary results about functional linearization and Appendix
D contains additional details and results of the geography model. Appendix E pro-
vides high level sufficient conditions for the existence of recursive equilibria in function
valued dynamic models. Appendix F collects all proofs, and Appendix G contains

additional figures.

2 Function Valued Models and Linearization in Func-

tion Space

The class of dynamic economic models which may be placed in a framework amenable
to linearization in function space is large. Many economic models define objects of
interest, explicitly or implicitly, as functions which solve a set of equations represent-
ing conditions such as optimization, market clearing, self-consistency, feasibility, or
accounting identities. For example, a consumption function is often represented im-
plicitly as the solution to an Euler equation, or a value function as the fixed point of
a Bellman operator. Most trivially, when economic variables take values in Euclidean
space, all of the theory developed in this paper will continue to apply.

To formalize the linearization procedure and to provide a framework which per-
mits both variables which are predetermined and those determined by forward looking
expectations, I provide a notational framework for a general class of models. The no-
tation and structure to be used follows closely that of Schmitt-Grohe & Uribe (2004),
who described perturbation procedures for finite dimensional rational expectations
models, with the difference that I now allow state variables to be elements of an infi-

nite dimensional space. I consider in particular models with a recursive representation



described by a set of equilibrium conditions which may be expressed as differentiable
operators between separable Banach spaces. A solution to the model defines a re-
cursive law of motion for the endogenous variables in the system in terms of the
exogenous variables and past values of endogenous variables. The law is determined

implicitly as the solution of a nonlinear expectational difference equation

EF(%?J#BIJJ/,U) = OBQ (21)

where 7 is a set of predetermined variables in Banach space B, with norm |.|[5 ,
written as ||.|| when the space is clear from context, y € B, is a set of endogenous
or ‘jump’ variables, a superscript z’, 3y’ indicates the values of these elements in the
next time period ¢ + 1 and the absence thereof indicates values of variables known
at time ¢, 0 € R is a scalar scaling parameter determining the size of fluctuations.
The function F(z,y,2',y',0) : By X B, x B, x B, x R — By , which I refer to as
the equilibrium operator, is a map taking the values of the state variables today and
tomorrow and the scaling parameter to a Banach space Bs, and E is the (Bochner)
expectation with respect to the law of motion induced by the solution of the model,
to be made explicit shortly.?

Uncertainty in the model is incorporated solely via exogenous Banach random
elements 2’ on probability space (B.,Y.,*), which enter into the exogenous law
of motion generating a subset of the predetermined variables 5, with (x1,29) €
B., x B,, = B,, by the equation z, = hy(x3) + 0z’ for hy : B,, — B,, a given
function describing the dependence of future values of x5 on current values. The
shocks 2z’ are normalized to have zero mean E[z'] = 0. As a result, F' contains as one
subcomponent the formula x}, — ho(z2).

While this form may appear somewhat restrictive, many apparent limitations
may be addressed through inclusion of appropriate auxiliary variables and equations.
For example, while only variables in two time periods are included, by including
lags and leads as separate variables, systems dependent on more time periods may
be brought into this recursive form. Likewise, while function valued uncertainty 2’

is restricted to enter additively in the model, nonlinear effects of shocks may be

3The Bochner integral of a B-valued random variable g on probability space (£2,%, u) is given
by an element Eg € B defined for simple functions g = > | fi{w € A;} for f; in B, A; € ¥ as
Eg = Y., fin[A;] and for more general random variables g as the strong limit of the Bochner
integral of a sequence of simple functions g, such that p|lg — gnl|z — 0. A measurable random
element is Bochner integrable if and only if u||g|lg < co.



included by adding an additional predetermined variable which is a function of the
shock: e.g., if z; enters nonlinearly in F', replacing z; with x9, and incorporating the
equation z, = Ez, +0(z, —Ez;,) can recover the nonlinear effects. Beyond imposing a
recursive structure, the form provides a consistent notation but imposes only modest
restrictions on the form of the economic model.

A (recursive) solution is given by a set of policy operators which solve the equi-
librium equation for any value of the initial predetermined state x and the exogenous
shocks z. In each period, y is given by the endogenously determined map g(z, o) from
predetermined state = to endogenous state y (or 2’ to y/'), and 2’ is given by the tran-
sition operator h(z, o)+ onz’ mapping the current predetermined state and shocks to
next period’s predetermined state, where 1 denotes the imbedding B, — B,, i.e. for
z € By, n[z] = (0,2) € By, X B,,, and h(z,0) = (hi(x,0), ha(x2)) includes both an

endogenously determined transition component h; and an exogenous component hs.

Definition 1. A recursive solution is a set of maps g(z,0) : By, xR — By, hi(z,0) :

B, xR — B,,, hao(xs) : B, — By, such that the equilibrium conditions hold:
EF($a g(xv O)a h(!lﬁ', U) + 0772’/, g(h(!)ﬁ', U) + Unzla 0-)7 U) = 082 (22)

for all x, o, where the expectation E may now be defined, for each z, o as the
expectation with respect to the pushforward measure of p* on By generated by the
function F(x, g(z,0),h(x,0) +onz', g(h(z,0) + onz',0),0): (x,2',0) € By X By, X
R — B, evaluated at fixed z, 0.

In order to ensure computation of a stationary solution, the point around which
the model is linearized is a nonstochastic steady state, which allows construction of a
solution which is both local and recursive, by ensuring that the point around which

the rule is calculated is the same in all periods.
Definition 2. A nonstochastic steady state is a set of values (z*,y*) € B, x B, such
that when o = 0 and so function valued uncertainty disappears, I’ satisfies

F(x*7y*7x*7y*70) =0

Many recursive models will have such a point, at which all aggregate variables
are unchanging over time. This is the equilibrium concept used in Bewley-Huggett-

Aiyagari models, in which the distribution of heterogeneity is given by an invariant



distribution generated by individual decision rules, and its existence can often be guar-
anteed by fixed point theorem. It may also be calculated consistently by standard
methods, such as the iterative algorithms proposed by Huggett (1993) and Aiyagari
(1994). In general, determining the nonstochastic steady state of a model involves
solving a functional equation, which will differ depending on the details of the model.
However, the problem involves determining only a single set of functions rather than
an operator valid for any function, and is often quite feasible using standard methods.
For example, in models where the decision rule is a function valued state variable,
recursive solutions are often available by dynamic programming, for which there are
many feasible approximation algorithms with geometric convergence. Calculation of
invariant distributions of Markov processes is also often achievable by iterative meth-
ods with geometric convergence. More broadly, in the absence of infinite dimensional
uncertainty, the problem usually reduces to a set of integral equations, for which a
broad variety of standard numerical integral equation methods may be used.

A linearized solution of the model is given by first order Taylor expansion of ¢(.)
and h(.) with respect to their arguments at the steady state. In order to solve for this,
g(.) and h(.) and the operator F' : B, x B, x B, x B, — By must be differentiable with
respect to their arguments. In Banach space, the appropriate notion of derivative for
linearization is (usually) the Fréchet derivative, which is defined analogously to the
Fréchet derivative in Euclidean space.? If F(x) is an operator between Banach spaces
By — By, the Fréchet derivative, if it exists, is the continuous linear operator DF

satisfying
. ||[F(z+h) = F(z) — DF[R],
Il 0 121,

= 0. (2.3)

In practice, calculation of Fréchet derivatives of Banach space-valued operators is
not difficult: they obey many of the standard rules of Euclidean-valued derivatives
including linearity, additivity, and the product rule, and many standard operators
have known derivatives: see e.g. Kesavan (2004). Most importantly, the Fréchet
derivative follows a version of the chain rule: for two Fréchet differentiable operators
F, G, D(F o G)[h] = DF[DGJh]]. Fréchet differentiability is strictly stronger than
directional, or Gateaux differentiability, which requires only the existence of a limit

in the direction of a fixed element h. As the Gateaux derivatives of F' in any direction

4See Appendix C for modeling choices which may ensure Fréchet differentiability or weaker con-
ditions that can be used when it fails.



h € B may be calculated as the scalar derivative %F(w + 7h) at 7 = 0 and must
coincide with the Fréchet derivative when the latter exists, the form of the Fréchet
derivative is easily determined. The Fréchet derivative preserves linear operators, so
integration, differentiation, multiplication by a function, and any composition thereof
have derivatives equal to themselves. A special class of operators which arises fre-
quently in economic models is the composition of one function with another, referred
to as a Nemytskii operator. Under appropriate boundedness, differentiability, and in-
tegrability conditions on f(s1, $2), the composition f(g(x), s2), viewed as a map from
the function g¢(.) of x to the function f(g(x),ss) of z, sy is a Fréchet differentiable
function of g(.) at the point ¢*(.) with derivative f;, (¢*(z), s2) - [R(.)]: that is, the
derivative is given by multiplication of the direction in which g changes by the partial
derivative of f with respect to the element with which it is composed (Kesavan, 2004).
In Banach space, Taylor’s theorem for Fréchet derivatives gives a linear approximation
of a differentiable operator F'(z) : By — By as F(x + h) = F(z) + DF[h] + o(||h]]1).

It is important to contrast a Taylor expansion in function space with a local so-
lution for finite dimensional models: see Reiter (2009); Winberry (2016) for related
discussion. The point at which the linearization is constructed is the stationary state
of the model in the situation where the variance of function valued shocks is taken to
0. This is not the same as shutting down all variability in the model. In most het-
erogeneous agent models, individuals face a distribution of idiosyncratic uncertainty
which may be arbitrarily dispersed and induces a nondegenerate stationary distribu-
tion of heterogeneity, in which the state of each individual evolves stochastically over
time. In these models, the steady state function is the stationary distribution of het-
erogeneity, in the absence of aggregate shocks. For example, the unemployment rate
can be constant over time while each individual faces employment risk, with the num-
ber of people entering and leaving unemployment equal. Similarly, linearization of
the policy operator does not imply all decision rules are linear: decisions with respect
to individual characteristics may be arbitrarily nonlinear. Instead, the relationship

between function valued state variables is expressed in terms of linear operators.
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3 Example: Trade, Migration, and Economic Geog-
raphy

To provide an illustrative example of the procedure and the class of models which can
be analyzed using these methods, I present a dynamic model of economic geography
based on the spatial model of Krugman (1996). In particular, it borrows the static
spatial equilibrium of that model, which determines wages, output, production, and
prices at a continuum of locations given a distribution of population, and replaces the
dynamic structure, which was given by an ad hoc behavioral rule chosen purely for
tractability, with an intertemporally optimizing dynamic stochastic model of location
choice extending those of Artug et al. (2010) and Caliendo et al. (2015) to the contin-
uum, allowing analysis of the dynamics of regional economies at arbitrary resolution
in response to aggregate shocks which may be global or asymmetric across regions.
To capture the temporal structure of the dynamics, the model imposes adjustment
costs on the movement of population, so that adjustment to regional shocks must
take place in the short run by movements of prices and quantities and only gradually
by shifts in population. This feature, along with explicit modeling of preferences, al-
lows the evaluation of the welfare implications of regional shocks. Another important
motivation for the choice of this model is that in the special case, also considered by
Krugman (1996), of a completely spatially homogeneous geography with a continuum
of locations where no location differs ex ante from any other, the linearized solution
to the model can be described analytically. This makes the model a useful test case
for numerical algorithms that attempt to approximate this solution numerically.

I begin with the intertemporal decision problem, which can be analyzed inde-
pendently of the static equilibrium structure. Notation follows Krugman (1996).
Individuals working in the tradeables sector at location z in geography G, a set of
locations with a distance metric which for now I take to be a subset of FKuclidean
space, receive in each period ¢ a real wage w;(z) and a value of regional amenities
v(z), both taken as given by the worker. A worker in location x at time ¢ may decide
to move to location 2’ in period ¢+ 1 at a cost ¢(2’ — x) which is a convex function of
distance traveled. Workers are risk neutral with time-separable additive utility and
discount the future at rate [3.

In each period, there is heterogeneity in the valuation of locations independent and

identically distributed across workers at a given location x following a distribution
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known as a Gumbel process (Maddison et al. , 2014), a principled generalization
to a continuum of the maximum of independent Type I extreme value distributions
generating a logistic decision rule as in Caliendo et al. (2015). Realized utility of
the choice to move from location z to random location 2’ € G in period ¢ + 1 is
drawn each period from a Gumbel process with base measure p, py,,, with density
exp(c(z’ — z) + fEVi11(2")), where the next period value function is defined by the

Bellman equation for the decision problem

Vi(z) = wi(x) + n(x) + G,

(@)

@, By Vi

with CT'MWEM+1 (G) the (randomly distributed) value at time t of the choice to move
to a location ' in period ¢ + 1, with distribution Gumbel(log( [ exp(c(z’ — z) +
BEVin(2')dz')).

This formula can be simplified by working with the conditional expectation of the

next-period value of this equation: denoting V;(z) := E,Vi41(z), obtain

Vi(r) = Ef{wen () + via () + Gy, (G)}

The corresponding location decision satisfies a multinomial logit decision rule. Defin-
ing the partition function as f(z,V) := [exp(c(z’ — z) + SV (2’))dz’, the conditional
density of choices at location x’ given current location z is given by

p(x |z, V) = exp(c(x’ — z) + BV (2)).

o
[, V)

Using the closed form characterization for the expectation of a Gumbel distributed

random variable, it is possible to write this object in terms of the partition function,

5A Gumbel process with base measure z (not necessarily a probability measure) assigns to each
measurable subset B of G a random utility value G, (B) with distribution Gumbel(log 1(B)), such
that G, (B) is independent of G,(B°) and G,(AU B) = max{G,(A),G,(B)}. A Gumbel process
with base measure p with density exp(v(z’)) with respect to dominating measure dz’ induces a Gibbs
distribution of optimal choices with probability density proportional to exp(v(z’)) and a distribution
of ex-post utility of these optimal choices G, (G) ~ Gumbel(log 11(G)). Notably, when the choice set
of 2’ € G is finite, this produces choice probabilities and utility distribution identical to those which
would be produced by agents who maximize utility over choices v(z’) + €(z") with ¢(z’) independent
Type I extreme value heterogeneity added to the deterministic value of each choice.
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allowing the Bellman equation to be simplified to

Vi(z) = Eiwip(x) + vy (z) + log f(x, Vigr) + 7] (3.1)

where v is the Euler-Mascheroni constant (= 0.577). Due to this explicit form, no
numerical optimization is needed to compute the value function.

The above constitutes the forward looking component of the model. To determine
the implications of the chosen policy for dynamics of the equilibrium, assume that
at each location there is a continuum of workers, who each receive independent and
identically distributed preference shocks, and that the total mass of workers has
measure 1 and is distributed across locations at time ¢ with density at location x
given by A\(x). Since the conditional density over locations given an initial state z
is given by p(2'|z, V'), the time evolution of the density of workers across regions is

given by the (adjoint) Markov transition operator

Ner (&) = /G (@), Vi) h(2)dz (3.2)

taking the current population distribution A;(z) to the next period distribution A1 (z).

Together, A\; and V; constitute the endogenous function valued state variables of
the model. To complete the model, one computes a static spatial equilibrium which
generates a value of real wages at each location w;(x) given a distribution of population
across places. A number of assumptions on market structure, trade, and geographical
spillovers are possible here, with many models of trade and geography taking similar
functional forms as discussed by Allen & Arkolakis (2014). A simple benchmark
choice is the model of increasing returns, monopolistic competition, and iceberg trade
costs of Krugman (1996), whose static structure (recalled in Appendix D.1) can be
borrowed without change to determine wages given population: for our purposes, it
suffices to note that it induces a differentiable nonlinear operator w(A(.))(x) giving
a spatial distribution of real wages each period as a deterministic function of the
predetermined population distribution.

The dynamic specification of the model is completed by the inclusion of ag-
gregate uncertainty. For the purpose of the decision problem over locations, any
source of uncertainty which affects the static equilibrium of the model exerts its ef-

fect only through its impact on expected real living standards at different locations,
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wi(z) + v(x). Amenity value is exogenous in this specification of the model, and
shocks to amenities across locations can reflect natural mechanisms like patterns of
weather or natural disasters, or outcomes of (exogenous) local policies. Disturbances
to variables determined within the static equilibrium of the model, such as changes in
productivity (which may vary by location) in traded or nontraded sectors, changes in
trade costs, or relative preferences for different varieties of good, will all show up in
real wages. Because these are determined as the outcome of a purely static process,
any persistence in these deviations (aside from that transmitted through the dynam-
ics of population, described above), must come from outside the model. As a result,
for the purposes of deriving the dynamics of economic activity and population, it is
equivalent to model all shocks as changes to the exogenous value of amenities v4(x)
at time ¢, and to provide exogenously specified dynamics for these shocks.

While many forms are possible, because the model will end up being linearized, it is
sufficient to consider a linear specification for the dynamics of v4(x). For simplicity of
illustration and, later, computation, I consider a first order functional autoregression
specification, following Bosq (2000),° with translation invariant transition operator,
thereby restricting to shocks which do not diffuse differently from ex-ante identical

locations:
vy (z) = /G Tz — 2)y(2)dz + 020 (2) (3.3)

Here I'(.) is some bounded, smooth, square-integrable function parameterizing the
degree of spatial diffusion of shocks and e;(x) is an i.i.d. function valued Banach ran-
dom element with covariance operator ¥. This equation takes form z}, = hy(xs) 4+ 02’
with 22 = v, h(zs) = [T'(x — z)[]dz and z = . Note that the additive formulation
of the shock v, is without loss of generality even when interpreted as shocks to the
trade component of the model, as subsequent to linearization, up to appropriate repa-
rameterization of I' and X, all specifications lead to a representation in the linearized
Bellman equation as an additive shock to wy(x).

To express this model in format appropriate for solution by a functional linear
rational expectations algorithm, note that the model may be expressed recursively
with F' given by equations (3.1), (3.2), and (3.3), in terms of predetermined variables
x1 = M) z3 := v(x) and jump variable y := V(x) and their next period values

N, V', V' solving out the static variables to obtain w; = w(\;). I consider (per-

6See Appendix D.2 for discussion of how this form could be derived from standard dynamic panel
data specifications.
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turbations of) V and v as elements of L?(R) and perturbations of A, a probability
distribution, as an element of L3(R), the space of square integrable functions on R
integrating to 0, ensuring that densities integrate to 1.

In what follows, I will show how to take the derivatives of a model expressed in
this form and use them to solve for the linearized dynamics and responses of the state

variables of the model to endogenous and exogenous changes.

4 Characterization of Equilibrium Solution

Given a model expressed in the form above, a linear approximation of its solution
can be constructed by linearizing the equilibrium conditions and applying a decom-
position into components which may be solved separately and recursively, one whose
evolution may be expressed as a function of past variables and another which is solved
by iterating forward expectations of future variables. While in some models, the com-
ponents which are solved by looking backwards and the components which are solved
by looking forwards may be identified with separate variables in the system,” this is
not true in general. Instead, this separation must be determined endogenously in such
a way that initial and end point conditions of the system are satisfied. This often
consists of the requirement that some choice variables or other endogenous variables
must be chosen to affect the expected evolution of other variables so that they satisfy
an endpoint condition.

Most commonly (at least in real models: see Cochrane (2011) for a discussion of
complications in nominal models), long-run behavior is determined by a condition,
such as transversality, which is satisfied when variables follow a dynamic path which
is stationary. While many types of long run restrictions are possible in models with
function valued state variables, I will provide an algorithm for this most common case,
in which the specified model takes recursive form over an infinite horizon and endpoint
conditions require a stationary solution. Although some modification is possible,
including requiring asymptotic convergence (or slow divergence) at a particular rate
possibly above or below 1, due to the infinite dimensional nature of the parameter
space, arbitrary endpoint conditions introduce substantial complications and so these
will not be discussed further.

The requirement that it is possible to separate into solvable components also

"See Appendix C for treatment of this case
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imposes one more technical limitation: to ensure orthogonality of projections, in what
follows, I specialize from the setting of arbitrary Banach spaces to require all variables
to live on separable Hilbert spaces: H; = H, X H, and Hs replace B; = B, x B, and
Bs, respectively. For models defined on spaces which can be densely embedded into
a Hilbert space, it is often possible to extend the derivatives to the full Hilbert space
by completion. However, norm convergence results must then be taken with respect
to the Hilbert space norm: see Appendix C for details.

For an economic model with recursive solution which is differentiable and generates
a stationary stochastic process, I describe necessary conditions that the functional
derivatives of the solution operators ¢(.) and h(.) must satisfy, which will allow these
derivatives to be calculated numerically.

Let the equilibrium conditions for the model of interest be given by 2.2 on page 8

Glx,0) = EF(, 9(x,0), h(,0) + onZ, g(h(x,0) + onZ'0),0) = 0

for all z, o and assume G(x,0) is Fréchet differentiable with respect to z, o.

Take the derivative with respect to = (evaluated at (z*,z*,y*,y*, 0)) to obtain
Fx + Fx/hz + Fyg:p + Fy’gxhx =0

In matrix form

hy

[ Far Fy } h,

- -[r &)

! ] (4.1)

I 0
0 Gz G

Define A — [ F. F, } B—— [ F, F, } mapping Hy = Hy X Hy — Ha.

I seek to partially characterize the policy operators h(x, o) and g(x, o) by solving

for their first derivatives with respect to the ‘predetermined’ state variable z, h, and

I 0 hy I
0 6z hy o

this can be seen as an equation in terms of a pair of linear operators (B, A) which

g.. Written as

A =B

may be solved in terms of a joint decomposition of the pair. In general, multiple

solutions to this system are possible: however, additional considerations provide some
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constraint as to the nature of acceptable solutions. In particular, conditions such as
transversality conditions in optimization and No Ponzi Game conditions often rule
out equilibria in which (some) state variables explode.

As a result, I seek a solution to these equilibrium conditions which also induces
stable, or stationary, dynamics. For finite dimensional deterministic dynamical sys-
tems, sufficient conditions for the local stability around the steady state may be
characterized by the eigenvalues of the linearized transition rule: in discrete time,
eigenvalues less than one in modulus imply stability. For infinite dimensional dy-
namical systems, analogous conditions apply (see Gohberg et al. (1990, Ch. 1V.3)).
For rational expectations models characterized in terms of expectations, dynamics of
state variables may be characterized not only by past values, but also by expectations
of future values, and, in particular, certain variables may be allowed to ‘jump,” which
is to say that in response to a stochastic change in the current state, some variables
may change discontinuously in order to satisfy the equilibrium conditions. As a re-
sult, stability conditions for this class of models differ from those for deterministic
dynamical systems. Most notably, they may exhibit ‘saddle-path stability,” in which
the system evolves toward the steady state only along a lower-dimensional manifold
and so only a subset of eigenvalues satisfy the stability conditions. A stable solution
exists in such a case if the jump variables may adjust to ensure that the system stays
on this stable manifold.

In the finite dimensional case, stable solutions to this matrix pair equation may
be characterized in terms of the Jordan decomposition of the pair, as in the seminal
work of Blanchard & Kahn (1980), or in the case where singularity may be possible
or numerical stability is desired, in terms of the generalized Schur decomposition as
in Klein (2000). In the infinite dimensional case, one may, under certain regularity
conditions, apply analogues of these decompositions. To provide robustness to singu-
larity and ensure numerical stability, this paper applies an analogue of the generalized
Schur decomposition. As such a decomposition appears to be absent from the litera-
ture, Appendix A provides a detailed characterization and a proof of existence under
a mild set of regularity conditions. The key idea of the proof is to use the generalized
resolvent operator to construct potentially non-orthogonal subspaces on which the
operator pair acts corresponding to elements of the spectrum outside and inside the

unit circle, and then show that orthogonalizing the subspaces to ensure unitarity of

17



the transform preserves the spectrum.®

Formally, if (B, A) satisfy the regularity conditions of Lemma (2) in Appendix A,
among which are that (B, A) are bounded operators and that (B, A) are I'-reqular
on the unit circle: 7¥A — B has bounded inverse for any complex v satisfying |y| = 1,

i.e. the unit circle is in the resolvent set, there exists a decomposition
(B,A) = (Q"TU,Q*SU)

in which U and ) are unitary operators and S and 7" may be decomposed as
Sy S
(T, 5) = 7 11 P12
0 Sy

conformable with the decomposition () = @

2 Uz
images of their adjoints U] and Uj respectively decompose #H; into two orthogonal

Ty Tio
0 Ty

and U = such that the

subspaces Hi; and Hjo and the spectrum of (7}, S1;) lies inside the unit circle, so
S11 has bounded inverse. I further decompose Uy, Us by considering their actions on
H, and H,. Write Uy := Uyp™, Upp := Uy, Uy = Usp™, Usy := Usp” where
X My = He x {0} CHy and @Y - Hy — {0} x H, C H; are imbeddings.

Remark. The assumption of boundedness of the operator pair is not fundamental.
Rather, it reflects the choice of space on which the operators are defined. See Kur-
batova (2009) for a way in which to define the domain on which the pair acts so
that boundedness holds and the above decomposition may be constructed for op-
erator pairs unbounded with respect to the original choice of space H; by working
on a restricted space. The use of potentially unbounded operators may be useful if
equilibrium conditions are defined in terms of differential operators, as is common
in continuous time versions of the models studied in this paper, as in Achdou et al.
(2017). In discrete time, the conditions of interest are generally defined in terms of
integral equations and so boundedness usually holds on the original space.

In contrast, ['-regularity imposes nontrivial restrictions. By requiring existence of

a bounded operator with bounded inverse between the two spaces, it requires that H;

8For a pair of bounded operators (B, A) each in £(H, — Hy), following Gohberg et al. (1990),
define the spectrum o(B, A) as those A € C such that AA — B is not invertible, accompanied by the
point oo if and only if A does not have bounded inverse, and the resolvent set p(B, A) as Coo\o (B, A).
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and Hs be isomorphic, reflecting the traditional condition that to have a unique set of
solutions, it is necessary that there be as many equations as unknowns. Invertibility
on the unit circle also rules out a continuous spectrum in the neighborhood of the
unit circle. To see this, note that because the resolvent set of an operator pair is open,
invertibility must also hold in an open neighborhood of the unit circle, and so it cannot
be the case that the spectrum has a limit point in the unit circle. This rules out unit
roots in the dynamics (as in Chang et al. (2014)) as well as certain processes with
long memory. It also excludes certain classes of operators. A prominent example of an
operator pair with a continuous spectrum is an identity paired with a multiplication
operator (which can arise as the functional derivative of a composition operator), i.e.
(F,I) with Flg(x)] = f(x) - g(x), which has continuous spectrum taking all values
attained by f(x). If | f(z)| has a limit point equal to 1, this operator pair is not I'-
regular. In this case a spectral decomposition can be constructed analytically, and a
solution will exist with long memory or unit root behavior (depending on the behavior
of f(x) as it approaches 1), but for general models which fail to be TI'-regular with no
closed form spectral decomposition, numerical approximations of the decomposition

based on projection methods may be highly unstable.

The generalized Schur decomposition allows us to rewrite our decomposition as

I 0 h
0 9z hy
Tll T12
0 Ty

Ull U12

Q* Sll 812
U21 U22

0 Sy

Ull U12
U21 U22

I
Jx

=Q"

] (4.2)

Unitarity of @) allows it to cancel on both sides, leaving, after simplification,

Ty T
0 Ty

Un + Ui2gs
Uzt + Uss gy

0 S

Sll SlZ
(U21 + U229J3)h$

(Un1 + Ur2gz) hy ] _

To find a stable solution, first solve for g,, which determines the jump variables
in terms of the predetermined variables, and then use this to find the value of h,. To
ensure that the second line holds trivially, it is sufficient to find ¢, : H, — H, such
that

Ust + U9, =0 (4.3)
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always. In principle, there may be many solutions, one solution, or no solution to
this problem. In the case that UsUj, has bounded inverse on the space Im(Us,), at
least one solution exists, given by what is referred to in numerical analysis as the
‘minimum norm solution’ (Golub & Van Loan, 1996, Ch. 4) to the linear equation
(4.3),

9o = ~Usy(UzUsy) ™' Usn. (4.4)

It is worth noting how the condition that UsUj, has bounded inverse relates to the
eigenvalue criteria in Blanchard & Kahn (1980) and subsequent rational expectations
solution procedures. The existence of a bounded inverse implies Uy Uy, is bijective,
and so Uy is surjective onto Im(Uy), which is mapped isometrically to Hq2 by the
continuous and invertible linear transformation U;. Therefore, there exists a linear
surjection from H, — Hio. In finite dimensions, this requires that the dimension of
the space of ‘jump variables’ y is at least as large as the dimension of the eigenspace
corresponding to the ‘unstable’ generalized eigenvalues. Note however that in infinite
dimensions, both of these spaces are infinite dimensional and the spectrum is generally
uncountable, so this criterion cannot be expressed in terms of a relationship between
the ‘number of eigenvalues greater than one’ and the ‘number of jump variables’.

There is also an analogous condition characterizing uniqueness of the solution.
Consider the case in which Uss has nontrivial null space. Then if g, is a solution and g
is an operator whose range is a subset of Ker Usg, ¢,+¢ also satisfies Uy +Uss (g, +7) =
0. Thus, a solution is unique only if Uy has trivial null space. Formally, a solution is
unique if and only if Uy is H,-complete: Vy € H,,, Usoy = 0 implies y = 0. If Uy, is
complete and surjective, then it is bijective, and so, by the bounded inverse theorem
has a bounded inverse and so

ge = Uz Uy (4.5)

is the unique solution. In finite dimensions, a necessary condition for a linear operator
to have trivial null space is that the domain and range spaces are of the same dimen-
sion, corresponding to the case in which the number of jump variables and unstable
eigenvalues is exactly equal. Note that while there is a burgeoning literature on the
characterization and implications of completeness in econometric models (see, e.g.,
Andrews (2011)), this is generally in the context of operators which are not surjective
and do not have bounded inverse.

If U, is surjective but not complete, the system is said to be underdetermined, and
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there may be many solutions, of which —Us,(UaeUs,) Uy, the minimum norm solu-
tion is one. In this case, any solution to the system must be equal to —Us, (UUsy) ™ Usy
plus an operator g whose range is in the kernel of Uy, which is the complement
of the range of Us,, and so for all x € H, || — Us(UxnUsy) 'Usnix + gz|| = || —
Usy(UsgUsy ) " tUsi || + ||gz|| > || — Usy(UaaUsy) " 1Us || hence the description ‘mini-
mum norm’. This corresponds to the case in finite dimensions in which there are more
jump variables than unstable eigenvalues. In this case, one may calculate a canonical
solution with minimum norm, but there are also a continuum of other solutions in
which arbitrary terms may be added in the eigenspaces corresponding to the jump
variables so long as these terms are sent to zero by the expectation operator. This
situation corresponds to the partial identification result when completeness fails in
nonparametric instrumental variables estimation described in Santos (2012). While
indeterminacy in the finite dimensional case has received extensive study, for brevity
and to avoid technical complications, I will consider only cases in which the solution
is unique, in which case Uy, is bounded and well defined.

Given a solution for ¢,, the evolution equation for the predetermined variables
may be expressed in terms of this solution. Imposing condition (4.3), the equilibrium
conditions hold if S11(Uyy + Ui2gz)he = T11(Urr + Uiag,). Since Si; has bounded

inverse by construction, this gives
he = (U1 + Urage) 'S5 T11 (Un1 + Uraga) (4.6)

is a solution so long as Uy + Uy29, has bounded inverse. Moreover, this operator is
similar to S;;'7; and so has identical spectrum. In particular, by the construction
of S1; and Ty the spectrum of this operator is inside the complex unit circle. So, by
Gohberg et al. (1990, Thm IV.3.1), the difference equation x;,1 = h,xy, g =z € H,
has a unique solution for any given x, given by x; = (h,)'z, which converges to 0.
Thus, one can say that h, is a stable solution. Moreover, under these conditions,
Bosq (2000, Thm 3.1) implies that the Hilbert AR(1) functional linear process given
by 411 = hyxy+&;, where & is a H, random element uncorrelated over ¢ has a unique
covariance stationary solution, and so one is justified in referring to h, as a stationary
solution.

Note that existence of a solution to the operator equation (4.1) is a necessary

condition for the existence of a differentiable solution consistent with the equilibrium
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conditions of the model but is not sufficient. For an overview of high level conditions

that might be used to ensure existence of a solution, see Appendix F.

5 Algorithm

Having a formula for the functional derivatives of the policy operators in terms of the
functional derivatives of the equilibrium conditions is not sufficient to implement the
formula unless the components of that formula, defined in terms of the generalized
Schur decomposition, can be found. While there are some cases where this can be done
analytically, these require a high degree of structure to be imposed, often requiring
the model to take a partial equilibrium structure where aggregate variables are taken
as exogenous or requiring individual decisions not to depend on the aggregate state
(see Appendix C). Beyond these and some other idiosyncratic cases, a numerical
procedure is needed to construct the solution. This can be done using projection of
the equilibrium conditions onto a finite set of basis functions, so long as the model
takes a structure where the approximation error this introduces can be controlled.
Conditions under which this holds can often be verified easily, and in particular
hold for the economic geography model described in Section 3. In the following
sections, I describe a general method under high level conditions which ensure that a
projection representation yields an accurate approximation to a solution, then provide
an algorithm and set of low level conditions which provide an example and guide to
ensuring the high level conditions using wavelets, a particularly attractive class of

basis functions in terms of speed, accuracy, and ease of implementation.

5.1 Numerical Evaluation by Projection

In general equilibrium problems, forward looking decisions both influence and are
influenced by the evolution of persistent states. In such cases, it becomes necessary
to apply a method which can separate the forward and backward looking subspaces
under general conditions. Unfortunately, closed form solutions are rarely available for
the generalized Schur decomposition of systems of operator equations and one must
instead turn to numerics. For an algorithm to be useful, it must take data which are
computable from representations of the derivatives of the equilibrium conditions and

output an approximate decomposition. This suggests application of methods based
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on sampling, where the derivative operators are approximated by finite dimensional
objects to which a decomposition may be applied numerically.

A particularly simple way to perform this approximation is to approximate an
infinite dimensional separable Hilbert space by an increasing sequence of subspaces,
possibly spanned by a standard set of basis functions. On such spaces, the derivative
operators of interest are finite dimensional matrices. As the number of basis functions
grows, representation of any function in the space becomes increasingly accurate,
and one may hope that at a sufficient level of detail, the finite dimensional system
accurately approximates the infinite dimensional one. If this is the case, it may be
possible to simply apply solution algorithms for finite dimensional linear rational
expectations algorithms to produce finite dimensional approximations of the policy
functions.

While intuitively appealing, there is an important step missing in the above logic.
In order for the finite dimensional solutions to be accurate, at least asymptotically, it is
necessary that when the input of the finite dimensional rational expectation algorithm
is sufficiently close to the truth, that the output also be close: the solution must be
continuous. While continuity results exist for the generalized Schur decomposition in
finite dimensional spaces with respect to the Hilbert-Schmidt norm (Stewart, 1973;
Golub & Van Loan, 1996), in infinite dimensions this norm need not even be finite
for operators, like the identity, used in practice, and so is overly strong for this
application. Therefore, in Appendix B, I demonstrate a generalization of this result
to the (weaker) operator norm: for A € L(H, = Hs), [|Allop = sup |[|Az|w,. If a

ll3,=1
sampling procedure converges to the true derivatives in operator norm, the generalized

Schur decomposition will also converge in the same norm.

While reassuring, continuity in operator norm is in fact of limited applicability
without some important auxiliary hypotheses. In particular, it is known that a finite
dimensional matrix may approximate an infinite dimensional operator in operator
norm only if that operator is compact. This presents something of a difficulty, as es-
sentially no economic models with function valued states have derivatives which are
compact operators. However, there exists a limited but far from trivial subclass of
models in which it is nevertheless possible to construct the generalized Schur decom-
position of a set of operators which consistently approximates the true equilibrium
derivatives in operator norm and so to which the continuity result applies. I refer to

models which satisfy this condition as asymptotically diagonal.

23



Definition 3. The operator pair (B, A) is asymptotically diagonal if there exists
a known linear isometry such that 7, is isometrically isomorphic to Hs, and the
representation of the operator pair with respect to this isometry (which will also be
denoted (B, A)) satisfies the decomposition (B, A) = (B, A;) + (B¢, A¢) such that
Be and A¢ are compact and there exist known finite partitions of H,, H, C H1 = Hs
into orthogonal subspaces {’Hj}j:l conformable with the partition into H, and H,,
usually corresponding to variables making up X and Y, such that for each pair
(i,5) € {1...J}?*, Ay, := Projy, ArProjy, and By, := Projy, BiProjy, satisfy Ap,
and By, are each either equal to the zero operator or to a scalar multiple of the
identity I;;, where I;; is defined for ¢ = j as the identity operator on H; and for i # j
is defined as the identity from H; to H; it H; = H,;.

Informally, this statement says that asymptotically diagonal systems can be bro-
ken up into a compact part and a part for which all subcomponents are equal to the
identity. The typical form for an asymptotically diagonal operator pair is a set of
square block operators acting on a space of J functions, where each block contains

an identity operator, a compact operator, or a sum of a compact operator and an

) 5)

where ¢; through cg are real scalars (possibly 0) and C; through Cy are compact oper-

identity operator. For example if J =2, (B, A) may take the form

cslin + Cs celia + Cg
crloy + Cr cglog + Cy

9

cilin +C1 calig + Co
c3lor + Cs  calog + Cy

ators, for example integral operators of the form [ K(x, z)[f(z)]dz for some bounded
smooth function K(z,2) : [0,1)> — R! in the case where H; is L?*[0,1). Here
(Bc, Ac) collects the C' components and (By, Ay) collects the ¢/ components.
Asymptotic diagonality ensures that the model has a tractable form ‘up to a com-
pact perturbation.” In particular, it can be seen that (B, A;) is block diagonal with
respect to any orthonormal basis of H; conformable with the partition into subspaces
{H,; }3-7:1 with blocks which are J-dimensional square pencils which are, importantly,
all identical. For example, for a pair in the form of (5.1), for any orthonormal ba-
sis {¢n}2, of H;—1, which must have a corresponding basis {¢i2}7°, for H,—o if
M1 = Hj—, (if not, the off-diagonal components ¢y, ¢3, ¢, and ¢; must all be 0, as

no identity can be defined), the action of (B, A;) on the coefficients corresponding
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to functions (¢;1, @) is given by the pair of 2 x 2 matrices

()

for any i = 1...00. This provides a representation of (Bj, A;) as block diagonal
with respect to the the orthonormal basis {{eij}f;}?ﬂ of H = H;—1 x H;—2 with
ei1 = (¢i1,0), ei2 = (0, o), with blocks corresponding to pairs identified by common
index 7. As a result, to construct the generalized Schur decomposition of (B, Aj),
it suffices to calculate a single J-dimensional decomposition of the matrix pencil
representing any particular block and to concatenate the identical and orthogonal
blocks.

Generally speaking, the isometry condition will be fulfilled by any model which
uniquely determines an equilibrium, as it generalizes the familiar requirement that a
model have an identical number of equations and unknowns, so the space into which
the equilibrium conditions map will generally have a canonical isomorphism to the
space of unknown states. This holds similarly for the J subspaces, which usually
correspond to interpretable variables in the context of the model, with isomorphisms
between spaces of variables likewise defined canonically. For example, in the geogra-
phy model, the distribution of wages and the distribution of amenities may be defined
as functions on the same space defined in the same units.

The use of a restriction of this kind is that identity components are common com-
ponents of the derivative operators of many models, because many conditions take
the form of defining a variable or assigning it a value, but are not compact, and so
cannot be approximated directly by finite dimensional approximations. The remain-
der of (B, Ar) after projection onto any subspace does not go to 0, but because it
takes a tractable diagonal form, it is known. In contrast, for the compact compo-
nent, the remainder when projecting onto an increasing sequence of subspaces does
go to 0 and so is asymptotically negligible. By combining these two components, it is
possible to use a finite dimensional projection to approximate the operator pencil on
a finite dimensional subspace and leave a remainder on the orthogonal complement
space which is known up to an asymptotically negligible perturbation. In this way,
one can use a finite set of computations to compute a generalized Schur decomposi-
tion corresponding to an operator pencil which is close in norm to the true infinite

dimensional pencil, and so by the continuity in norm of the decomposition, yields a
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decomposition which is close to the true one.

When the derivatives of the equilibrium conditions of a model are asymptotically
diagonal (and a unique stable equilibrium exists local to the steady state), computa-
tion of the first order approximation of the policy operators is both straightforward
and computationally fast, in the sense that a consistent approximation can be com-
puted to any desired precision in time polynomial in the number of basis functions
used in the approximation. The procedure consists of projecting the equilibrium
derivative operators onto a finite dimensional orthogonal subspace, computing the
policy operators on that subspace by applying directly a standard first order ratio-
nal expectations solution algorithm for finite dimensional models, and computing
the policy operator on the orthogonal complement of that subspace analytically us-
ing (By, Ar). The operator norm precision of the resulting approximation is then
asymptotically of no higher order than the operator norm error in the projection
approximation of (B¢, Ac). While compactness alone ensures only that this projec-
tion error goes to 0 as the number of basis functions increases, when the compact
component takes the form of integral operators [ K(z,z)[f(z)]dz, mild smoothness
conditions (or other limited complexity conditions) on the kernel can be used to ensure
a rate of convergence. Moreover, in the case where projections cannot be calculated
analytically, for example because the kernel function can only be accessed by point
evaluation and so integrals must be computed approximately by quadrature, similar
smoothness conditions ensure that the additional error induced is controllable. Alter-
nately, in some cases one may estimate a operator from data. In this case, plugging in
any matrix-valued operator norm consistent estimator (as in Guillas (2001) for func-
tional autoregressions, or Park & Qian (2012) or Benatia et al. (2015) for functional
regression) produces a consistent estimator of the policy functions.

As a very wide variety of schemes for approximating such an operator may be
applied, I first provide a general purpose bound in terms of operator norm error,

under a set of high level sufficient conditions on the approximation.

Condition 1. (i) (B, A) H; — Hs is an asymptotically diagonal pair of bounded
operators, I'-regular with respect to closed Cauchy curve I' (i.e., per Definition (1)
in Appendix A, AA — B is invertible for all A in a closed curve I' C C, separating

the extended complex plane into an interior and exterior subsets), with generalized
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Schur decomposition with respect to I' given by

(B, A) = [Q, Q) T Tz Su Si U
) 1) 2 0 T22 ) 0 522 U2
e 111 ST . : : : :
(ii) dif( T g ) > 0, where the dif operator is defined in (B.4) in Appendix B
22 022

as a measure of continuity of the generalized Schur decomposition with respect to
perturbations

(iii) Uy = U™ is invertible

Remark. On Condition (1): These conditions on the derivatives of the model are not
entirely general but apply to fairly broad classes of models. Asymptotic diagonality
is a smoothness condition which rules out certain classes of models which display
excessive ‘frequency mixing’. The general property of operators which this rules out is
a transfer of energy between frequencies which fails to dissipate as frequency increases
to infinity: an archetypal example would be a map involving the delta function. In
these cases, input functions with a high degree of regularity are passed to outputs
which may be irregular, impeding the ability to represent the system uniformly in
time with respect to classes of regular functions which can be well approximated
by standard function approximation. This transfer of energy to higher and higher
frequencies is commonly described in models of physical systems as an aspect of
(weak) turbulence, and generally requires numerical methods different from those
described here. It may often be ensured by including additional smoothing or noise
conditions in the model, or other transformations: see Appendix C for discussion.

['-regularity ensures that forward and backward looking components of the system
can be distinguished, and imposes some restriction on the time series properties of
the model, as described above.

Condition (ii) on the dif operator of the pair similarly imposes that the forward
and backward looking components are well-separated, ensuring their continuity with
respect to small perturbations in the operators: see Appendix B for an exact defi-
nition and further discussion. Heuristically speaking, the dif constant is a measure
of the separation between the forward and backward subspaces which depends on
the spectral gap between the subspaces and the degree of nonnormality (or deviation

from a diagonalizable pair) of the operator pair. In the case where the operator pair
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(B, A) is diagonalizable, it is equal to the minimum distance between the spectra of
(T11, S11) and (Tye, Ses) and so positivity is implied by I-regularity. I'-regularity is
also sufficient in the case that (B, A) is finite dimensional (see Stewart & Sun (1990)
Thm VI.1.11) or in the case in which either B or A is invertible, in which case it
follows from the Sylvester-Rosenblum theorem for operators (Bhatia & Rosenthal,
1997), though the exact size will depend on the degree of nonnormality.

Condition (iii) is necessary for existence and uniqueness of derivatives of a policy
function which are consistent with the equilibrium conditions: it ensures that there

is a correct model to be approximated.

To provide a consistent approximation, it is necessary to choose a sequence of
finite dimensional orthogonal subspaces which converge to H. Generally these will

be defined as the closed linear span of an increasing sequence of functions in a set of

J
=D

tational and notational convenience. As one often does not have access to an exact

complete orthonormal bases of {#;} though orthonormality is mainly a compu-
projection, it is sufficient to request a consistent approximation to one instead. For

consistency, approximations should satisfy the following properties

Condition 2. (i) Let {W;(j J_, be J orthogonal projections onto Kj-dimensional
orthogonal subspaces of {#,}7_, respectively such that Im 75 = Im 7T]Kj if H;, = H,;
(i.e., 7TJK and 7TZK map to subspaces which are identified of elements of the partition
which are themselves identified), and let 7% = ijl W]]-(j project onto the K =
Z;.Izl K -dimensional union of these subspaces. Define (BX, AX) := 7K(B, A)nK,
and (BE, AE) .= n8(Bc, Ac)m™. Let

max{||B¢ = Bell,,,, [[4¢ = Acll,,} < mx

for some sequence 1 decreasing to 0 as K — oo.
(ii) Let (BX, AK) be a sequence of matrix approximations of (BX, AX) on a Eu-
clidean space isomorphic to Im 7% satisfying

maX{HBK ~ BX A — AK

)
op

} <k
op
for some sequence (i decreasing to 0 as K — oo.

In practice, as the J subspaces of H represent distinct functions used as state

variables (for example, a value function and a distribution over agents), these ap-
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proximations are given by first choosing an appropriate complete series basis for
each function of interest and representing each function with respect to an increasing
number of terms in that series. The numerical representation of the operators with
respect to the series (BK AKX ) is then calculated by interpolation, quadrature, exact
sampling in some special cases, or estimation. Note that consistency of the projec-
tions is required only over (B¢, Ac). Both on and off the projected space, (By, Ar)
has exact representation as a set of scalar multiples of identity matrices on Im 7%
and as identity operators on the orthogonal complement of that space.

Given a choice of spaces onto which to project and a consistent approximation
of the projected operators, approximate solutions may be defined by calculating pol-
icy operators §X, h¥ and g%+ hEL from (B, A) separately on Im 7% and Ker 7%,
respectively and composing them, as follows.

Denote the generalized Schur decomposition with respect to I' of the finite dimen-

sional matrix representation of (B, AX) as

[N*K ~*K] Tlff Tlfg Sﬁ Sllg

ol Ul
1 » 2 O j‘—’,2[§ ? O 515(2' i i

K K
U21 U22

Note that because this is a finite dimensional matrix pair, this may be calculated
in O(K?) time by the QZ algorithm: see Golub & Van Loan (1996). Applying the
formulas for the policy operators to this restricted space, define g% = —(UL)~1UK,
hE = (UE + UEGE)"Y(SEY ' TE(UE + UL §%). These define an approximation of g,
and h, respectively on the space Im 7.

As the restriction of the policy function to this space need not, in general, consis-
tently approximate the policy functions over H; as a whole, supplement by an approx-
imation on the orthogonal complement space, g%+, hX+ by considering only (B, Ar)
on this space. This is a reasonable approximation because for K large enough, the
contribution of (B¢, A¢) on the remainder becomes negligible. Consider a set of com-
plete orthonormal bases of H;, {eij}}]:l, t =1...00, where e5; and ey, are identified
if s = ¢ and H; = Hj. Then, by construction, for all ¢, (By, A;) maps the closure
of their span %{eij}jzl to itself and moreover, the representation of this map is
identical for all 7. Informally, (B, A) is (H-equivalent to by Parseval’s identity) a
block diagonal matrix pair over this complete orthonormal basis with identical J x J
blocks. Further, because an identity matrix has identity representation with respect

to any choice of basis, one may choose a basis such that {e,-j}jzl, 1 =K+1...00
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are a complete orthonormal basis of Ker 7% (these may or may not be the remaining
elements of an orthonormal basis the projection onto the span of which defines 7%,
though this representation is convenient). By the orthogonality of the blocks, it is
sufficient to define the policy function separately on each block. This can be done
by applying the solution formula to any J-dimensional block i, regarded as a pair of
J x J matrices, (B%, A}). These have generalized Schur decomposition

Th T, St Si

Y

0 T3 0 Sy

7 7
Ull U12

U, Uy

on each block i, where U}, and U, acts on the J; elements contained in H, and Ui,
and U, act on the J — J; elements contained in H,. The corresponding block of the
policy operators are given by g; = —(Us,) ™ Usy, h, = (Ufy +Ujags,) ™1 (S11) ™' 11, (Ui +
Ui,gt). To define an approximation on the orthogonal complement of Im 7% simply

concatenate the blocks, giving sequential representations

=0 D D (@) Gk (e [) 5

i=K+1j=J1+1 k=1

and
00 J1 N

REE =T (B (e, [) €

i=K+1 j=1 k=1
Note that since each block is identical, calculation of the policy function needs to be
performed for only one representative block, with running time dominated by the QZ
algorithm, of order O(J?), typically negligible.

The approximation to the policy operators on H are given by gx := g& +¢g&+ and
hg = 715 + hEL A summary of the steps leading to their construction is provided
as Algorithm 1. Under the conditions given, these aproximations are consistent in

operator norm.

Theorem 1. Let (B, A) and their approzimations (B*, AX) satisfy Conditions (1)
and (2). Then ||gr — gull,, — 0 and [[hx —hyllop — 0 as K — oo. In particular, there
exists some K and some constant C' such that for K > K, ||gx — 9|, < C(Cx +nx)
and ||hg — hall,, < C(Cx + ).

Proof. See Appendix. O
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The idea behind the consistency argument is to show that the generalized Schur
decomposition of the combined approximation on and off Im 7% converges in operator
norm and then apply perturbation theorems ensuring continuity in operator norm for
the Schur projectors and Rayleigh components. Then by applying orthogonality, one
can show that the policy functions corresponding to the generalized Schur decompo-
sitions on and off Im 7% are equivalent to the policy functions corresponding to the
Schur decomposition of the approximate operator as a whole. The exact constant C'
and K are both decreasing functions of the dif constant of (B, A). While the rate of
convergence is unaffected, for highly non-normal operators or those with a small gap
between the spectrum of the forward and backward looking components, the constant
on the rate may be large.

This result may easily be seen to be rate optimal. Consider a model of the form
(B,A) = (—hy, I), with h, compact and stable; the operator norm approximation

rate for the policy operator is then identical to the approximation rate of Bo = h,.

5.2 Implementation: Wavelet Transform

Overall, the computational effort needed to obtain e-close approximations is driven by
the rates nx and (. If efficient (or exact) evaluation schemes are used, the projection
error 7x tends to dominate: this may not be the case if the value of the projection
coefficients is determined by estimation, in which case the accuracy of (i is limited
by the quantity of data available. To more precisely quantify the size of these errors,
[ provide an example of a set of conditions on (B, A), the approximating subspace
Im 7%, and the evaluation method for the projections which provides precise rates.
In particular, I demonstrate approximate projection onto a Coiflet wavelet basis
using a 1-point quadrature scheme derived from Beylkin et al. (1991). Rates of con-
vergence are shown for Fredholm integral operators with Holder-continuous periodic
kernel over compact support. Fredholm integral operators are a canonical example
of operators which are given by a compact component and potentially a component
given by an identity and appear frequently in examples including the model of Section
3. Wavelet sampling methods provide a particularly fast and accurate method for ap-
proximating these operators even when the kernel can only be accessed by pointwise
evaluation, perhaps because it is a complicated function which has itself been numer-

ically approximated, such as a function of a steady state calculated numerically by
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Algorithm 1 Construction of gk, hg

K

Inputs: An equilibrium operator F(z,y,x’,y’,0) satisfying Condition 1, Im 7" a
K-dimensional subspace satisfying Condition 2, and {{e;;}7_,}?°, a conformable

orthonormal basis for the orthogonal complement of Im 7

K

Output: gg, hx approximate functional derivatives of recursive solution with respect

to x

1. Compute steady state (z*,y*) s.t. F(a*,y*, 2% y*,0) =0

2. (B,A) « (— [ F, F, ] , [ Fy Fy ]) Calculate functional derivatives at
steady state

3. Decompose (B, A) into (B, Ar) + (Be, A¢) compact and identity components
as per Definition 3

4. Construct (BX, AX), a K-dimensional approximate projection of (B, A) onto

Im 7&

5. Build components of policy operator on Im 7% and Ker 7
(a) Build policy operators on Im 7

i.

ii.

, satisfying Condition 2, using Algorithm 2 or other method

K

K using approximate projections

KA TK Tk SKE SEV[UK U S
«K K 1 Li2 1 2i2 11 Uiz 7(BK AK
[172] 0 T2[§70 Sg}[Ugl U22} <_Q( ) )
Apply QZ algorithm to obtain generalized Schur decomposition of
(BK AF)

G —(UE)TUE, BE « (U + Ul g%) =" (SI) ' T (U + Ufg%)

(b) Build policy operators on Ker 7% by analytical decomposition of (Br, A)

1.

ii.

111.

1v.

(B, A (Breij,e), (Areij,ew) Vi, k = 1...J Construct
(Bj, A7) (identical for all ¢) using {e;;}7_, for some i

i T T, S Si U Ul i pi
[ 1 2] |: 0 Tz 0 5;2 Uél Uég — QZ(BDAI> Apply
QZ algorithm to (B}, A
9y + —(Usy) " 'Usy, b, = (U +Ulgy) ' (S1) 7' T11 (U1, +Ulyg;) Build
policy functions over Span{em}
Add identical components for all i = K +1...00

Z Z ng e (e [1) €3

i=K+1j=J14+1 k=1

00 Ji i
h e@k, . eij

i=K+1 j= lkl

for J; blocks in H,, J — J}Qin H,.

6. gx < G5 + g5, hi «— hE + hEL Add components




fixed point iteration.

Condition 3. (i) Let {Hj}}]:l be given by the spaces of square integrable periodic
functions of dimension d; with domain normalizable to [0, 1)%, H; = L2,,[0,1)%. Let
(Bc, Ac) consist on each block (i, j) of r = B or r = A of integral operators mapping
fly) € H; to f(x) € H; f(z) = f[ovl)dj K, ;i(z,y)[f(y)]dy such that for all r,i,j

sup |K,ij(z,y)|<oc and K, ;;(z,y) €A*ii([0,1)% x [0,1)%), the space of
z,y€[0,1)% x[0,1)%
a,.;;-Hélder continuous periodic functions on [0,1)% x [0,1)% for some a.;; > 0.°

(ii) Let Im 7% be the subspace spanned for each j by a tensor product of d; one-
dimensional orthonormal Coiflet wavelet multiresolution analyses with mother wavelet
1 and scaling function ¢ with each bounded, having support which is a compact

interval, and a number of vanishing moments greater than or equal to min o, ;;. Let

T7Z7J

the matrix representation of (BX, AX) on this space be given by 7% (B;, A;)7* plus
a matrix where the 7,7 block is given by the discrete wavelet transforms over rows

then columns of the K; x K; matrix whose (s,t) entry is ﬁ[(r,ij(ats,yt), where
ils

{2} and {yt}gl are dyadic grids over [0,1)% and [0,1)% respectively.

s=1

Remark. On (i): These assumptions can be slightly relaxed through different choices
of wavelet basis. Periodicity is convenient for proofs because it does not require any
special treatment of boundaries; it also fits the example model presented. Depending
on the problem, this may be relaxed by one of a number of boundary extension
methods: see Mallat (2008). Compact support can be replaced by a tail condition
by sampling an increasing spatial domain. Boundedness of the kernel can likewise
be dispensed with provided the operator remains compact and some knowledge of
the singularity is available: Beylkin et al. (1991) provides methods and convergence
results for many singular integral operators. It is likely that Holder regularity could
be replaced with more general Besov classes which may exhibit less uniform regularity,
at the expense of more difficult analysis of the quadrature approximation.

On (ii): As described, the procedure represents each kernel in terms of a ten-
sor product of multiresolution wavelet bases instead of a single multidimensional

multiresolution analysis as advocated in Beylkin et al. (1991). A tensor product

9A function f(x) is Hélder continuous on domain I of order o € (0,1] if sup |[f(x) — f(y)] <
z,yel
K|z — y|® and is Holder continuous of non-integer order o > 1 if it is |« times continuously

differentiable with |a]"" derivatives Holder continuous of order o — |a].
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representation of the operator over the domain and range bases is necessary to ensure
that functions in the domain and range space are represented in terms of the same
d;-dimensional orthonormal wavelet basis. For j with d; > 1, either a tensor product
wavelet basis or a multidimensional wavelet multiresolution analysis may be used in
calculating the basis functions within the domain or range space, respectively: the
space spanned by a finite representation is identical. In practice, the multidimensional
MRA is preferred computationally. The moment condition is assumed to hold for the
one-dimensional wavelets generating the tensor product or multiresolution basis.

The requirement that both wavelet and scaling function have compact support, a
vanishing moments, and generate an orthonormal basis strongly restricts the choice
of wavelet class. The use of Coiflets (Beylkin et al. , 1991) (or certain mild general-
izations, as in Wei (1998), which also maintain these properties) is in fact required to
achieve optimal rates via the procedure described. The purpose of this assumption
is to ensure that the operator can be represented directly in terms of the discrete
wavelet transform of its evaluations at a set of points, effecting a ‘one-point quadra-
ture’ scheme for the calculation of the coefficients of the representation. For more
general classes of wavelets, the use of the discrete wavelet transform of the evalua-
tion points of a smooth function to substitute for the projection onto a wavelet basis
results in an error which is of higher order than the error induced by restricting to a
projection onto a finite basis.

Other classes of wavelets may be used if the projection is approximated by a multi-
point quadrature scheme, as described in Beylkin et al. (1991) or Sweldens & Piessens
(1994), at the cost of additional preprocessing before applying the discrete wavelet
transform. If neither multipoint quadrature nor the use of Coiflets is acceptable, it is
also possible to use interpolating wavelets, which do not form an orthogonal basis and
result in a more complicated representation of 7% (B;, A;)7®. General considerations
regarding wavelet sampling are discussed in Mallat (2008). One case in which special-
ized classes of wavelets may be necessary is when the domain is not rectangular or is
a subset of a non-Euclidean manifold, as may occur with geographic data restricted
to an irregularly shaped geographic unit or on the surface of the Earth. In this case,

a variety of alternative bases and sampling methods are available.

The procedure for constructing approximate projections (BK , AK ) using the Coiflet
basis is laid out in Algorithm 2. Under the above conditions, it can easily be shown

that one obtains rapid convergence of the approximation algorithm:
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Theorem 2. Let (B,A) and (B, AX) satisfy (1),(2), and (3). If @ = min 3013] and
re,) T

d = max 2d;, there exists C' > 0 such that nx = O(Jmax (K;K;)~%i/(&+di)) gnd
j i.j

EAg)

(x = O(CJJH%E%)]; (KK )~/ ditdi)) = As q result, operator norm e-approzimations
of hy and g, such that ||hx — hel|,, < € and ||gx — gzll,, < € can be calculated using
a basis of K = O(J(JTOd)é) functions in O(J¥ &C'a e =) operations.

This result shows that an approximation algorithm with computational cost poly-
nomial in % is feasible for this class of models. The proof relies on applying Young’s
inequality (Johnstone, 2013, Theorem C.26) to bound the operator norm error in
terms of the sup norm error in the kernel function, which for wavelet approximations
can be bounded using the projection error bounds of Chen & Christensen (2015) and
the quadrature error bounds of Beylkin et al. (1991). Due to the accurate quadrature
properties of compactly supported wavelet multiresolution analyses, the error from
projection and the error from quadrature are of the same order in K, up to constants.
While a curse of dimensionality exists with respect to the number of variables entering
as arguments of the functions used as state variables, this is inherent to the function
class chosen, which permits a high degree of spatial irregularity as might be suitable
for geostatistical applications. When the operators are instead highly smooth, as
measured by the Holder exponent of the integral kernels, the rate of convergence can

be quite rapid.

Remark. The dependence on J, which in most applications has the interpretation of
the number of independent functions which constitute the equilibrium objects (e.g.,
a value function, a distribution of individual states, and so on) and is usually a fixed
feature of the model, will in general be conservative, as it is based on the worst case

that all blocks of (B¢, A¢) contain an integral operator and that the difficulty of

20,45
di+d;’

column corresponding to subspace j for all but a subset S of subspaces do not contain

approximation of each operator, measured by is roughly equal. If the row and

an integral operator or contain only operators which are substantially smoother and so
require fewer basis functions to approximate to € accuracy, and only K = O(S (JTcd)é)
basis functions will be needed. This may be the case, for example, if one block contains
an operator which is substantially harder to approximate than others (due to being
higher-dimensional, less smooth, or both), in which case S = 1. In most applications,
J is fixed and very small, though it could grow, for example, if some components are

represented by a functional autoregressive model of high order.
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Algorithm 2 Construction of (BX, AX) using wavelet quadrature
Inputs: Block operators (B, A) = (B, Ar) + (Be, Ac) s.t. (Be, Ac) is composed of
integral operators f[o 1% K, ii(z,y)[|dy Vi, j e 1...J,r € {B, A} satisfying Condition

3(i), {K;}]_, number of evaluation points for each block
Output: (B*, AX) satisfying Condition 2
L [Krijlst < \/K;i_](j[(r,ij(xs,yt) for x5, y; on evenly spaced grids of size K;, K;

over [0,1)%, [0,1)% respectively, Vi, j, . Construct matrices to represent kernels
of integral operators

2. (BE,AE),.; +— (DWT[(DWT[K,;])*])* Vi, j,r Construct approximate projec-
tion coefficients by discrete wavelet transform of rows then columns of K, ,;,
using Coiflet wavelets basis satisfying Condition 3(ii)

3. (Bf,flf) < 7(By, A;)m® Represent identity operators by K; x K; identity
matrices

4. (BK AK) « (BK AX) + (BE, AK) Add components

6 Application, continued: Implementation and Eval-

uation

The above procedures may be applied to construct a linearized solution to the model

of trade, migration, and economic geography of Section 3.

6.1 Steady State and Linearization

As a testing ground for the algorithm, the geography model from Section 3 provides
the unique advantage that it is possible to construct a particularly tractable special
case, in which the geography is spatially homogeneous, in which the steady state and
projections of derivatives can be computed exactly. In particular, set shocks v(z) to
0 in all periods and conjecture that the initial distribution of population is uniform
over a one dimensional periodic domain identifiable with a (possibly unbounded)
interval in R, in the sense that population measure over any interval is given by
Lebesgue measure over the interval. Then it can be seen that a solution of the
static equilibrium component of the model is given by w(x) which is constant over

x and t. Plugging this into the Bellman equation shows that, because c(z’ — z)
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is translation invariant, V(z) = V constant is the unique solution of the Bellman
equation. Placing this in p(z’|z, V'), obtain that p(z'|z, V) o exp(c(a’ — z)) and so
is also translation invariant, and if c¢(z’ — x) = logg(z’ — x) for any nonnegative
function ¢(.), the transition equation for ); is given by a convolution with a density
proportional to g(.). For example, if ¢(2/ — z) = —5- (2’ — x)?, quadratic adjustment
costs, equation (3.2) is given by convolution with a Gaussian with standard deviation
¢, and if ¢(2’ — x) = —1]2’ — 2, equation (3.2) is given by convolution with a Laplace
distribution with dispersion parameter c. Because convolution is spatially invariant,
the unique steady state of this transition equation on a translation-invariant domain
is the uniform distribution, thus verifying the initial conjecture. For convenience,
note that in steady state the partition function f(z,V) is a constant, f.

Given the existence of a steady state, the dynamics of the model local to this
point can be expressed by taking functional derivatives of the operators. First, the
transition equation is linear with respect to A with derivative given by a convolution
of the argument with density proportional to exp(c(z’ — x)), an operator I denote as
P[] =] %exp(c(m’ —x) + BV)[]d2’. This can be interpreted as convolution with
a Gibbs distribution with potential given by the cost of moving: in the absence of
disturbances to the value of a different locations, given a current population at each
location, next period population spreads out by an amount proportional to the cost of
distance. The Bellman equation is linear in V' with derivative equal to the identity and
has functional derivative with respect to V' given by % [exp(c(z’ — x) 4+ BV)[]Jda' =
BP[.]. The transition equation has derivative equal to the identity with respect to
N and has derivative with respect to V given by 3 [, %exp(c(a:’ — )+ V)] -
%exp(c(a:’ —z)+ ﬂ\_/)? [ exp(c(z’ — z) + BV)[.]dz'dx, which equals P — BPP. The

transition equation for v is linear in v and v/, with derivative with respect to v given

by I'[] := [T(x,2)[.]dz and v/ by the identity. Finally, although no closed form
expression exists for w(z) in terms of A(z), its functional derivative % with respect

to A(z), which is all that is needed, can be determined by implicit differentiation: the
exact formula is derived in Appendix D.1.

Together these calculations fully characterize the derivatives of the model’s equi-
librium conditions with respect to the state variables. Arranging these derivatives
into blocks with elements given by linear operators, the linearization of the equilib-
rium conditions of this model can be expressed in a form suitable for application of

our solution methods, as a pair of linear operators representing the derivatives of the
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equilibrium conditions of the model with respect to today’s state variables (A, v, V)

and tomorrow’s state variables (X, v/, V).

0 0 I do | gp
PO BP—BPP|,| T 0 0 (6.1)
0T 0 0 I 0

In this pair of operators, the columns correspond to function valued state variables,
while the rows correspond to the linearized equations defining the equilibrium. In or-
der, these are the Bellman equation, the transition law for the population distribution,
and the law of motion for the function valued shock to the distribution of amenities.
The representation in terms of compact and identity operators clearly demonstrates
that the model is asymptotically diagonal, and under this parameterization, sufficient
conditions on structural parameters may be derived!® such that the model satisfies

Condition (1), and so provides a suitable case for application of the method.

6.2 Approximation and Results

To evaluate the approximation algorithm, several numerical comparisons are per-
formed for a translation invariant parameterization of this model using two separate
choices of subspace for projection 7%. One choice is Coiflet wavelets, implemented via
Algorithm (2). Another choice, particularly well suited to this model, is the Fourier
basis of trigonometric polynomials. It is demonstrated in Appendix D.3 that in this
case, not only can the projections be calculated exactly without additional quadra-
ture approximation, the functional derivatives of the policy operators g, and h, are
also available in semi-closed form for any bandlimited input function.!* This gener-
ates a near-exact benchmark for the error in the operator approximated by wavelet
quadrature, which I compute at different levels of K. Accuracy can be compared for

impulse responses to function valued shocks, as well as for simulations.

10See Appendix D.3 for discussion.

' The argument relies on the fact that every integral operator in this model takes the form of a
convolution, and so by the convolution theorem can be represented as a diagonal matrix with respect
to the Fourier basis representation of each input function, resulting in a block diagonal representation
which allows computation of the generalized Schur decomposition by a finite matrix operation at
each frequency. Minor numerical error is introduced into the computation by numerical calculation
of an integral term in the Fourier coefficients; see the complete model description in Appendix D.3
for full details.
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To evaluate the approximation algorithm, several numerical comparisons are per-
formed using both the Fourier and the wavelet representations of the model, at dif-
ferent levels of K, for an illustrative calibration of the model parameters described in
Appendix D.4. Accuracy can be compared for impulse responses to function valued
shocks, as well as for simulations. The Fourier and wavelet methods appear to exhibit
a high degree of agreement, whether expressed in squared error norm over the grid
points (a proxy for L? norm, controlled by the theory) or in maximum norm over
grid points (not controlled by the theory). Error is largest for components and at
parameter values at which the component of the Fourier coefficients which must be
approximated numerically has substantial impact, suggesting that this quadrature
error may be a non-negligible factor contributing to the discrepancy between wavelet
and semi-closed form representations, but overall the discrepancy primarily measures
the effect of the wavelet quadrature and projection as controlled by Theorem (2). For
the Fourier representations, integer frequencies % to % are used for each of J =3
functions v(z), A(z), and V(x), giving 3 x (K + 1) basis functions, for symmetry,
while for wavelets K grid points are used to represent the scaling function coefficients
for each function, with K given by a power of 2.

I evaluate the policy operator by constructing an impulse response to a smooth but
spatially localized shock £(.) to the exogenously evolving component of the model v/(.),
a scaled Gaussian spike centered at location 0.5, with functional form exp(50000(x —
0.5)%). This may represent a nearly exactly localized improvement, as might occur
in response to a local policy initiative or favorable productivity shock. As can be
seen in Figure (6.1), the response of amenity value over time and space, calculated
from K = 1024 using the Fourier representation spreads out rapidly from the initial
location and diffuses from a local region to an eventually larger and larger area, in
spite of a calibration of the exogenous spatial diffusion of amenities characterized by
high persistence and the relatively small spatial diffusion. Note that while the space
coordinate is represented on a line segment, the model is defined over a circle, so the
edges are connected.

The population response, displayed in Figure (6.1), follows the amenity shock but
is much more dispersed, and responds slowly, peaking over 10 periods later and then
declining gradually. The population in regions far from the center declines, as people
move towards the more desirable area, with a nadir over 20 periods later. Despite

the slow speed of adjustment, movements begin the first period after the shock, as
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Figure 6.1: Impulse Response of v4(z), \i(z), & Vi(z) to eo(z) = exp(50000(z —0.5)?)

individuals anticipate the spread of the amenity over space and the possibility of
moving in the future to more desirable areas, which are desirable in part because they
provide the option value of moving even close to the center in the future at lower cost
and so taking advantage of the improved amenity there. This is displayed clearly in
the plot of welfare, V;(z) in Figure (6.1), which jumps immediately, with peak at the
location of the shock but high values substantially more broadly dispersed, with a
nontrivial jump in welfare over the entire domain, as even regions for which the value
of the shock immediately and in the first few periods is essentially negligible face the
prospect of higher welfare in the future as the amenity spreads out and population
moves to regions positively affected by the shock.

Relative accuracy of the Fourier and wavelet representations of the model for the
above shock are measured in Table (1), for K = 256, 512, and 1024, for the maximum
error at any grid point over 80 periods of the impulse response.'? Note that even for
K = 512, the errors are already extremely small, with maximum pointwise error on
the order of 10~7 or smaller for v;(x) a function with values ranging from 0 to 1, and
1078 for A\;(x) and Vi(z), functions with range of about 0.1. The order of this error
decreases significantly for K = 1024, both for maximum and squared average error.

The clock time to compute the wavelet solutions, also displayed in Table (1),
is relatively fast and increases roughly in cubic proportion to K, taking under two
minutes for K = 512, including producing all figures and evaluation metrics, coded
in Matlab using the default QZ function on a 2011 Macbhook Pro with 2.8 GHz Intel
i7 processor and 2 GB RAM. This level of speed and accuracy on a far from state of

the art setup suggests that the procedure may be useful in applications where it is

12 Additional figures in Appendix G present the Euclidean norm difference (over an evenly spaced
grid) at each time point between the wavelet and Fourier representations at the different values of
K, a proxy for the L? norm.
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applied repeatedly, for example to estimate parameters. The Fourier representation
takes only a few seconds for any K, which should be expected as it allows calculating
solutions for each frequency separately and so takes time linear in K. This feature is
only a result of the special structure of this model and is not likely to generalize.

To consider the behavior of the model in response to more complex patterns
of input, I use it to produce simulated time paths. The shocks g,(z) are drawn
from a spatially correlated Gaussian process, a simulated fractional Brownian motion
(started at 0) with Hurst parameter 0.7 and so a degree of Holder regularity no
greater than 0.7. Wavelet quadrature is easily capable of representing functions with
this degree of regularity and so the simulations are drawn from the representation of
the model with respect to a wavelet basis, with K = 512. Time paths are displayed
in Figure (6.2).

One feature which stands out is the low degree of smoothness of v;(z), the persis-
tent shock process, and V;(x), the welfare of residents at each location z, in contrast
to the fairly high degree of smoothness of population movements A;(z). This contrast
is as should be expected, because V;(z) is a jump variable, and so adjusts immediately
to reflect changes in the state, while population is a predetermined variable, and so
changes only in response to expected future changes in welfare, which, because shocks
to amenity value are expected to be smoothed out over time, substantially discounts
the high frequency variations which impart roughness to the spatial distribution of
current welfare. This is in line with standard reasoning for rational expectations
decision problems: because moving is costly, transitory variation, expressed by the
rough local movements in amenity values, has minimal effect on forward looking
decisions. In contrast, low frequency changes, which are expected to be more persis-
tent, do induce population movements, and the simulation does show periods of time
where there are large population movements between regions. The simulation also
exemplifies the expressive power of functional methods, as it allows description of the
welfare and behavioral consequences of extremely finely detailed patterns of aggregate
shocks, which would be difficult to express even with smooth nonparametric function

representations, let alone low dimensional parametric approximations.
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Table 1: Numerical IRF Discrepancy, Fourier vs. Wavelet Representations
’ K \ max pointwise, 14 \ max pointwise, \; \ max pointwise, V; \ Running Time (seconds) ‘

256 0.0107 3.9549¢-07 1.9362e-06 11.607549
512 3.4594e-07 5.0737e-08 7.6597e-08 96.187571
1024 8.9301e-11 1.2976e-08 1.9643e-08 376.833220

Figure 6.2: Simulated Geographic Equilibrium: Amenities, Welfare, and Population

7 Conclusion

The idea that heterogeneity matters for economic outcomes, not only at the individ-
ual level but through the set of interdependencies linking behavior at the individual
level to the environment faced by others, is a core principle in economics. Func-
tion valued stochastic processes, by describing how patterns of heterogeneity change
over time and relate to other variables, provide an analytical framework in which
these interdependencies can be modeled and evaluated directly rather than consid-
ering only aggregate variables. While describing economic decision making in these
environments can be challenging due to the high dimension of the relevant variables,
a substantial amount of information can be recovered by describing the problem lo-
cally near a point where infinite dimensional uncertainty disappears. A linearized
solution allows consideration of responses to any possible pattern or shape that can
be considered, accurately representing the behavior of the system in an infinite di-
mensional set of possible inputs. Moreover, for many systems, this response can be
calculated quickly and accurately, uniformly over all possible directions by projection
representations of the functional derivatives of the system.

The dynamics of economic interactions over space, typically challenging to de-
scribe due to the fact that people in different locations must respond differently to
the geographic patterns of economic activity induced by trade and spatially inho-

mogeneous regional disturbances, provide a demonstration of the rich patterns of
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relationships that can be captured by allowing decisions and distributions to respond
to the precise geographic pattern of shocks. Responses can differ substantially based
on distance, but also based on expectations of perceived future spatial distributions.
Although spatial interactions provide a case which illustrates the full importance of
allowing for response to potentially arbitrarily shaped patterns of heterogeneity, the
function valued approach seems promising for a wide variety of applications. These
include understanding the mechanisms behind the dynamics of income and wealth
inequality over business cycles, analyzing both through the relationship with capital
markets, as has been explored in existing studies of incomplete markets models with
aggregate shocks, as well as other potential economic mechanisms and policies. They
may also be useful for studying a variety of patterns of interaction which depend on
the entire shape of the distribution of heterogeneity, such as matching markets in
labor or other contexts or interactions through a social or economic network.

While for some applications, existing methods may be used to characterize the
dynamics of economic heterogeneity, albeit without explicit guarantees of accuracy,
the function valued approach may still be desirable as a framework for data analysis.
By explicitly allowing the model to incorporate uncertainty of arbitrary shape, the
models described allow a complete characterization of the variation in micro and
macroeconomic data and open the possibility of comparing the model directly to cross-
sectional micro data. Because linearized function valued models generate dynamics
consistent with functional linear processes, estimation and inference methods from
functional data analysis may be applied to evaluate them empirically. Given the
speed and accuracy of the solution methods, they may also open up the possibility
of using functional data methods to perform full information structural estimation of

models with heterogeneous agents.

Appendices to “Function Valued States”

The following supplemental appendix collects additional results and proofs of propo-
sitions in the main text. Appendix A demonstrates the existence and of the gener-
alized Schur decomposition for infinite dimensional operator pairs and Appendix B
provides perturbation bounds demonstrating continuity with respect to approxima-
tions of those operators. Appendix C provides supplemental results giving conditions

and strategies for ensuring differentiability and asymptotic diagonality of models so
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that the procedures in the main text may be applied and demonstrates additional
properties including measurability and uniqueness of solutions. Appendix D provides
analytical results for the economic geography example including derivatives, steady
state, and exact characterization of solutions. Appendix E provides illustrative suffi-
cient conditions ensuring the existence of differentiable recursive solutions in nonlinear
dynamic stochastic economies with function valued states, generalizing the results of
Jin & Judd (2002) to the Hilbert space setting. Appendix F collects all proofs and
Appendix G collects additional figures.

Notation

‘H, with any subscript, is assumed to be a complete separable Hilbert space. B, with
any subscript, is Banach space. The notation || || is overloaded: if the object a is an
element of B, ||a]| is the norm of a in B, and if a is in a Hilbert space H, |la|| = (a, a>%
is the norm of a in ‘H, where ( , ) is the associated inner product. If a € H, but it is
not clear from context the space on which a lives, the norm may be denoted ||al|, -
L(H, — H,) is the space of bounded linear operators from H, to H,, equipped with
the operator norm: for A € L(H, — Hs), ||Al| = sup ||Ax|y,. If clarification is

llzll2, =1

required, this norm may be denoted ||A||,,. A* denotes the (Hermitian) adjoint of A:
Ve € Hayy € Hp, (Ax,y) = (x, A*y). A sequence of operators A; € L(H, — Hs),
i € Nissaid to converge in operator norm topology, or ‘in norm’ to A if [|4;— Al — 0.
For I a Cauchy contour in the extended complex plane C., (see Conway (1978, Ch.
1S.6)) and f(\): Cx — L(H, — Hp) a function from one complex variable to a
linear operator, [, f(A)dX is the path integral of f(\) over the curve I', as defined in
Gohberg et al. (1990, Ch. I). I is the identity operator: if the space B, on which
it acts needs to be specified, it is written Iz,. For A € L(H, — Hs), Im(A) is the
image of A and Ker(A) is the kernel of A. For a pair of bounded operators (B, A)
each in L(H, — Hy), following Gohberg et al. (1990), define the spectrum o (B, A)
as those A € C such that AA — B is not invertible, accompanied by the point oo
if and only if A does not have bounded inverse, and the resolvent set p(B, A) as
Coo\o(B,A). An operator pair is said to be I'-regular if for some nonempty subset
I' C Co, I' C p(B,A). Brackets A[h] may optionally be used to denote that A is
an argument of linear operator A, parentheses A(h) generally denote that h is an

argument of (possibly) nonlinear operator A. For nonlinear functions and operators,
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F(a,b), F, and F, are the partial derivatives with respect to arguments a and b
respectively. For a variable z, which may be a function, 2’ denotes the variable in
the next time period, not the derivative. The Fourier transform of a function f(z) is
denoted with the scale convention f(w) := FIf(x)|(w):= [ exp(—2mwz) f(x)dx.

A Existence and properties of a generalized Schur

decomposition for pairs of bounded operators

A.1 Existence

The construction of a solution for the linear expectational difference equation defined
by a linear or linearized rational expectations model in finite dimensions relies on
the ability to partition the state space and the equilibrium equations into ‘stable’ and
‘unstable’ components which may be treated separately. This is generally achieved by
either a Jordan decomposition, generating block-diagonal matrices, as in Blanchard
& Kahn (1980) or by a generalized Schur decomposition, generating upper-triangular
matrices,!® as in Klein (2000). In practice, the latter has become preferred, as the
Jordan decomposition of a matrix is not in general continuous while the generalized
Schur decomposition, which is generated by unitary matrices, exhibits numerical sta-
bility in theory and practice. Such stability is particularly desirable in the infinite
dimensional case, as closed form solutions for the eigenfunctions are not in general
feasible and finite dimensional numerical procedures must by necessity induce some
error into the representation of the operator pair of interest.

While generalization of the Jordan decomposition to infinite dimensional operator
pairs is well established (Kato, 1976; Gohberg et al. , 1990, Ch IV) and the Schur de-
composition for a single infinite dimensional operator has also been defined (Gohberg
et al. , 1990, Ch IL.3), an analogue of the generalized Schur decomposition for pairs
of infinite dimensional linear operators has not, to the best of my knowledge, been
described. As in the case of the Schur decomposition of a single operator, extension
to the infinite dimensional case is slightly delicate, as the existence of the Schur or
generalized Schur decomposition is based on an iterative construction which extends

only in certain cases to an uncountable state space. In particular, the Schur decompo-

13This decomposition is often referred to as the QZ decomposition, in reference to the QZ algorithm
often used to compute it. See Golub & Van Loan (1996).

45



sition may be extended to compact operators but not to arbitrary bounded or closed
operators, for which a Jordan decomposition exists but a Schur decomposition may
not. For the purposes of constructing an analogy of the generalized Schur decom-
position which permits extension of rational expectation solution procedures, there
are at least two ways around this difficulty. The first, and simplest, is to note that
while solution requires splitting the domain into ‘forward” and ‘backward’ subspaces,
for a stationary solution there is no requirement that the restriction of the operator
to these subspaces itself take upper triangular form. Instead, one can construct a
block upper triangular decomposition which preserves the desirable feature of being
generated by unitary transformation while eschewing the necessity to make restric-
tive compactness assumptions. Alternately, one may construct a generalized Schur
decomposition analogously to the infinite dimensional Schur decomposition, which
does preserve an upper-triangular structure within blocks, under a modified and so
slightly less onerous compactness condition than in the single operator case. In the
following, I show existence of a blockwise decomposition under general conditions,
and also decomposition which is upper triangular within blocks under a condition on
compactness of certain transformations of the operator pair which does not imply that
both operators are compact, and in particular allows the pertinent example of the
standard eigenvalue problem in which one of the operators in the pair is the identity
operator, which is not compact on an infinite dimensional space. This construction
also has the advantage that it implies compactness of certain Schur components and
so generates a solution for the law of motion which is itself compact.

Formally, let (M, G) be a pair of bounded linear operators acting between complex
Hilbert spaces Hx and Hy ,ie. M € L(Hx — Hy) G € L(Hx — Hy). Following
Gohberg et al. (1990), define the spectrum o (M, G) as those A € C such that A\G— M
is not invertible, accompanied by the point oo if and only if G does not have bounded
inverse, and the resolvent set p(M,G) as C\o(M,G), where C, is the extended
complex plane with the standard topology (see Conway (1978, Ch. 1 S. 6)).

Definition 4. An operator pair is said to be ['-regular (with respect to a set I') if for
some nonempty subset I' C C,, I' C p(M, G).

Assume I' is a Cauchy contour (c.f. Gohberg et al. (1990, p.6)) with inner
domain A, and outer domain A_, and that (M, G) is I'-regular. For concreteness,

we will often take I' to be the positively oriented complex unit circle, in which case
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[-regularity means that the spectrum does not contain A such that |A\| = 1. From a
modeling perspective, this ensures stationarity by ruling out unit roots; this particular
choice is not required to ensure existence of a generalized Schur decomposition. By
Gohberg et al. (1990) Theorem IV.1.1, the above assumptions ensure the existence
of (possibly oblique) projection operators m: Hy — Hy and me: Hy — Hy which
partition Hyx and Hy into Im m; & Ker m; and Im 7y @ Ker my respectively, and the

operator pair (M, G) into components

Gy O
0 Gy

]) : Im m @ Ker 1 — Im 79 @ Ker mp (A1)

such that (M, Gy) and (Ms, Go) are I-regular, o(M;,Gy) = o(M,G) N A and
o(Ms,Gy) = o(M,G) N A_. In words, this says one can separate the pair into
a component with spectrum inside some domain and a component with spectrum
outside.

Assume in addition that 0 € A, and co € A_. By the above result and the defi-

nition of the resolvent, this implies that Gy and M, are invertible on their respective

Gi'0
domains. In particular, £ = 5 = : Im my @ Ker my — Im 7 @ Ker 73 is a
2
bounded invertible operator and we may define the partition
Iy 0

(EM,EG) = (

Q, 0

0 I
where 0 = Gl’lMl and Qy = My 'G,. These operators have the following rela-

tionship with (M;, G1) and (Ms, Go):

00 >: Im m & Ker m; — Im m & Ker m; (A.2)
2

Lemma 1. o(M;,G1) = o(), and § € 0(Q) if and only if X € o(Ms,Gs) (where

~ may be defined to equal 0)

Proof. Suppose X is in the resolvent set of ;. Then €2y — A} has some bounded
inverse Z. Then —ZG7' satisfies —ZG;'(A\G, — M) = Z(Q — M\;) = I, and
—(AG, — M) ZG{t = —G1GTY NGy — M) ZG = G (Q — M) ZGT = GGyt = 1,
so A € p(My,Gy). That is, p(Q1) C p(My,Gy). Next, suppose A € p(My,Gy). Then
AG1 — M; has a bounded inverse Z, and —Z Gy satisfies —ZG1(2 — A1) = Z(A\G; —
M) = I, and —(Q — A1) ZG, = —G{'GL(Q — M) ZGy = GiHAGL — M) ZGy =
G{'Gy = I, and so p(M;,G1) C p(Qy). Combining, p(M;,G1) = p(£4) and so
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o(My,Gy) = o(€y). Similar calculations show § € ¢(€2) if and only if X € o(Ms, G»).
If co € 0(Ma,Gsy), Gy is not invertible and so M, 'Gy — é]g = M, 'G5 must also

have nontrivial kernel, and so be noninvertible. O]

With this notation, it is possible to characterize conditions under which the oper-
ator pair (M, G) has a generalized Schur decomposition. As our construction makes
use of complete orthonormal bases, we assume now that (M, G) are operators between

separable Hilbert spaces Hx and Hy.

Lemma 2. Let (M,G) be a pair of bounded operators M € L(Hx — Hy) G €
L(Hx — Hy) I'-regular with respect to a Cauchy curve with inner domain A, such
that 0 € A, and outer domain A_ such that oo € A_. Define projectors m and
7y as in A.1 with respect to T'. Then, there exist unitary operators Q = [Q', Q% :
Immy @ Hy /Immy — F1 ® Fy and U = [UY,U? : Imm, & Hx/Imm, — Ey ® Ey such
that (M, G) has the following block-wise generalized Schur decomposition

)

where Ey, FEy, Fi, and Fy are spaces such that there exist linear isometric iso-

G Gz
0 Go

)

* € My, M,
(QMU",QGU") = ([ 0 My,

fmm El@EQ%FlEBFQ

morphisms from Imm — Ey, Hx/lmm — Ey, Immy — Fj, and Hx/Immy — Fy,
respectively. Further, o(Miy,G11) = o(My,Gy) = o(M,G) N AL and o(Mag, Gos) =
O'(MQ,GQ) = O'(M,G)QA,

Remark. The precise identity of the spaces E1, Fs, I, and F; need not be considered
for this result. However, a canonical choice of spaces would be to allow E; = Imm,
Ey = Hx/Ilmmy, Fy = Immy, Fy = Hy /Imms, in which case the Schur decomposition

acts on the same space as (M, G).

Proof. See Appendix F. m

A.2 Compactness and Triangular Decompositions

Slightly stronger assumptions than used in the above can yield stronger results. In

particular, the assumption of compactness of {2; and €2, may permit the block trian-
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gular decomposition to be extended to a triangular decomposition within each block,
as in the infinite dimensional Schur decomposition in Gohberg et al. (1990). This
provides a link to the finite dimensional method, but is nowhere necessary for the ap-
plication of the decomposition considered. However, compactness of the components
does provide a useful sufficient condition for the necessary conditions, and also ensures
the compactness of the solution operators, which is a condition commonly imposed
for the validity of estimators of infinite dimensional operators: see, e.g., Bosq (2000).

If this refinement is not needed, we may instead operate under a strictly weaker
assumption: viz. that the spectrum of (M, G) is bounded away from I'. To see that
this is weaker, note that compactness implies that the unique accumulation point
of the spectrum is at 0, and so by 1, the spectra of 2; and {2y and, as a result, of
(M, G) must neither be inside of I or have limit point in I". Formally, we define a
block triangular decomposition as follows. For notational convenience and analogy
to the finite dimensional case, we take the decomposition to be defined as a pair on

L(Hx — Hy) rather than over isometrically isomorphic spaces.

Lemma 3. Let (M,G) be a pair of bounded operators M € L(Hx — Hy) G €
L(Hx — Hy) T-reqular with respect to a Cauchy curve with inner domain A, such
that 0 € A, and outer domain A_ such that oo € A_. Define projectors my and mo as
in A.1 with respect to I and 2, and Qs as in A.2. Suppose in addition that 2y and €y
are compact operators. Then, there exist unitary operators Q = [Q, Q'*, Q% Q*] :
FeFfoRhol o oo Fy and P=[P, P P P E o FELo
Ey®Ey — E\®EL® Ey® Ey- such that (M, Q) has the following (generalized Schur)

decomposition

My MY My, Gu G Gy

0 Mz . . 0 G+ . .
(M,G) = . off | . of f

0 0 0 Ms 0 0 0 Gop

from B\ ®Ef ® B, ®Ef - FL O F® F,® Fyt

where By, Ef, By, By and Fy, Fi-, Fy, F3- are closed linear subspaces of Hx and Hy,
respectively. Further, with respect to the orthonormal bases {p; }2, of Ey and {q}}52,

of Fy generating the rows of P! and Q*, respectively, (My,,G11) are upper triangular
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with (M1);;/(G11);; = Nj where \; is the 7 nonzero generalized eigenvalue (in some
arbitrary fixed order) repeated a number of times equal to its multiplicity in o(M;, G),
and similarly with respect to the orthonormal bases {p?}2, of Ey and {G}2, of
Fy generating the rows of P? and Q?, respectively, (May, Gao) are upper triangular
with (Mag);;/(Gaz)j; = A\j where A is the j finite generalized eigenvalue repeated a
number of times equal to its multiplicity in o(Ms, Gy). In addition, (M, G1;) C {0}
and o(Mss, G3,) C {0}

Remark. (Gi;) *Mj; and (Ms5) 1G5, are examples of Volterra operators, as they are
compact and quasinilpotent (with spectrum equal to zero only). As a result, they may
be shown to be unitarily equivalent to a particular continuous analogue of an upper-
triangular operator with respect to a (not necessarily countable) increasing chain of
projections on subspaces of Hy (Gohberg et al. , 1993, Thm. XXI.1.5). In principle,
a fully triangular representation of (M, ) in which (Mij, Gy;) and (M, Go,) are
also upper-triangular with respect to some chain of subspaces could be generated via
an analogue for operator pairs of Gohberg et al. (1993, Thm. XXI.1.2). Such a
decomposition is unnecessary for our purposes, as block-triangular structure is suffi-
cient for representing a solution of the equilibrium conditions and the approximation
techniques to be used do not take advantage of the continuous structure provided by

the more intricate decomposition.

Proof. See Appendix F. O

B Perturbation Theory for the Generalized Schur

Decomposition

Perturbation for generalized Schur subspaces associated with a subset of the spectrum
is covered in Stewart (1973) for perturbations measured in Frobenius norm. In this
section, I extend the results to perturbation in operator norm. In addition to bounds
on the error in terms of the subspace angle between the approximate and true deflating
subspaces, this section will also consider approximation of the Rayleigh components
of the operator pair corresponding to these subspaces. First, set up the generalized
Schur subspace approximation problem exactly as in Stewart (1973).

Let (A, B) € L(H1 — Ha, H1 — Hz) and unitary operators X = (X1, Xo) Hi —
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H; and Y = (Y1,Y3) He — Hs decompose (A, B) as

All A12
A21 A22

Bll BlQ
BZl BZZ

Y

(Y*AX,Y*BX) = (

)

To find a perturbation bound, we search for the minimal rotations

I —p* (I + P*P)~1/2 0
Ux =
P I 0 (I + Pp*)~1/2

b (T @\ [ UrQes 0
T\e 0 (1 +QQ)

such that X’ = (X{, X)) = XUx and Y’ = (Y/,Y;) = YUy generate subspaces
(X)) = X C Hyand Z(Y]) = % C H, which form a deflating pair of (A, B).
A pair of subspaces 2, % form a deflating pair if and only if the transformed pair
is block upper triangular with respect to these subspaces, i.e. (Y;*AX{, Yy*BX]) =
(0,0). This is equivalent to

QAll - AZQP = A21 - QA].ZP
QB11 — BpuP = By — QB P (B.l)

In order to find (@, P) which satisfy the above condition and are small relative to
perturbations in operator norm, define a norm over the space of operator pairs over
subspaces conformable to the pair (@), P) as the largest operator norm of an operator
in the pair, i.e.

(@, Pl = max([|QI], [ )

If we can show that the conditions of Stewart (1973) Theorem 3.1 are satisfied for
(B.1) using this norm, then this theorem will provide a bound on the operator norm

of the rotation needed to generate such a decomposition. Define

T(QJD) = ( QA — ApP QB — ByP )

9:<A21 321)
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SO(Qap) :( QAP QBpP )

To show a quadratic bound for ¢(Q, P), begin with the first term:

I (@, Pl < Q[P | Are
< Q. P)lli 1Azl

Combining with identical calculations for the second term yields quadratic bound

le(Q, P)lls < nll(Q, Pl (B.2)

where

n = ||(Aw2, B12)|l5

To demonstrate the Lipschitz property for this operator, again note

lo1(Q, P) = ¢1(Q, P)|

IN

|@—-a|iPiiac+|@] |17 - 2] 14
< 2max((@. P)ls, Q. P)ls)|(@ — @, P = Pz | Ave]

Combining with identical calculations for the second term gives Lipschitz condition

lo(Q, P) = (@ P)lls < 2nmax(|(Q, P15 1(Q, P)Is)(Q - Q. P = P)|ls  (B.3)

These demonstrate that conditions (i) and (ii) of Theorem 3.1 in Stewart (1973)
continue to hold for the norm ||.||5

Again defining

7= llglls

0= T""5"
one obtains

Lemma 4. Suppose T'(Q, P) = g—o(Q, P) with T, g, and ¢ defined as above, where
¢ satisfies the quadratic bound and Lipschitz conditions. Let § > 0 and yn/6* < 1/4.
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Then
(@ P)ls<2g

To determine precisely how the above theorem imposes bounds on errors in Schur

subspaces, it is necessary to examine the stability properties of the term §. Define

An B
dif(4, B) = dif 2 1) = 5t (B.4)
22 B

Note that this operator depends on only the block diagonal terms of the pair
(A, B). Define the perturbation (E, F) € L(Hi — Ha2, H1 — H2) and define a parti-
tion of the operator conformable with that of (A, B) by (Ey;, Fy;) = (VEEX;, YAFX;).
We would like to define a bound on the term

Apn+ By B+ Fi

dif(A+ E, B+ F) = dif( )
Ay + Fyy Boo + Fyy

Using the alternate characterization dif(A, B) = inf ||T(Z)||g where Z € B, one
1Z]l5=1
can derive lower and upper bounds

dif(A, B) + v(E,F) > dif(A+ E, B+ F) > dif(A, B) — v(E, F)
where
V(E, F) = max([|En | + | Exll, [[Full + [[F22])
Combing this bound with the previous lemma, obtain

Theorem 3. Let (A, B) and (E,F) € L(H1 — Ho, H1 — Ha) and X = (X1, Xs)
Hi — Hi and Y = (Y1,Y3) Ho — Ho be unitary operators such that Z#(X1) and
X (Y1) form a deflating pair of subspaces for the operator pair (A, B). Suppose these

operators partition the pairs such that

(YHAX, YHBX) A Ap| |Bu B
7 0 Ap| | 0 By
(VHEX, YHFX) = Ey Eip| |Fu Fig
Ey FEyp| |Fo Fy
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Define
6 =dif(A,B) —v(E, F)

along with

Y= ||( Eo F21) ||B

and
n = ||(Ai2 + E12, Bis + F12)||5

Suppose 6 > 0 and yn/d* < 1/4. Then
Then there is a pair of operators (Q, P) with

(e 7)< 5

such that
X| = (X1 +XoP)(I + P*P)"1/2
Y{ = (Vi + Y2Q)(I +Q*Q)~/?
and Z(X7) and Z(Y]) form a pair of deflating subspaces for (A+ E, B+ F).

This is essentially identical to Theorem 5.7 of Stewart (1973) aside from the def-
inition of the norms via which the terms are defined and the resulting difference in
the lower bound on §.

Via Theorem 2.7 in Stewart (1973), we know that

Isin ©(2(X1), Z2(X1))|| < || tan (2 (X1), Z(X7))[| = || P|

Isin ©(Z(Y1), Z(Y]))|| < || tan ©(Z (Y1), Z(Y1)|| = Q|
both of which are less than H ( Q, P ) HB. As aresult, we have the following corollary

Corollary 1. Suppose (A, B), (E,F), X andY satisfy the conditions of the theorem
above. Then the operator pair (A+ E, B+ F) has a right generalized Schur subspace
K (X1) such that |Projx; — Projx,|la < 277 and associated left generalized Schur
subspace Z(Y{) such that ||[Projy; — Projy, ||l» < &

As a result, for appropriately small approximation error in the operator pair of
interest, a fixed, well-separated, primary generalized Schur subspace (and associated

generalized Schur functions or vectors whose range spans it) of the perturbed pair
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differs by an amount which is on the order of the operator norm of the perturbation
from the corresponding true subspace (and associated functions). This dependence
on the order of the operator norm of the error may be particularly useful in the case of
large or infinite dimensional subspaces, for which the Frobenius norm of the error may
increase as the square root of the dimension of the subspace. One loses, however, the
set of sharp characterizations of the difference term ¢ in terms of spectral properties
of the operator to be approximated which may be obtained when it is defined via
the Frobenius norm. This seems necessary in general, however, as the Frobenius
or Hilbert-Schmidt norm may fail to be finite in the infinite dimensional case for
otherwise well-behaved operators.

To bound the approximation error in the components (A1, By;) induced by an
approximation, it is helpful to introduce an additional pair of subspaces to correspond
to the right deflating pair Z(X;) and Z(Y1). Defining (X7, X5) and (Y7, Y2) as above
so Z(X1) and Z(Y1) form a deflating pair, we look for operators V; and U, and R
and S with V] =Y, + YoR* and U; = Xy — XS to solve

] R AH A12 I _S All 0
Vi, Vo) A(Xy, Us) = _
w3 ) (5 0) (6 7 )= (% a)

] R BH Blg I _S Bll O
Vi, Ya)* B(X1, Us) = = B.5

This holds if there exist .S, R such that

AHS_RAZQ = A12
Blls_RB22 = Bl2

Theorem 5.9 in Stewart (1973) notes that if the operator T is nonsingular, there
exist S and R which solve this equation, and so (X3, Us;) and (V4,Y2), which are not
in general unitary, though are nonsingular, block diagonalize (A, B). Further, by
the definitions of V; and Us, one has ||Vi|| = ||sec ©O(Z(V1), Z(Y1)|| = || sec ©1]] and
|U2]| = || sec ©(2(Uz), #(X2)|| = || sec Oa| -

This block diagonalization can be used along with the perturbation formula to

construct bounds on the approximation error in (Aj1, By1). Consider a perturbation
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(E, F) of (A, B) and define

E E F! F;
(Vi, Vo) E(X1,Us), (Vi, Ya)* F(X,,Us)) = S I
Egl E22 F21 F22

so that perturbed operator pair satisfies

(Vi Y2)"(A+ E)(Xy,Us), (V1, Y2)"(B + F)(X1,U)) =

An + En Eip By + Fiy Fiy (B.6)
By Agg + Eoo ’ Fy By + Fo

then, following Stewart & Sun (1990) VI.2.15, we have

Theorem 4. Define
6 = difl A, B) — max([| Evt|| + [| Ex |, [ Frall + | F22])

along with

Y=|( Ear Fn) |5

and
n= H(E12>F12)HB

Suppose § > 0 and yn/6* < 1/4.
Then there is a pair of operators (Q, P) with

[(e #).<7

such that
X{ == Xl + UQP
Y) =Y + NQ*
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satisfy

(V1,Y3)"(A+ E) (X1, Us), (V1. Y3)"(B + F) (X1, Us)) =

An + En + EP Eq By + Fiy + Fi P Fip
0 Ao + By + QFE 7 0 Bay + Foo + QFo

and so (A}, Byy) =(A11 + Ev + EnP, By + Fiy + FioP) form the generalized

Rayleigh quotients of the perturbed operator pair, and as a result, we have

2
A — AL || < || By + EnP|| < ||Bull + HEuH%

2
1Bu = Bull < 1P+ FioPl| < 1 Fall + | Fual 5
Proof. Existence of a unique solution (@, P) with the specified properties follows if

I 0
there exist (@, P) such that left multiplying (B.6) by ( 0 1 ) and right multiplying

I 0
by P I sets the lower left elements in (B.7) to 0. This holds if there is unique

solution to
Q(A1n + Ev) + (A + Ex)P _ Exn n QFE;P
Q(B11 + F11) + (B + Fp2) P Fa QF,P
Existence of a unique solution here follows from application of Theorem 3.1 in
Stewart (1973), the Lipschitz and norm bound shown for the quadratic component

above, and the lower bound on ¢ which lower bounds the minimum singular value of
the lefthand side. O

C Supplementary Results

C.1 Measurability of Solutions

It can be shown that the pointwise in x definition of a recursive solution to a rational
expectations model with function valued states generates a measurable stochastic

process for (zy,y;) under mild measurability conditions on the functions chosen.
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Condition 4. (i) Let {z}:°, be an i.i.d. sequence on the infinite product of inde-
pendent copies of (B,,¥,, %) and initial value xy be defined on (B,,%,) with distri-
bution uf, where ¥, is a sigma field containing ¥,. (i) Fix ¢ € R. Suppose h(z, o) is
(Bs, X3) = (B, X;) measurable, g(x,0) is (B,, ;) — (B, X,) measurable for some
¥y, and F' is measurable with respect to the product sigma field ¥, ® £, ® ¥, ® X,
on By x By x B, x B,

The measurability restrictions on A and ¢ do impose some nontrivial limitations
on the class of solutions to be considered by ruling out auxiliary randomness in the
policy functions for aggregate variables beyond that included in z. For certain classes
of models, randomization may be necessary to ensure existence of a solution, which
may require expansion of the set of state variables: see Cao (2016) for discussion.
Because the model will be solved by approximating near a point with no aggregate
variability, the method cannot accommodate models which have no solution without

aggregate randomness.

Proposition 1. The series defined recursively by xo ~ us, xori1 = ho(x2t) + 02141,
Ty = hi(z,0), y¢ = g(ay,0) Yt > 0, where h, g are a recursive solution satis-
fying Condition 1, is measurable with respect to the infinite product sigma field and
EF(z,g(x,0),h(z,0)+0onz',g(h(z,0)+0onz',0),0) coincides with the conditional ex-
pectation of F(xy, g(xy, 0), h(xy, 0) + oz, g(h(xy, 0) + 0z, 0), 0) at time t given

Ty = X.

Proof. See Appendix F. m

C.2 Weakening the Fréchet differentiability assumption

In practice, the assumption that an operator F': H; — Hy be Fréchet differentiable
can be overly strong for many applications. Fortunately, in the cases where this
assumption may not hold, there exist several modified or weaker notions for which
the method described can still be used, with only slightly weaker guarantees. The
particular case where this is likely to go awry is when the operator is defined only
over a space of densities, which come with multiple desiderata in addition to the
requirement tht they live in a Hilbert space, viz, nonnegativity and the requirement to
integrate to 1. A simple way to accomodate the latter is by representing f = f—F, the

deviation of density f from a fixed value f (usually the steady state), as an element
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of L2, the set of square integrable functions which integrate to 0. The positivity
condition creates much greater difficulties.

As an illustrative example, consider the following nonlinear operator G : f(z) €
F C L2 — L*

Gl = [ G

where Z_is {f(z) € L3 : f(x) > €} for some € > 0, a set of square integrable densities
uniformly bounded below, and g(y) € L?. Suppose there exists f € .%. at which we
are interested in taking the derivative of G, without loss of generality denoted 0 € L2.
To be Fréchet differentiable, it would be necessary that for some r > 0, it is the case

that there exists a linear operator Gy such that ||,lfi||m IG(f )_(ﬂ(ﬁlf—GO Ul \where this holds
—0

for any path with || f|| — 0. Unfortunately, for any r, 3f, € L2 such that ||f| < r

but ess inf f(z) < e (or indeed, less than any fixed constant, including 0). That is,
Z. has empty interior with respect to the L2 norm, as does any uniformly bounded
subset of L?. As a result, a limit does not exist and this operator does not have a
Fréchet derivative.

There are several solutions which may be feasible, depending on the class of op-

erators.

Work in another Hilbert space

The space of square integrable density functions is not itself a Hilbert space, but
there do exist several alternate spaces that can be used to represent densities while
maintaining a Hilbert space structure. Petersen & Miiller (2016) survey some of
the difficulties that this causes, and suggest the use of the corresponding quantile
functions, endowed with a norm and inner product. One possibility suggested in the
context of perturbative solutions of economic models by Chung (2007) is the space
of functions h(x) € L* where a density is represented as a function f(z) = h(z)%.
Disadvantages of this space are that expectations are no longer linear operators,
representations of densities in this space are not unique, and the space of densities,
with [ h(x)*dr =1 is not a linear vector space, and so additive perturbations must
take one outside the space of densities, which can cause issues with operators not well
defined for objects which are not densities.

Another useful choice is the “Bayes Hilbert Space” of log densities (equivalently,

of infinite exponential family representations of densities) equipped with a particular
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set of vector space operations and inner product which ensures that the space has a
Hilbert space structure: see Seo (2017) for details and results. One again loses the
linearity of expectations, but preserves uniqueness (in the sense of isometric isomor-
phism to LZ). This space retains the properties of a vector space and ensures that
an open ball in this vector space may correspond to a set of densities bounded away
from 0, which allows operators like G remain Fréchet differentiable at any point in
Z.. For these reasons, this appears to be a promising avenue for ensuring Hilbert
space structure and Fréchet differentiability in the context of operators defined over
densities.

To illustrate, letting f denote the element of the Bayes Hilbert space corresponding

to density f, we may rewrite G as

Glf()(y) : /g(y) exp(f(z)) !

and the Fréchet derivative of this operator with respect to f at a point f in the

direction of perturbation h(.) as

0= — [ expFNds |9 gor [ exp(Fs)in(s)ds [ —2) g,
GnO) = = [ espi)as [ o) o [esp(F s [ 2 a

Extend Hadamard derivatives

For operators defined or differentiable only on subsets (not necessarily subspaces)
of infinite dimensional Banach spaces, it may sometimes be desirable to consider the
Hadamard derivative (see Flett (1980)) tangential to a set, which requires a derivative
to be defined uniformly only over compact sets and so is weaker than the Fréchet
derivative, which requires uniformity over closed balls, which in infinite dimensions
are not compact. While the chain rule and a version of the implicit function theorem
also apply for this class of derivatives, and so a linear approximation may be defined
by the same equations with the Hadamard in place of the Fréchet derivative (and
the derivatives exactly coincide on finite dimensional spaces), the Taylor expansion
will in be defined only over the subset on which a Hadamard derivative exists, and
have a remainder with size dependent on the direction of the path of the approach,

rather than just the norm. In the case where the domain contains an open ball in the
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larger infinite-dimensional Banach space, the domain restriction can then be removed
by extending the derivatives by the Hahn-Banach theorem to a larger space in a
canonical way. If a solution does exist and is Hadamard differentiable, the Hadamard
derivatives of the operators of interest will coincide on their domain with the extended
operators on the total space. When this is the case, the same first order approximation
may be constructed and approximated by the algorithm provided, but will be valid
only for directions in which Hadamard differentiability holds.

The disadvantage of this strategy is that it is not applicable to operators which
have no natural definition on an open ball, which includes, as an important case, oper-
ators defined over the space of densities or some other cone in the infinite dimensional

Banach space, including operators like G' above.

Extend the Right Derivative

For operators defined specifically over a cone, such as the space of square integrable
densities with L? norm, there exists an alternate notion of derivative which can pre-
serve many of the properties of the Fréchet derivative, the ‘right derivative’ over a
cone K: see Deimling (2010, Ch. 6). Letting K be a cone in an a Banach space B,
and F': x4+ KNB,(0) — B an operator on that cone, F is right differentiable if there

exists an operator F, € L(K — K,B) such that  lim HF(Hh)_F(}T)_F*(I)[h}” = 0.
1] —0,heK 171

In other words, we require norm convergence of the perturbations, but only along

directions inside of a (positive) cone. This ensures that the derivative yields an ap-
proximation in norm and not just along a path, but allows differentiation of operators
like GG, which may not be defined or bounded outside of such a cone.

If this limit exists, the operator can be extended from K to a larger space, and
for the case of interest to us where B = L*? and K = L2 :={z € L*: z(t) > 0 a.e.}
or, similarly, L and L, the operator can be extended to L£(L? L?) (respectively
L(L3, L%)) and so provides a bounded linear operator on a Hilbert space which can

be used in place of the Fréchet derivatives in all derivations. More precisely

Lemma 5. Let F': x+ L% N B,(0) — L? be right differentiable with right derivative
F! at x. Then there exists an extension F, € L(L?, L?). Similarly, this result holds
with L* replaced by L3

Proof. F'[h] is well defined for any h € K. For h € K — K :={y—z: y,z € K},
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/ v N T IC / — : /
define F' [h] = F[y| — F[z]. For h € K — K, define F [h] ||hk—h\\—1%JI,nhkeK—KF+ [h]

which is well defined due to the boundedness of F’ J’r on K — K.
Next, show L2 — L2 = L? following Definition 19.1 and results in Deimling (2010).

By example 19.2, Li is fully reqular, and by proposition 19.2 it is normal. The dual

2
+

reproducing, which means by definition L3 — L3 = L.

cone K* of L3 is also L%, and so by proposition 19.4 because K* is normal, K is

The result for L2 proceeds analogously. O]

In this case, the Taylor expansion of the policy function can be understood to
be an approximation in norm for all perturbations lying within the positive cone.
Further, in some cases, the approximation may also apply in the case of a subset of
perturbations lying outside the positive cone. In particular, for operators defined over

square integrable density functions F': L2 L= L?, it may be the case that at some
|| F(z+R)—F(2)— ' ()] |
(7]

point x we have lim = 0 for some 6 > 0. In these cases,

the derivative me!;”;é) J(;ligngd directly over the space K — 9, which shifts the cone by
some small amount and so is strictly larger than the positive cone, and the Taylor
remainder also converges in norm over perturbations in this larger set. By the above
lemma, as the right derivative has canonical extension to the full space, this operator
may be used in place of a Fréchet derivative in all operations here.

This extension does suffer some limitations. In particular, an operator norm
convergent Taylor expansion of a nonlinear operator between spaces of densities will
not in general preserve the restriction of the output to the space of densities. This
may or may not be a problem, depending on the desired application.

To illustrate, consider the operator G[f]. Its right derivative at f € .%,., which
coincides with the Gateaux derivative and Hadamard derivative for directions within

the positive cone, is given by

Grn() = [

By the above arguments, the Taylor expansion based on this derivative converges

9(y)
o2 [h(z)|dx

in norm to the true operator for perturbations of the form f + h with h € L2 +, but
may also be shown to converge in norm for perturbations restricted to the space K —4
for any ¢ < e.

For the geography model described in the main text, which contains operators
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acting on spaces of non-negative functions, one should interpret the derivatives given
as extended right derivatives, and so the local representation should be interpreted
as over a resricted space of this form. None of this affects the computation or com-
parison to the exact projection representation of these derivatives, which describe
computation of the derivatives themselves, which are well-defined regardless of of the

precise relation to the full nonlinear model.

C.3 Special cases in which a known decomposition exists

To compute the functional derivatives of the equilibrium policy operators of a rational
expectations model with Hilbert valued states, it is generally necessary to separate
the state space into forward looking and backward-looking, or ‘unstable’ and ‘stable’
components. In some special cases, these components correspond to known or ana-
lytically identifiable state variables. This generally requires that certain derivatives
equal 0: a type of exclusion restriction which ensures that backward-looking variables
are not influenced by forward looking variables or vice versa. Exclusion restrictions
of these sort are prevalent in partial equilibrium models, in which a forward look-
ing decision may be made given a persistent and purely exogenous state variable.
For example, if the feedback between population and economic activity were to be
removed from the geography model described in Section 3, the migration decision
problem given an exogenous distribution of wages would fall into this class. Similar
exclusion restrictions may also arise in cases where the equilibrium environment and
decision problem are carefully tailored so that a persistent backward looking state
has no impact on forward looking decisions which do affect the state. A special case
of this structure is when decision making is purely myopic, either due to a carefully
tailored incentive structure or due to behavioral constraints on the decision makers.
Models with these kinds of exclusion restrictions may be described as triangular, and
are strongly related to the class of block-recursive solutions. While the restrictions
required to ensure that such a condition holds are often stringent, the computational
and analytical tractability that they allow makes them an important special case.
Let us consider two kinds of triangular models, roughly corresponding to the cases
described above where forward-looking decisions are not influenced by a persistent
state and where a persistent state is not influenced by a forward looking decision.

I will call such cases upper triangular and lower triangular, respectively, for reasons
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that will become apparent. In the upper triangular case, the partial derivative of
the equilibrium conditions with respect to the predetermined state variables x is 0 in
the equations describing the forward looking decision. This can occur in models with
myopic decision making, either due to behavioral constraints or due to a structure of
preferences, production or technology designed to produce the knife-edge condition
that the optimal decision is independent of the state of the world. In the notation

from above, in such cases, the derivatives may be decomposed as

Tll T12 Sll Sl2

B,A) = [-F, —F,, Fy Fy] = :
(B, A) = [ y v] 0 T 0 S

without any (additional) unitary transformation, so @ = U = I, and the forward
and backward looking state variables may be identified with y and x, respectively.
Applying results from Section 4 on the derivatives of the policy functions, obtain
g = 0 and h, = SﬂlTH. This says that, consistent with the intuition, the forward
looking state has 0 derivative with respect to the persistent backward-looking one,
and the backward looking state evolves autonomously. This is a locally stable solution
if the spectrum of S;;'77; lies within the unit circle.

The lower triangular case occurs when the derivative of the equilibrium conditions
with respect to the jump state variable y is 0 in the equations describing the backward
looking persistent state variable. This can occur in partial equilibrium or small open
economy type settings, in which aggregate states or distributions are determined

completely exogenously. In this case, the derivatives are decomposed as

(B,A)=[-F, —F, Fo Fy] =

Ty O S 0
To T22’ So1 Sa

without any unitary transform, so again y and x may be identified with forward and
backward-looking state variables. In this case, a slightly different calculation may be

applied to obtain the derivatives of the policy operators. Applying the condition

S 0 Dy B I
So1 Sag Gzl 9z

obtain the solution h, = S;;'T1;, which is to say that 2 evolves according to a law of

AT
Ty T

motion which does not depend on the forward looking jump state y. The derivative
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g, of the policy function giving ¥ in terms of x, satisfies the equation
T2g: = Sa1he — To1 + S22g:hs

which may either be expressed recursively as an infinite sum, or by treating g, as an el-
ement of the Banach space of bounded linear operators, in terms the inverse of the lin-
ear operator Tho[.]—Sa[.]S1;' Thy, if it exists, as g, = (Tho[.]—Sa[.]S11' T11) " (S 17 Th1—
Ty1). 1* While neither of these formulas is particularly straightforward to apply, often
inverses may be computable in closed form, allowing simple evaluation of the effect
of a state variable of interest on an intertemporal decision problem without requiring

the computation of approximate operator decompositions.

C.4 Verifying uniqueness of h,

The following lemma provides an alternative equivalent representation for h,. Among
other uses, this representation implies that the conditions for uniqueness of a solution

g, imply uniqueness of the solution h,.

Lemma 6. Let (UsUs,) ™' be bounded and let g, solve Uy + Usag, = 0. Then

he = (Ui + Ui2g:)” 'Sy T11 (Unn + Urags)
= (p0" + ¢i9.) " (giUS, + Up) ST Tha (U + Utzgs) (C.1)

As a corollary, note that o**p*X +g%g, is a quadratic form satisfying inf ||(¢X*¢o%+

grg.)zl| > | |imf |oX*pX x| = 1 and so this inverse always exists and is bounded.
T ’HIZI

Therefore, if (UxUs,)~! is bounded, a stable solution exists for h,, and if Uy is

bounded, this solution is unique.

Proof. See Appendix F. n

147f we may use the familiar notation vec(g,) to denote the map from the space of operators to
an isomorphic Banach space, viewed as a vector space, we may write this formula suggestively as
vec(gy) = (I@Tae— (S, T11)* ®S22) " vec(Sa1 813 Ti1 — To1 ), which gives the solution in terms of the
finite dimensional vec operator and the Kronecker product when H, and H, are finite dimensional.
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C.5 Ensuring Asymptotic Diagonality

Requiring all components of the derivatives to either be compact or to be composed
of identity operators restricts the functional forms of allowable models, potentially
in ways which rule out economically meaningful effects. For example, in a model
with a distribution of characteristics which evolve independently across individuals
driven by a Markov process, the distribution is a state variable and its evolution
is described by an adjoint Markov operator. When the conditional density of the
process given any initial state is sufficiently smooth, the operator mapping the density
today to the density tomorrow will be compact and the density tomorrow enters
via an identity. However, when there is a point mass in the conditional density,
the transition operator need not be compact. Point masses can describe inertia,
such as that induced by fixed costs (Stokey, 2008) or indexation, or mass movement
along a discontinuous path. Similarly, decision problems where the object chosen is
a function, ubiquitous in economics in the form of best-response policies, can yield
first order conditions in which the function which is a choice variable enters into a
nonlinear utility function, resulting in a functional derivative which is a multiplication
operator, which may be noncompact. In some cases, it may be possible to transform
the condition into one where the noncompact operator is an identity by applying its
inverse to the equation, but this can eliminate only one non-identity operator from
the equation. In the case where this decision problem over functions faces a state
variable which is also a function, as in games or contracting problems, or government
choosing nonlinear policies over a continuum of agents, goods, or locations, there may
be multiple nonlinear operators in the decision problem which may prevent reducing
to an asymptotically diagonal form.

When possible, applying an invertible transformation to both sides of an equi-
librium equation can ensure that the asymptotically diagonal form holds without
making changes to the model itself. In other cases, it may be possible to construct
a modified model which is close to the original but which satisfies the condition that
its derivatives are asymptotically diagonal. For example, if compactness fails due to
a law of motion with discrete jumps to a fixed value, creating a discontinuity in the
distribution at that value, the discontinuity may be removed if the discrete jump is
accompanied by a small amount of continuously distributed noise, thereby smooth-
ing out the conditional distribution, though the shape of the resulting distribution

may be very close if the noise is small enough. Similarly, discrete actions induced
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by hard constraints can be made to vary continuously by replacing hard constraints
with smooth but sharply growing penalties which induce similar but smooth behavior.
These sorts of smoothing transformations are commonly used to employ numerical
methods which rely on smoothness (see Den Haan (2010) for commentary), though
it should be noted that these changes in the model may not be innocuous. While
the resulting behavior at the individual level may be extremely similar, the resulting
operator describing the law of motion for the distribution across individuals, which
is now compact, as desired, must be far away from the true operator for some input
functions. As a result, this approach does not guarantee that the resulting aggre-
gate behavior will be close. Instead, it provides a solution to a different model, with
similar individual level behavior. However, if the additional noise or smoothing of
the constraint is empirically justified, this is not necessarily a concern. For example,
the extreme value heterogeneity in location preference in the model of migration de-
cisions not only ensures a smooth law of motion for the population distribution, it
also reflects the believable feature that there is idiosyncratic preference heterogeneity

which ensures that individuals do not all move to the same place.

D Additional Results on Geography Model

D.1 Static Equilibrium and its Derivatives

Here, the static spatial equilibrium of the economic geography model of Krugman
(1996) is described. Equations (A.24)-(A.27) of that model are sufficient to solve
for the spatial distributions of output, prices, and wages given a pre-determined
population distribution A (z).

The static variables included in these equations are Y (z), output at location z,
T'(x), the price index at location x, and w(x), the nominal wage in terms of the
nontraded good. Parameters used are o, the elasticity of substitution of the CES
aggregator across varieties, i, the Cobb-Douglas expenditure share on traded goods,
and 7, the scale factor in the proportional iceberg trade costs 1 —e~71*=¥l of shipping a
good from point x to point y. Given a predetermined distribution of population \;(z),

a static equilibrium of the model is given by functions {Y;(x), T;(z), w(z),w(x)}
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satisfying the system of nonlinear integral equations

Yi(@) = 1—p+ pi(z)w(z) (D.1)
Ti(x) = {#/G)\t(z)wt(z)l_"eT(l_U)x_zdz} . (D.2)
ate) = [P [vmrere i) 03)
wi(r) = w(@)Ti(z)™ (D.4)

This system of equations is not analytically tractable and has no explicit solution
for wy in terms of A, but such a solution, expressed as w()\;), may be calculated
implicitly.

For the purposes of the linearization, it is sufficient to calculate the derivative
% of w(A;), the equilibrium operator mapping population to real wages implicitly.
Taking functional derivatives of equations (D.1),(D.2), (D.3), and (D.4) evaluated at

the uniform steady state, obtain

Yo

a M

Yo

dw s

d_T _ 7’(0—1) T-o 1 /67—(1_0)|I_Z|dz 16/[,]67(1_U)|$_Z|d2
d\ 2] 1—0 /g P

- 41 _o
d_T _ T(U — 1) 1 / eT=o)le—z] 1. (1 _ U) / [.]67(170)|xfz|dz
dw i 2 | 1—0o|/)a o

dw - Jrle=1]°1 / e Dle—2l g, | 7 / [Je~m@=Dle—2l g
dY i 2 | o l/Ja o

Q=

dw - Jrle-1]" 1 /6T<a—1>|wzdz 7 (0_1)/[_]6T<al)“dz
dr 2 | o lJa o

dw
-
= )

al=

By the chain rule, we can express the derivative of the real wage with respect to
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the population distribution as

dw  dw dldw dT

Do Mty (D5)

where by the implicit function theorem in Banach space and the chain rule repeatedly

applied,
dw 7 dwdY dwdl'. , dwdY dwdTl

—_ S 1 R — [ —
d\ ( dY dw dT dw) (dY d\ + ar d)\)'
This operator exists so long as the inverse is well-defined: this can be verified

numerically using the characterization in Appendix F.3.

D.2 Derivation of functional autoregressive shock process

To see how shocks taking the form of a functional autoregressive process, or more
generally a functional linear process as in Bosq (2000), may naturally enter the de-
scription of an economic model based on standard descriptions of individual level
behavior, including but not limited to the diffusion equation (3.3) for amenities,
consider the following illustration based on linearizing the aggregate dynamics of a
standard linear dynamic panel model of the kind commonly used in microeconometric
study of the dynamics of income and consumption by consumers or production by
firms to model individual behavior.

A simplified version of this model is given by the assumption that, for each agent
(or location or other unit) 4, the variable of interest (;; follows the autoregressive
process (ir1 = pCit + €irr1, Where €11 is independent of (;; and across agents and
|p| < 1. While it is conventional to take an interest in the individual persistence
parameter p, for the purposes of analysis of aggregates and welfare we may also
be interested in the cross sectional distribution of the attribute (;;, which may be
represented by pdf f;(¢). Given a measure 1 continuum of agents following this
rule, the evolution of this distribution can be determined from its past value and
the distribution of the shock €;,;. To model time varying effects such as aggregate
shocks, we may let ;1 i pry1(€) across agents, where the density function p;q(.)
may be taken as a function valued random variable for each ¢. This models not
only mean shifts, as would be captured by time fixed or random effects, but also
distributional changes such as the changes in polarization or tail behavior of income

risk as documented, for example, in Guvenen et al. (2014). Under this assumption,
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we have a dynamic equation for the evolution of the distribution of (, given by the

convolution of the past distribution and the shock distribution

fon (€)= / P (¢ — pu) fulw)du (D.6)

which provides a recursive representation for a function valued economic variable of
interest, fi(.), in terms of current and past values of the state, an operator mapping
between them, and an exogenous shock which is also function valued, p;11(.).

The law of motion for the distribution provided by the panel model in (D.6) can
be approximated by linearization in the case of ‘small’ changes in the distribution.
To consider the model in the case of small i.i.d. over time aggregate shocks to the
cross sectional distribution pyyq(€) of idiosyncratic shocks, write the law deviations
from the mean as piy1(€) — p*(€) = o211(€), for zi41(€) an ii.d. over time Bochner
mean ( random function so that at ¢ = 0 the distribution of € is constant over time at
a fixed distribution p*(¢). In the notation of Section 2 for the equilibrium conditions
of a dynamic model, =, = p1(€) — p*(€), 2/ = z11(€) and ho(x2) = 0 because we
have assumed that the exogenous aggregate shocks are not persistent.'> To complete

the description of the model, we may take as the endogenous predetermined variables

T = [, $,1 = fi41, and

fira(€) — fpt+1(C — pu) fi(u)du

F(x1, 29, 2, 23)
Pt+1(€) - p*(e)

as the equilibrium operator defining the model. In this case, all variables are pre-
determined or exogenous, so there is no y variable. A linear approximation with
respect to f and p is given by taking the functional derivative of F' with respect to
Pefts Piv1, fro1 around a nonstochastic steady state f*, p* satisfying p(e) = p*(e),
() = [p*(¢ — pu) f*(u)du, which exists whenever |p| < 1 under mild conditions
on the density p* of the error term: see Christensen (2014). Applying the chain rule

and the product rule, a Taylor expansion of the law of motion for f;,; in p;;1 and f;

15 Allowing hs(x2) in the model to be nonzero would represent persistence in the aggregate shock
to the distribution of error terms. After linearization, the cross sectional distribution of ¢, the ob-
servable individual characteristic, would then be approximated by a functional ARMA(1,1) process,
instead of a functional AR(1).
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is given by

fen(O) = / P*(C — pu) f*(u)edu + / P*(C — pu)[fu(w) — f*(w)]du
" / P (€ — pu) — p(C — pu)]f*(w)du + o|(fy — £ pees — 7)1).

Substituting in the (already linear) law of motion p;1 = p* + 0241 and the steady

state relation, obtain

fera(Q)=17(C) =/p*(é—pU)[ft(U)—f*(U)]du+0/Zt+1(C—pu)f*(U)du+0(H(ft—f*,pm—p*)\l)

which expresses the deviation from the steady state in time ¢ + 1 as given by a linear
operator applied to the deviation from steady state in time t plus, by linearity of
the expectation and of the integral operator applied to z;11(.), a mean 0 exogenous

Banach random element. That is, it may be written as
f/_f* %B[f—f*]—FO_EI

for some linear operator B and some mean zero noise €', a linear functional autore-
gression as in Bosq (2000), so long as both the noise and the deviation from a steady
state are small. As similar procedures may be applied to more general dynamic panel
data models, one sees that a functional linear process may provide a local approxi-
mation to the law of motion for distributions of cross-sectional aggregates for a wide

range of commonly used empirical models of individual and aggregate behavior.'6

D.3 Steady State and Exact Projections

To go from the functional derivatives of the equilibrium conditions to a linear solution,
it suffices to find projections onto a complete set of basis functions. The structure
of the geography model presented here makes that task particularly simple, because
when the basis used is the standard Fourier basis of trigonometric polynomials, the
projections can be calculated exactly without numerical integration. The structure

can also be used to verify the conditions which ensure that projection approximations

16For models as simple as in D.6, it is possible to characterize the behavior without approximations:
the random linear operator model generalizes the random coefficients model to infinite dimensions,
and has been analyzed in Skorohod (1984).
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are valid. In fact, the structure allows even more to be said about the solution than
can be inferred from Theorem (1). Because the model is block diagonal with respect
to the Fourier basis, the solution operator can be calculated exactly for any input
given by a Fourier basis function, and so for any bandlimited function.

Recalling from Section 6, the linearized equilibrium conditions in this model are

given by
0 0 1 3—‘; I pBP
(B,A)=|—-| P 0 BP—-BPP |,| I 0 0
0 T 0 0 I 0

in which P[.] = %f exp(c(z' —z)+BV)[]dz’, T is likewise an integral operator, and %2
can be shown to be defined in terms of the composition of a number of convolution
operators with respect to a Laplace distribution and their inverses. The model is
therefore composed of identity and integral operators, exactly the structure needed
for the projection approaches developed here to be valid. Moreover, examining the
expressions for the derivatives of the economic geography model it can be seen that
all of the integral operators are expressed in terms of convolution operators. By
the convolution theorem, all convolution operators (and their inverses, as well as
the identity) are diagonal in a Fourier basis, and so all operators can be expressed
as a convolution with distributions, or equivalently, as multiplication of the Fourier
transform of the input by a known function.

Because each functional derivative in the model is diagonal with respect to the
Fourier transform, the model can be broken down into blocks corresponding to in-
dividual frequencies: there is no interaction across frequencies. Within a frequency,
the linearized model can be written in terms of 3 x 3 matrices of derivatives of each
component with respect to perturbations at that frequency. The exception is at fre-
quency 0, where only derivatives with respect to V' and v are taken, as, by Parseval’s
theorem, functions in L(R) can be represented in the Fourier domain as sequences
of Fourier coefficients with the coefficient at frequency 0 equal to 0.

Among other things, this block diagonal structure implies that Condition 1.(ii)
regarding the modulus of continuity of the Schur decomposition holds so long as Con-
dition 1.(i) holds. Conditions 1.(i) and 1.(iii), requiring existence and uniqueness of a
Schur decomposition into components inside and outside the unit circle with unstable
subspace isomorphic to the space spanned by the jump variable (in this case V'), may

also be verified for any given set of parameters by ensuring the conditions hold for
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each finite dimensional subsystem. In order for the system to have a locally stable
rational expectations equilibrium, it must be the case that at each frequency, the
system has two generalized eigenvalues inside the unit circle, corresponding to the
predetermined variables v and A, and one generalized eigenvalue outside, correspond-
ing to the jump variable V. Such a condition is not general: it requires restrictions on
the parameter values to ensure that such a solution exists. However, these conditions
can be guaranteed by a finite set of computations

Impressionistically, because the value of a location is a weighted average of future
wages (a function of population), and because the current population is a weighted
average of past values, the system remains stable only if this mutual reinforcement is
not too strong. Otherwise, at certain frequencies, at which more than one eigenvalue is
unstable, the linearized model implies that value grows without bound and population
does as well: this is the conclusion of Krugman (1996), which does not derive dynamics
from forward-looking decisions. However, the stability condition on the eigenvalues
is substantially weaker than the condition imposed by Krugman, that the impact of
population on wages be negative for all frequencies. Positive feedback is consistent
with stability of a rational expectations equilibrium so long as the effect on wages is
expected to be temporary. Moreover, if the feedback is temporary, the population
response is damped, and so the degree of mutual reinforcement is even lower. As a
result, only frequencies where the parameterization implies that the feedback from
population to wages is so large that no policy rule which eventually returns to steady
state can be constructed are a problem for calculating a forward looking solution.

To consider which frequencies might be problematic, note that at extremely high
frequencies, because convolution with a smooth density dampens high frequency fluc-
tuations, the mutual reinforcement phenomenon is dampened and eventually disap-
pears, so these frequencies are stable. Similarly, due to the dispersive forces in the
geographic equilibrium model, at extremely low frequencies, increasing population
actually reduces wages, ensuring stability. It is at intermediate frequencies where
population growth and real wage growth are complementary, and parameters must
be chosen so that at these frequencies the degree of complementarity is not so great
as to prevent the mean-reversion induced by the dispersion of population due to
idiosyncratic tastes from ensuring eventual return to uniformity after a temporary
shock. This suggests that a parameterization of adjustment costs which ensures that

medium to high frequency fluctuations are rapidly smoothed out is needed. However,
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degree of smoothing and size of adjustment costs have a nontrivial relationship. For
quadratic costs, a higher scale is equivalent to a smaller variance of the Gaussian flows
and so results in less smoothing. However, while changing from quadratic to linear (in
absolute distance) costs results in Laplace flows with substantially more movement
to long distances as it lowers costs of moving large distances, it raises costs of moving
short distances and so decreases mean reversion at medium to high frequencies. In
practice, stability holds for a very broad range of parameter values.

Formally, at each frequency not equal to 0, the model is represented by a 3 x 3
block of the Bellman equation, the population transition, and the shock transition at
that frequency. At a representative frequency ¢, the model can be taken as a set of
matrix equations in Fourier transform of the vector of endogenous functions at that

frequency. The matrix of derivatives with respect to (5\¢, Vg, %) is

0 0 1
0 Ty 0

where P, is the Fourier transform of % exp(c(z)+ V) evaluated at frequency ¢ and 'y
is the Fourier transform of I'(z) evaluated at frequency ¢. The matrix of derivatives

with respect to (A;&, v, f/di) is

dw
dax ¢ BP,
Ay = 1 0 0
0 1 0
where % s the Fourier transform of 3—‘:\’ at frequency ¢, is derived in Appendix E.

Finally, at frequency 0, by dropping the transition equation which does not act
over this frequency because perturbations of \ are restricted to lie in L2, the space of
functions integrating to 0, to ensure that the density A integrates to 1, the system is

represented by 2 x 2 blocks of derivatives with respect to (7, V¢) and (77, Vg;) given

by A
B 0 1 1 BF,

To construct an approximate solution from these projections, note that because
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the operator pairs are block diagonal, a fully upper triangular infinite dimensional
system can be constructed so long as each block can be placed in upper triangu-
lar form. Together, each pair of matrices forms a finite dimensional linear rational
expectations system which can be evaluated by standard algorithms for calculating
perturbative expansions of such systems, such as the Schmitt-Grohe & Uribe (2004)
procedure, based on the algorithm of Klein (2000). Here, no changes need to be
made to the finite dimensional procedure: it is simply applied independently at each
integer frequency ¢. The derivatives of the policy functions are then given by the
collection of derivatives at each frequency. For each ¢ # 0, the policy functions
he © (N, D) — (A;S,%) and g, : (A, s) — Vi are given by 2 x 2 and 1 x 2 matri-
ces. The first order approximate policy operators are then represented with respect
to the Fourier basis as block-diagonal infinite matrices h and g, with fld, and gy on
the diagonals, respectively, so that for general inputs in LZ(R) x L*(R), they may be
represented as h = F ~LhF and g = F1§F where F is the Fourier transform and

F 1 is the inverse Fourier transform.

K

T gf given by concate-

For bandlimited perturbations, a finite representation h
nating the first K frequencies is exact. More generally, the functional derivatives gen-
erated by taking an increasing finite collection of frequencies converge in the strong
operator topology, and for any components which are compact, in the operator norm
topology. Operator norm convergence follows from application of Theorem (1). To
see that the conditions are met, note that for smooth adjustment costs and transition
functions, ]5¢,, f¢, and % , converge to 0, and so compactness and convergence of
the projected derivatives in operator norm follows. Moreover, as ¢ — 0o, (By, Ay)
converges to

1 0
(B?Ail) = 01,]1
0 0

_ O =
o O O

and by the continuity of the generalized Schur decomposition with respect to per-
turbations, the policy functions at each frequency also converge. It can be shown
that the first derivatives of the policy functions g’ = §o : (5\00,1900) — V. and
B = heo + (Moo, P0) — (N, 7.) generated by calculating the finite dimensional
linear rational expectations solution for this pair are given by matrices which are
identically 0, and so hx = h¥ and gx = g&. As a result, by taking an increasing set

of frequencies, the finite representation can be used to compute a response which is
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accurate uniformly over all input functions, and not just bandlimited ones.

It is possible to determine the rate of convergence directly from the exact rep-
resentations rather than by applying the rate results from Theorem (1). Note that
perturbation results for generalized eigenvectors and eigenvalues imply a linear rate
of convergence in the Frobenius norm of the perturbation (see Stewart & Sun (1990)),
while sufficiently smooth functional forms for adjustment costs and for the transition
operator for the exogenous shocks, and the exponential form chosen for trade costs,
generate rates of convergence for the entries which are faster than linear in ¢. As a
result, given sufficiently smooth parameterizations, the blocks of the policy function
corresponding to each frequency converge at a rate comparable to the slowest rate of
each of the components. So long as this converges to 0, this implies that the policy op-
erators are compact (and if this rate is faster than linear, they are Hilbert-Schmidt),
and so the policy operators given by taking an increasing finite sequence of blocks
converge to the true policy functions in operator norm. One note regarding the form
of this convergence is that the perturbation theorem for the Schur subspaces applies
only under a separation condition on the generalized eigenvalues, while (B}, A7) has
the generalized eigenvalues (0,00, 00). This implies that the blocks corresponding
to forward and backward looking components are well separated, while within the
block of backward looking components the eigenvalues are not asymptotically well
separated and the generalized Schur vectors are not stable. However, the block itself
is stable in the sense that the span of the Schur vectors converges, and so the policy
functions, which are determined only by the sub-blocks of the Schur matrices, also
converge.

Formally, this may be stated as

, R 00
Lemma 7. (i) ¢. = oo = (0,0), hY. = hoo = < 00 ) Suppose
Yo = H<B¢7A¢) - (B}aAZI)HF —0

1 A A 1
as |¢| = 0o. Then ||gy — Jooll = O(fy(;) and Hh¢ — hOOHF = O(fy(;) for large |¢|, and

so converge to 0 and

2 ()] =] (2 da | [ exp(—2migz)\(z)dx . exp(—2mipr)
hA(z), v(z)] ho[/ (z)d ]+¢g\:{o}(h¢ [fexp(_mm)y(x)dx]) pr(_mm)]
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and

g\(x),v(x)] = AO[/ v(z)dz] + Z (Gs [ exp(—2miga)\(z)dx ) exp(—2mica)

$€7\{0} J exp(—2migr)v(r)dz

are compact. (i) Suppose in addition that v, = O(|¢p|" ") for some € > 0. Then
hiX(z),v(x)] and g[\(z),v(x)] are Hilbert-Schmidt.

Proof. See Appendix F. O

This result not only gives compactness and rates of convergence, it also implies
that the approximated policy operators converge in a stronger norm, the Hilbert
Schmidt norm. The demonstration that these operators are compact and Hilbert-
Schmidt implies that in principle, the policy function in this model could be consis-
tently estimated from a time series of observations of (\,v) by procedures such as
those described in Bosq (2000); Guillas (2001).

D.3.1 Stability Conditions

While in principle a closed form is available for the policy functions at each frequency
for arbitrary parameter values, it is an unintuitive nonlinear function of the roots
of a cubic polynomial, so instead I verify the stability conditions at each frequency
numerically at each value of the parameters examined. By the stability of the system
at (B, A}) and the convergence of (By, Ay) to (Bj, A}), it is sufficient to verify the
eigenvalue condition for the finite set of frequencies where the derivatives differ by
more than some small constant from (B¢, AY).

In practice, and in contrast to the generically explosive limit generated by the ad-
hoc dynamics imposed in Krugman (1996), only for relatively extreme parameteriza-
tions does the model with forward-looking decision making lack an equilibrium which
is locally stable. The complementarity between wages and population at intermediate
frequencies generated by agglomerative forces in the model and the substitutability at
low frequencies generated by the dispersive forces are reflected in the cross-derivatives
of the transition operator h mapping shocks to living standards and population this
period to those next period. The complementarity and substitutability manifest as a
positive coefficient in the map from the shock 74 to amenity value today to population

tomorrow at intermediate frequencies and a negative coefficient at low frequencies,
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respectively. However, the presence of a positive coefficient does not generate explo-
sive behavior if the shock itself is mean-reverting, as assumed, and the autonomous
dynamics of population are also stable. Here, except when the elasticity of substitu-
tion across varieties o is extremely low so the benefits of agglomeration in a region
with large population and a large variety of goods is high, the natural smoothing of
population across regions generated by heterogeneous idiosyncratic preferences is the
dominant determinant of the speed of adjustment of population at a given frequency.
As a result, even for very strong agglomerative forces, it is also necessary for adjust-
ment costs of moving to be quite large before complementarities at some frequency
dominate and generate dynamics which are locally unstable.

In part, this expresses an important difference between the myopic and forward-
looking models. In the myopic case, even small complementarities result in a cumu-
lative process which continues without bound, while in a forward looking setup, if
the effects of such complementarities are transient, their impact on value and so on
decisions is bounded and so is attenuated. From an economic perspective, forward-
looking decisions respond less strongly to changes perceived as temporary, and so
even in the presence of complementarities, regional shocks need not be destabiliz-
ing. To be fair, however, some of the difference also reflects the additional dispersive
force provided by idiosyncratic preference shocks, though it’s not clear how one would
generate a smooth transition law as in Krugman (1996) even with myopic decision

making without some other smoothing force.

D.4 Calibration

To characterize the dynamics of population and values in the model, I calculate
the first derivatives of the policy operators for a fixed set of parameters. For the
adjustment cost function ¢(x), in order to generate a Gaussian conditional distribution

of population movements in steady state, I adopt a quadratic specification c(z) =

L 22 where o, parameterizes the cost of moving and is also the standard deviation of

20c

the conditional Gaussian distribution. For the kernel describing the persistence of the
exogenous shocks I'(x), in order to ensure both stationarity and decay of coefficients

to represent smooth diffusion of shocks from their initial locations, I choose a rescaled

Gaussian pdf, I'(z) = \/2%@ exp(—5zx?), where |kr| < 1 ensures stationarity at all
T

frequencies and or measures the speed at which shocks spread, or, more directly, how
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rapidly the autoregressive coefficient on each frequency goes to 0 as the frequency
increases.

For the static equilibrium of the model, I borrow parameterizations from Krug-
man (1996), who considers the ranges o € {4,5,6}, p € {0.2,0.3,0.4}. As within this
range the qualitative behavior of the model is similar, all experiments reported are
carried out with o = 4, = 0.4. While the trade cost parameter 7 is left unspecified
in the parameterization as it merely normalizes the unit of distance in the model, the
relative values of 7, or, and o. determine the characteristic length scales at which
trade, productivity (or other shock) diffusion, and migration operate. Because trade
costs are specified as exponential, while migration and productivity diffusion follow a
Gaussian and so squared exponential rate of increase in distance, the numbers are not
directly comparable. This specification implies that trade at long distances is rela-
tively less costly than migration or diffusion of changes in the economic environment.
While difficult to place on a comparable scale, this seems to be qualitatively reason-
able for a global or national scale, with long-distance exchange relatively common
while long distance migration is comparatively rare. For the purposes of simulations,
and without any claim to represent empirically reasonable values, simulations set
7 = 0.2, or = 0.04, and 0. = 0.05, representing again fairly small trade costs and
fairly slow diffusion of population and amenity value from an initial location. Along
with a value of kr = 0.98 and discount rate § = 0.96, these are designed to ensure
that fluctuations in the spatial distribution of population and amenity values are
persistent and that the model generates substantial variation in the expectations of

future distributions.

D.4.1 Finite Domain

While solving the model on an infinite domain ensures a great deal of tractability, it
has some disadvantages, of which lack of realism is a minor but nontrivial one. From
a more practical perspective, when approximating the integrals via an expansion in
basis functions other than trigonometric polynomials, as may be needed for nonperi-
odic variations of the model, it permits use of compactly-supported basis functions,
such as B-splines or (certain classes of) wavelets, without requiring an unbounded
number to cover the entire domain. In order to ensure applicability of the wavelet
representation, I therefore construct a version of the model in which domain G is

finite. In the symmetric case, this change is minor: by setting G to be a circle of
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circumference 1 with coordinates = € [0, 1) parameterizing the location'” and chang-

ing the normalizing constant T(U;l) to 2_22(,07(21,)1) ~ in formulas (D.2) and (D.3), it
can be easily seen that the steady state equilibrium remains uniformly distributed
with M(z) = @(z) = W(x) = T(z) = 1 Vo € G, and V() constant. The only ma-
terial difference to the dynamics is that now instead of convolution with a Laplace
or Gaussian distribution as the representation of the effect of population on wages or
the dynamics of v(z) or A(x) respectively, these operators are replaced by convolution
with truncated (and recentered and renormalized) Laplace or Gaussian distributions,
eg I(z)= #@(%)\/QILTFJF exp(—ﬁ(aﬁ —3)?)1[0 < = < 1] . This reflects the economic
structure of the problem: in a finite space, there is a finite maximum trade cost and
finite maximum migration cost, and so a minimum impact of one location on another.

Truncation does not change the ability to represent the operators as diagonal with
respect to a Fourier basis, though now the result holds by the circular convolution
theorem. The Fourier transform of a product is given by the convolution of the Fourier
transforms, and so, by a change of variables, in the derivation of % H(¢) is replaced

x>
by H(¢) * Sinc(¢), where Sinc(¢)=22"¢ is the Fourier transform of 1[—3 <z < 3]

™
While this convolution has no Simp1e¢closed form expression, it is easily calculated
numerically by quadrature.

For parameterizations with rapid increase in trade or migration costs over dis-
tance, this transformation has minimal effect, as the truncation only affects the far
tails. For small trade or migration costs, it increases impact at some frequencies and
decreases it at others, reflecting the periodicity induced by the circular shape. Nu-
merical experiments suggest that even for relatively small costs, the impact of this
change is limited. As a result, the main impact is on ensuring proper scaling and
allowing testing approximate equilibrium computation using a wavelet basis.

To represent the circular convolutions with respect to a wavelet basis, the op-
erators are first written in terms of the distance on a circle with 2/ — x replaced
with arc length along the diameter of the circle: d(2/,z) = mod(z/ — z + 3,1) — 3
is the distance between points 2/, x€ [0,1) on the circumference. For example
Cv](z') = fol I(d(2', x))[v(x)]dx describes the value of the amenity value v/(z’) next
period at each point 2’ € [0,1) given an initial distribution v(z). Construction of
wavelet approximations consists of sampling the kernels (e.g. I'(d(2’, z))) at an evenly

spaced grid of K x K points on [0,1) x [0, 1) and applying the discrete wavelet trans-

"By symmetry, the initial point 0 can be assigned to any arbitrary location.
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form to the rows and columns of the resulting matrix. The kernels used in this model
are infinitely differentiable at most values of z, y but nondifferentiable at d(z,y) = 0.5
due to the finite domain creating a maximal possible level of trade or migration costs
at the antipodal location on the circle where counterclockwise or clockwise movements
meet. For the exponential trade costs, there is also a point of nondifferentiability at
d(xz,y) = 0. For wavelet representations, there is a tradeoff between vanishing mo-
ments to represent the smooth parts parsimoniously and width of the scaling function
which creates distortions at nonsmooth points. Although higher order Coiflets will
achieve faster rates asymptotically, for finite values of K, lower order Coiflets may
yield better performance, which is borne out in numerical experiments. As a com-
promise, level 3 Coiflets are used in all simulations and evaluations.

Two additional sets of approximations are made beyond those described in The-
orem (2). To ensure that perturbations to the population distribution A(z) remain
in the space of mean 0 functions, the wavelet representations of operators acting on
this space are orthogonalized with respect to the the wavelet representation of the
constant function. While for Haar wavelets this demeaning is exact, for other bases it
yields a representation which is approximately orthogonal to constants. Rather than
defining the exact kernel for ‘;—‘/‘\’ and applying the wavelet transform to it directly,
because it is composed of convolutions with a Laplace distribution and identity op-
erators, it may be constructed by applying the products and inverses of the wavelet
representations of these operators. These operations preserve the convergence rates

derived for individual kernel operators, as is demonstrated in the next section.

D.5 Convergence results for compositions of approximated in-

tegral operators

The results in section 5.2 demonstrate convergence for operators of the form
K] = [ Kl

In practice, some derivatives may be defined by compositions, sums, and other trans-
formations of operators in the form given. Fortunately, these compositions of wavelet
approximations of integral operators remain consistent, with convergence rate given

by the slowest of the convergence rates of the constituent components. In particular
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Lemma 8. Let {K,}5_, be compact operators between separable Hilbert spaces Hy, —
H., equipped with sequences of orthogonal projections 78«1, w2 onto K, and K, di-
[A(s - Ks S

mensional subspaces, respectively, such that K, = w1 K %2 satisfies

< (K, K.y —
0 Then, under the condition that the dimensions of the approrimations are con-

MK, ks, — 0 and f(s s a K, X Ky, approzimation satisfying Hf(s — KS

formable, linear combinations and compositions converge at the same rate as the con-
stituent operators: i.e. there exist constants such that Haf(s + bf(t — (aKs + bK;) ‘ <

Oy iy +Citti)s and | K RAL]) = KRG < Clney i, +16
CK317K32)'
Further, suppose K, maps Hy — Hs and 781 = 782 = 7

and Ck,, k., = Ck,. Suppose (I+K,)~" is bounded. Then ‘
C(nKS7Ki + TIKS + <K37Kt _'_ CKS)

Ksz + CK527Kt2 +

519

K —
°y SO MK, K., = K,

Proof. See Appendix F. n

As a consequence of this lemma, the rates of convergence for wavelet approx-
imations of operators of the form K[] = [ K(z,y)[.]dy given in section 5.2 con-
tinue to hold for compositions, linear combinations, and transformations of the form
(I + K,)"'K; of the matrix valued approximations of these operators. In particu-
lar, when constructed by approximating each operator in inegral form by its wavelet
approximation and functions thereof by the corresponding functions of these rep-
resentations, each subcomponent of the matrix representation of the derivatives of

the geography model converges at the rates given in theorem 2, including ‘;—j
_dwdY _dwdl\-1(dwdY  dwdly_, (dl(r _ dwdY _dwdl\-1(dwdY | dwdly, dT
Uk = v aw —arae) (axtara)  MaUs =5~ ada) (o Taa)ta)

where a tilde indicates the wavelet approximation of the corresponding operator.

R
|

S

E Existence of Solutions To Rational Expectations
Models with Function-Valued States

In this appendix, I provide a set of sufficient conditions for the existence of a differ-
entiable and stable solution to a recursive model with function valued states, which

is the object for which an approximation algorithm is described in the main paper.
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Local Existence of an Equilibrium

The requirement that the derivatives of the equilibrium policy operators satisfy the
formulas (4.3) and (4.6) in the main paper represents a necessary condition that any
differentiable recursive equilibrium solution must satisfy at the steady state. To ensure
that an equilibrium characterized by this condition in fact exists and that it is locally
stable, conditions beyond those needed to justify the existence of stable derivatives at
this point may be needed. Existence of equilibria has previously been demonstrated in
dynamic heterogeneous agent models of various types: for models with no aggregate
disturbances, see Acemoglu & Jensen (2012), for models with aggregate disturbances
see Cao (2016) or Bergin & Bernhardt (1995), and for models with finite numbers
of agents, see Mertens & Judd (2012). In the case that an equilibrium of the model
may be characterized by the methods used in those papers, our method provides
a numerical procedure to characterize a set of local properties. However, it may
be desirable, in the case of a wide class of models which may be characterized by
the methods in this paper, to provide a general existence argument based on the
linearization. As such, we demonstrate that the local existence argument of Jin &
Judd (2002) may be extended to the case of infinite dimensional state variables.

In particular, under some additional continuity conditions, an implicit function
theorem in Banach spaces (see e.g. Kesavan (2004, Ch. 1)) may be used to show
that the conditions provided under which a linearization exists are also sufficient
for the existence of an equilibrium with no aggregate shocks in a neighborhood of
a steady state. This is a separate task from demonstration of the existence of a
steady state equilibrium, which must be shown by other methods, as in Acemoglu
& Jensen (2012) or by some other fixed point argument valid in infinite dimensional
spaces. In some cases, especially if individual agent decision rules are correspondence
valued, the existence of a steady state may require the introduction of auxiliary
state variables to generate a Markov structure; this occurs in Acemoglu & Jensen
(2012) and Cao (2016), along with, more generally, much of the literature on implicit
recursive contracts. As characterizing a steady state is a model-specific task, we will
simply require that existence has been verified for the model in question and that the
equilibrium conditions which are provided to the linearization procedure are sufficient
to characterize an equilibrium.

Given the existence of an equilibrium away from the steady state but with no

aggregate shocks, one may prove existence of an equilibrium with “small” aggregate
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shocks by applying the implicit function theorem to the deterministic system around
o =0 as in Mertens & Judd (2012). Unfortunately, the continuation argument they
use to demonstrate existence in the presence of large noise does not directly apply
in this case, as it requires compactness of the equilibrium operators, which cannot
generally be guaranteed when the state space is infinite dimensional. As such, the
approximations computed in this paper should be considered as valid in the “small
noise” regime.

Formally, we have the following two theorems: proofs are provided in the next

section.

Theorem 5. Suppose there exist x*, y* such that F(z*,y*, x*,y*,0) = 0, F is con-
tinuous with uniformly continuous Fréchet derivatives with respect to =, vy, x', and
Yy in a neighborhood 2 x Q C Hy x Hyi of x*,y*,x*,y*, with Fréchet derivatives at
this point given by B = —F,,—F,, A = Fy,F, such that (B, A) is a I'-reqular
operator pair satisfying the conditions of Lemma (5) on existence of Schur decom-
position for I' the complex unit circle and so having generalized Schur decomposition
(B,A) = (Q*TU,Q*SU). Assume Uy is complete and has bounded inverse on Im U,
and M(y,z) == Fy + (Fy — FyUs'Usi)x © Hy,He — Ha has bounded inverse.
Then, there exists a neighborhood N of x* in H, and continuous, Fréchet differen-
tiable operators g(x), h(x) mapping N to H, and H,, respectively, such that for any
xg € N, the sequence {x¢,y:}2, defined recursively by y, = g(xy), 111 = h(xy) satis-
fies F(z¢, Yt, Tey1, Yes1,0) = 0 VE > 0 and converges in norm to x*,y*. Further, g(x)
and h(x) are themselves Fréchet differentiable with first derivatives gx = —Usy' Usy
and hx = (Un1 + Uragx) " S1 T (Uny + Uragix).

Remark. Uniform continuity of the derivatives is needed to ensure convergence uni-
formly over time: a sufficient condition for this would be that F' is twice continuously
differentiable in €2 x 2. The assumption of continuous Fréchet derivatives could be
replaced by strong Hadamard differentiability, with the corresponding weaker result
that the policy operators are Hadamard differentiable, using the implicit function the-
orem for Hadamard derivatives of Craven & Nashed (1982) with only minor changes
in the proof. Such a replacement may be necessary for certain classes of equilibrium
operators: Craven & Nashed (1982) provide examples of operators which are strongly
Hadamard differentiable but not Fréchet differentiable. The same result may also be

used to relax the assumption that the inverse of M is bounded, at cost of a weaker
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norm, which may be useful for example if M is compact. However, the argument
for existence of a stochastic equilibrium in the next theorem does rely on the as-
sumption that M has bounded inverse in a way that cannot be alleviated by using
this weaker version of the implicit function theorem. Note that this theorem requires
completeness of Uss, ruling out cases analogous to those in which there are more sta-
ble eigenvalues than predetermined variables, in which there may be indeterminacy.
While in these cases at least one equilibrium may possibly still exist, this method of

proof does not apply directly.
Proof. See Appendix F. n

Next, one may use the deterministic recursive equilibrium constructed above,
along with another application of the implicit function theorem, to demonstrate ex-
istence of an equilibrium for ¢ in a neighborhood of 0, and so with stochastic shocks.
The demonstration of existence follows closely the argument (but not the notation)

leading to Jin & Judd (2002, Theorem 6).

Theorem 6. Suppose the conditions of the previous theorem hold, that EF (z,y,x',y', o)
is continuous and three times continuously differentiable with respect to x, y, x', y' in
a neighborhood of (z*,y*, x*, y*,0) and differentiable with respect to o at (z*,y*, z*, y*,0),
and suppose further that [F,, Fyy] has a bounded inverse from Hsy to H, x H, and the
operator [F, Fu | Fy, Fygx] : Hy X He — Hy X Hy has spectrum inside the complex
unit circle. Let z satisfy Ez' = 0 and have bounded support in H,. Then, there exists
a neighborhood of 0 = 0 and a neighborhood U of * on which there exist bounded
functions with bounded derivatives g(x, o), h(z,0) satisfying g(z,0) = g(z), h(x,0) =
h(x) as defined in the previous theorem and EF(x, g(z,0), h(x,0) + onz’, g(h(z, o) +

onz',0),0) =0 for all o and x in this neighborhood.

Remark. The increase from once to three times continuous differentiability here is
imposed in order to ensure uniform continuity of the second derivatives, which en-
ter through a chain rule condition due to the recursive construction. This theorem
demonstrates conditions which guarantee the existence of an implicit solution to a
set of equilibrium equations. This condition is still weaker than those of Jin & Judd
(2002), who require analyticity, albeit mainly for the ability to perform perturbations
to arbitrary order. The requirement of bounded support is somewhat restrictive, but

without other strong assumptions is very hard to relax: see Jin & Judd (2002) for
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discussion. Note that for this result to guarantee existence of an equilibrium, a sta-
tionary solution to EF(x, g(z,0), h(z,0) + onz', g(h(x,0) + onz’,0),0) = 0 must be
a sufficient and not merely a necessary condition for equilibrium. That is, if desider-
ata for an equilibrium such as transversality or second order conditions are excluded
from F', the solution is not guaranteed to satisfy them. Often, auxiliary equations
may need to be added to the ‘natural’ characterization of a solution to fully charac-
terize an equilibrium, as in Cao (2016). However, the result does guarantee existence

of a candidate solution for which sufficient conditions may then be verified.
Proof. See Appendix F. n

Remark. In the case where the equilibrium conditions are differentiable also in o, the

implicit function characterizes the derivatives with respect to o.

Corollary. Let EF (z,y,2',y,0) be Fréchet differentiable in all its arguments (includ-
ing o) at (z*,y*, x*,y*,0). Further, suppose o does not enter into F' directly (as op-
posed to entering via the transition equation xo = ha(x9)+0z'). Then g(z,0), h(x, o)

are differentiable in o and have derivative at o = 0 given by g,(x,0) = 0, h,(z,0) = 0.

Proof. This follows from the implicit function theorem used to construct g(z, o), h(x, o)
and the fact that, evaluated at o =0

iEF(l’, 9(x), h(z) + onz', g(h(x) + on2'), o) = E(Fy (2, g(x), h(x), g(h(x)), 0)[n2]

do
+ Fy(z, g(x), h(z), g(h(2)), 0)g:(h(2)) [n2'] + Fo (2, g(2), h(), g(h()), 0)).

By the assumption that Ez’ = 0 and the linearity of the Fréchet derivative for all
x, the first two terms are 0. By assumption F, = 0, so the final term disappears as
well. 0

Remark. This result is a direct extension to this setting of the result of Schmitt-Grohe
& Uribe (2004) that the first order impact of the standard deviation parameter is 0.
However, the result is slightly stronger, as the implicit function theorem used here
(as in Jin & Judd (2002)) takes as argument the policy operators as functions of
x, and so the implicit function theorem characterizes the partial derivative of the
operators ¢(.) and h(.) in the space of functions with respect to . The implication is

that the zero first order effect of adding aggregate noise holds not only at the steady
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state £* but also at any other initial condition x, a result which may be useful for
extending models with transition dynamics. The assumption that F, = 0 is generally
not restrictive, as o is not a structural parameter but an auxiliary parameter scaling
the deviation of the equilibrium away from the nonstochastic steady state. To embed
structural assumptions regarding the variance of the shocks, the random element z
may be taken to have arbitrary (trace class) covariance operator, which is then scaled

by o.

F  Proofs

F.1 Section 5 Proofs

Proof. Of Theorem (1). The proof proceeds in two steps: first, showing that the gen-
eralized Schur decomposition is continuous with respect to the approximation, and
then showing the policy operators are continuous in the generalized Schur decompo-
sition.

First, note that

I(B*, A%) + (I = 7)(Br, Ar)(I — 7%) — (B, A)|l5
I(B%, AF) — (BX, A%) |5 + [(BX, A%) + (I = «")(Br, A — 7) — (B, A)|ls =
I(B", A%) — (B, A%) |5+

(=) (Br, A (I—7")=(I=7")(B, A)(I—7")—(I-7")(B, A)x" (B, A)(I-7") || =

I(B", A%)=(B", A%) ||+ = (I=7%)(Be, Ac)(I—n")—(I-7")(Be, Ac)n™ —n* (Be, Ac)(I-")||s
(

= [(B", A%) — (BX, A%)|l5 + [|7" (B, Ac)n™ = (Be, Ao)lls < Cie + 1
where the third expression follows from the decomposition of (B, A) = (B, Ar) +
(Bc,, Ac), and the construction of 7% so that (I—7%)(B;, Af)n® = 0 and 7% (By, A)(I—

k) =0.

The consistency of the approximation of (B, A) implies consistency of the com-
ponents of the Schur decomposition by (3) and (4) and the bound on dif(B, A).
Note that the generalized Schur decomposition of (B¥, AX) and (Bj, A;) separately

is equivalent to (one ordering of) the generalized Schur decomposition of their sum.
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More precisely,

K 0 Tk o SK 0 SKE 0 Uk o UE 0
U I I O U O P B R R O
0 N 5! 0 0 7K o 0 0 SKE o Uk o UE o
0o 0 0 T, 0 0 0 S 0o Ul o0 UL

where an I superscript indicates a component corresponding to the Schur decom-
position on Ker 7 of (B, A;), is a generalized Schur decomposition of (B¥, AX) +
(I —7%)(By, A)(I — 7%) corresponding to curve I'. Note that by operator norm con-
vergence, for sufficiently large K, opin(AB® — AKX 4 (I — 7%)(\B;—, Ap)(I — %)) >
Omin(AB — A) — 2(Cx + nx) > 0 uniformly in A € T' by Weyl’s inequality and the
compactness of I' and so (BX, AX) + (I — «®)(By, A;)(I — 7) is T-regular and so
the generalized Schur decomposition described exists.

To bound ||gx — gx||, note

- —1 .
~ ~ UE 0 UK 0 - -
_ Ky—1 IN—177 _ 22 21 . 1
gx = —(Up) " Un — (Upy) Uy = — ( 0 U2]2 > ( 0 U211 ) = —(Uzp) Us.

10y =Til < TIIE = (1 + P*P) 3|+ |1P] ||Ua(r + PP)

2(Cx + 1)
)

< CIP| +olPl) < C

for some constant C' < 2 + € for any ¢, for K sufficiently large, where 6 > 0 by the
assumption that dif(B,A)>0. As a result, by invertibility of Usy, Weyl’s inequality,

< Cw for some constant C'

and the triangle inequality, H—U{zlffm + U2’21U21
for K large enough.

88



Similarly, we have

~ —1 ~
SK 0 (AN
0 S 0 T
of o\ (U5 o Uk 0
0 U, 0 Ul 0 UL
)"

= (ﬁn + Ulng 1(511) ITII(UH + 012917()

Applying the triangle inequality, (3), (4), and convergence of gk, this implies that

for some constant C, for K large enough, ||hx — hm||op <C CK%, as claimed. O]

A demonstration that for appropriately smooth functions wavelet representations
provide the necessary error control to ensure consistency follows from some standard

estimates regarding wavelet coefficients.

Proof. of Theorem (2). First we demonstrate bounds on 7k, the error induced by
truncating to a K term wavelet series, using results on wavelet coefficients and oper-
ator norm bounds from Johnstone (2013), then bounds on (g, the error induced by
calculating the inner products with the wavelet basis by quadrature using quadrature
error estimates from Beylkin et al. (1991).

First, denoting the blocks of (B¢, Ac) as K, 45, maX{HBg - B(;Hop , - ACHop} <

Jmax H mii — Ko ||Op by definition of operator norm. Because an orthonormal basis
T, 7 ]

is used, 75 (By, Ar)mX is simply expressed in terms of identity matrices on this space,
and so can be evaluated exactly.

The projection of K, ;; onto the space of the first K; x K; wavelet coefficients can
be expressed using the inner product with the tensor product over the first K; x K;

orthonormal basis functions {¢;},*, and {gbk}ﬁ | as

ga

K

K Kmﬂr

Krij(@,y), oe(2)00(y)) {0k (y), [f W)]) du(2)

£
Il

1

~

=1

A

= [ Ky ij(x,y) f(y)dy where K, jj(2,y) = 32y SO (Krij (2, ), d1(2)0(y)) dr(y)n(x)

89



is the K; x K; term projection of the kernel of the integral operator onto the wavelet
basis. Since K, ;;(z,y) € A% ([0,1]% x [0,1]%) and ¢4 are a standard wavelet basis,
we can use norm bounds to control the error in this projection. Sup norm bounds
available in Chen & Christensen (2015), show that under the o, ;;—Holder assump-
tion,

Hf(r,ij(x,y) — K,i(, y)H = O((K; K )~ omis/ (@it ds))

Loo([0,1]% % [0,1]%)
when wavelets satisfying Condition (3) are used. In particular, adapting the proof of

their Lemma 2.4, letting

KKZ

Uk, = sup f(@,y), oe(2)ou(y)) oe(y)ou(@) || /1 (@ )l e

FeL>=([0,1]%x[0,1%) || k=1 =1

<.

oo

be the Lebesgue constant for the tensor product wavelet basis

Krij(@,y) = Krija, H < (1 + Cgi, JO((KG ) ol (it da)y
7](‘T y) ,](I y) Lol ]%) ( + KZK]) (( J) )
and by their Theorem 5.1 applied in the case of uniform density, (x,r; is bounded
uniformly in K; and K.

By compactness of the domain, we have

/‘Krw z y rz](x y))d S C“KT,ij(x7y) _KT‘ZJ z,y H

L20([0,1]4i x[0,1]%)

/’Krz] x y sz(x y)‘dy S CHkr,ij(may> _Krm T,y H

Lo°(]0,1]% x[0,1)%)

almost surely, so by Young’s inequality (Johnstone, 2013, Theorem C.26)

sup
IFl=1

[ sl = Koo s )| < € st - Kot

< C(Kin)—ar,ij/(di""dj)

Loo([0,1]% x[0,1]% )

As this holds for each 7,1, j, we have

ni = max{||B¢ - Bel|,, . [|A¢ — Ac|[,,} < O(Jmax (I K;) i/t
7,,]
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as claimed, by bounding the operator norm by the Frobenius norm of the J x J matrix
with 7, j element equal to the operator norm of the i, j block.

To use this result to bound the number of basis functions needed to obtain a total

Q45

d;+d;’

operator norm error of order ¢, letting a = mln by setting { K}/ iy all equal and

proportional to (%)57 obtain Jm,aX(Kz‘Kj) amg/(d +dj) — O(e). This results in a basis
2y

of size K = Z}]:1 K proportional to .J (%)i as claimed.

Next, bound (k, the error induced by approximating each integral operator in
(Bc, Ac) by a matrix with entries given by the discrete wavelet transform of K, ;; (x5, y:)-
For convenience, define the level of the d;—tensor product of multiresolution analyses

K;

of Im 7"/ in each dimension as {njp} and let the total number of basis functions

p=11
in the tensor product basis satisfy K; = HZLIZ”fP.lg The discrete wavelet transform
in one dimension is a unitary mapping on the space spanned by the scaling func-
tions ¢y, ; 1= 27"/2¢(27™z — s + 1) at multiresolution level n; from vectors whose
entries are inner products with these scaling functions to vectors whose entries are
inner products with the orthonormal wavelet basis spanning the same space, and in
multiple dimensions it maps the tensor product of scaling functions representation to
the tensor product of wavelets representation. As the operator norm is unitarily in-
variant, it therefore suffices to bound the operator norm error in terms of the error in
the representation defined in terms of scaling function coefficients. By the compact
support, vanishing moment condition, and Hélder exponent bound, Beylkin et al.
(1991) show by a Taylor expansion argument that if a scaling function with the prop-
erty [ ¢(x + 7)a™dx =0 for all integers m < « + 1, for some integer 7, is used, then
any f(z) € A¥[0,1] satisfies 272 f(27"(k — 1+ 7)) = [ f(z)dpr(x)dx + O(27F2 2))
uniformly in &, and for multivariate functions f ( s xh) € A0, 1]4, a straightfor-

ward extension shows
(27m/2 a2y F(T M (k) — 14 7), .., 2 (kg — 1+ 7)) =

d d
/ /f L1yenn, ¢n kl(xl) d)n,kd(md)dxl d$d+O<H 2—np/2z2—omp)
p=1 p=1

180ne can avoid restricting to powers of 2 by using a larger number of functions at the finest level,
at the cost of more cumbersome notation. The order of all asymptotic results remains the same.
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Applying this to ﬁl{mj(xs, y¢) we see that its entries satisfy
il

1 _ ds
—Kr,z‘j($57 ?Jt) - <Km‘j($7 ?J)a Hz;1¢nip,s+r(%)Hpj:@njp,tw(yp)>‘

JEK,
d; d; d; d;
— O((H 9—nip/2 H 2*”1’;7/2) (Z 9~ MipQrij | Z Q*njpar,ij))
p=1 p=1 p=1 p=1

uniformly in s,t. To control the operator norm error induced by this approxima-
tion to the matrix of scaling function coefficients, we again use Young’s inequality,
combined with the fact that the scaling functions ¢, , are rescaled translations of
a single bounded and compactly supported function over a regular grid, to bound
the operator norm error in the quadrature approximation of the finite projection
of K,;j(z,y) onto a finite tensor product wavelet basis. In particular, denoting
eijst = <Kr,z‘j($7y)aHZL1¢mp,s+T(IP)HZJ;1¢njp,t+T(yp)> and éijst = \/K—Z_—KjKr,ij(xsayt)
the L> norm error induced by quadrature in the K; x K; term representation of the

kernel is equal to

K; K;

~ . dj
sup Z Z(eijst - eijst)ngzlgbnip,s-i-T(xp)Hp:1¢njp,t+T(yp)

2,y€[0,1]4 x[0,1]% | s=1 =1

As noted in Chen & Christensen (2015, Section 6), by the assumption that the one-
dimensional scaling function ¢ has support within a compact interval, with length no
greater than 3N + 1 for a fixed integer N (depending order of the wavelet used), at
most 3N + 1 scaling functions at any fixed level n; may overlap on any set of positive

Lebesgue measure, and so over the d; + d;-dimensional tensor product space, no point
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x,y is covered by more than (3N + 1)%%% scaling functions.!® As a result

K; Kj

j d; d;
sSup Z Z(éijst — Oijst) H Py, st (zp) H ¢njp,t+7(yp)
p=1 p=1

z,y€l0,1)4 x[0,1]% | s=1 =1

A

< (3N + 1)di+djm€%X Oijst — Oijst

d; dj
sup H ¢n¢p,s+’r (:L‘p) H ¢njp,t+7(yp)
Y p=1 p=1

d; d; d; d; d; dj
< (3N+1)d¢+djO<H 9~Mip/2 H 2*”1p/2)(z Q—NipQr,ij _|_Z 2 Mapairis ) H Qnip/2 H Q”jp/qup p()]
p=1 p=1 p=1 p=1 p=1 p=1 r
d; dj
= O((3N + 1)%F4 (Y " gmmwani 43 " 9 mni))
p=1 p=1

by boundedness and the definition of ¢,,;, ;. When the number of basis functions used
in each dimension is identical for all dimensions p =1...d; and 1...d;, this term is
bounded by

O((BN + 1)4F0 (d; + dj) (K I )~/ (t40))

This is the same order as the projection result, except for a multiplicative constant
depending on dimension. Let d = max2d;. Then, if the number of basis functions is

J =
set so that {K;}7_; all equal and proportional to (M)é, the above bound along
with Young’s inequality gives an operator norm error bound bound for each block no
greater than O(%). With each of J? blocks bounded by no more than this quantity,

obtain the bound

Cx < O(e)

exactly as claimed. O]

F.2 Appendix A Proofs

Proof. of Lemma (2). We generate () and U constructively, then verify their prop-

erties. Choose a complete orthonormal basis on Imm;, denoted {uy;}3°, and then a

19The vanishing moments property characterizing Coiflets also requires that the length of the
filter defining the scaling function be longer by a factor of 1.5 than the filter for the corresponding
standard Daubechies wavelet. This results in an larger constant in front of the quadrature error and
the running time of the discrete wavelet transform, but does not affect the rate of convergence.
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complete orthonormal basis on the orthogonal complement of Imm; in H;, denoted
{ug;}52,. The eigenvectors are not, in general, such a basis, because {); and ), are
not assumed self-adjoint and so nothing requires their eigenvectors to be orthogonal
vectors. Then, U; is the operator >~ (uy;,.) e; where {e;}°, are an arbitrary or-
thonormal basis on F, a space isometrically isomorphic to Im, U is the operator
S 00 (ugi, ) €7 where {e?}°, are an arbitrary orthonormal basis on Fs, a space iso-
metrically isomorphic to H;/Imm. Likewise, choose a complete orthonormal basis
{qui}32, for the image of (M;,G1) and a complete orthonormal basis for the orthog-
onal complement of this space in Hy, {g:}52,. We define Q1 = > 7, (qu;,.) f} and
Q2= 70, (qoi,-) f7, for {f}}22, and {f?}3°, orthonormal bases of Fy and Fy, spaces
isometrically isomorphic to the domains of ()1 and @), respectively.

Next, we show that these induce an upper triangular decomposition. We define

(Lo )< JG)

Using A.1, we have that (MU}, GUY) = (MU}, G1U;Y) since the range of U is
Im7y, and the restriction of (M, G) to this space is (M7, G;). Then, since the domain
of Q5 is orthogonal to Im(M;, G), we have (Masy, Go1) = (0,0), so this is a triangular

decomposition.

Gll C7Y12
G21 G22

@1
Q2

Q1

2

Y

]M[Uf v |,

To characterize the spectrum of the decomposition, first note that o (M, Gy) =
o(M,G)N AL and 0(My,Gy) = o(M,G) N A_ by Gohberg et al. (1990) Theorem
IV.1.1. (M1, G11) may be written as (Q MU, Q1GUY) = (Q1 M U, Q1G1Uy). Con-
sider v € p(My,Gy). Then yMyy — Gy = yQ1 M U — Q1GL U = Q1(vM; — Gh)UY,
which has inverse U (yM; —G1) ™' Q% which is bounded since (yM; —G;) ™! is bounded,
by definition of the resolvent set, and U; and ()] are since they are unitary by con-
struction. So (M1, G11) C o(My,Gy) = o(M,G) N A,

Characterization of the spectrum of (Mas, Gi92) requires a bit more care. (Mas, Ga2)

may be written as

(QMU;, Q2GU5) = (QoM(m1 + (I — m1))Us, QoG(m + (I — m1))Us)
= (Q2M17T1U§a Q2G177'1U2*) + (QzMz(I - 771)U2*a Qsz(I - 7T1)U§k)
= (QQMQ(I - 7T1)U2*,Q2G2<I — 7T1>U2*> (Fl)
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where the second line follows from A.1 and the final line follows from the fact that
the domain of @), is orthogonal to the range of (M, Gy). Consider v € p(Ms, Gs).
By definition of the resolvent, T'(y) := (yMy — G3)~! is a bounded operator for all
such 7. Then YMyy — Gog = Qo(yMy — Go)(I — m)Us. 1 claim that UsT'(v)Q% is
a bounded inverse of yMj; — Gaz. To see this, note that Q3Q is equal to I, /imm,
and UsUs = I3y jimm,- As a result, we have UyT(7)Q5Q2(vMa — Go)(I — m)Us =
Us(I — m)Us = UsUs = Iy jimm, » Where we use the fact that Usm = 0 since Us has
domain orthogonal to the image of m;. By repeating the steps of (F.1), one can show
Q2(Ms, Go) (I —m)Us = Qo(1 —m)(Ms, G2)Us, which ensures that Qqo(yMy—Go) (I —
m)UsUT (7)Q3 = Qa1 — m2)(vMz — G2)UsUsT (7)Q5 = Qa1 — m2)Q5 = Iy jtmrs
since Qamy = 0. As a result, 0(Ma, Gag) C 0(Ms, Gy) = o(M,G) N A_.

To show the reverse inclusion, note that o(M,G) = o(QMU*, QGU*) by unitarity
of @ and U. Next, we show that c(QMU*, QGU*) = o(M1,G11) U 0(Mag, Gag).
Since A, and A_ are disjoint, o(My1,G11) C o(M,G) N A, and o(Mag, Gaz) C
o(M,G) N A_, this implies that o(M1,G11) = o(M,G) N AL and (M, Ga) =
o(M,G) N A_, as claimed. To show this, consider v € p(Mi1,G11) N p(Maz, Ga2).
My — G yMiz — Gha

Then yQMU* — QGU* =
0 yMay — Gag

has bounded inverse given

by
(vMyy — Gn)*l —(yMyy — G11)71(7M12 — G12)(yMay — G22)71
0 (VM — Gag) ™"

and so o (QMU*, QGU*) C (M1, G11)Uo(Mas, Gag). Next, suppose v € a(Mi1, G11)
and assume for contradiction that v € p(QMU*, QGU*), and so yQMU* — QGU*

b M, -G My — G
has some bounded inverse “ . Then “ T 1 T 2
c c d 0 Y May — Gao
I 0 ) . .
0 and so a(yMi; — Gy1) = I, implying that vM;; — G1; has bounded in-

verse a, a contradiction. Similarly, if v € o(Mas, Gas), then if yQMU* — QGU* had
My — G yMiz — Gro a b
0 vy Msg — Gao c

would

b
] then
c

some bounded inverse [

I 0
equal 01l implying (yMay — Ga2)d = I, which is assumed false. As a result,

o(QMU*, QGU*) D o(Mi1,G11) U o(Mas, Gaz), and the claim is shown. O

Proof. of Lemma (3). Begin by noting that if P,y is a projector onto an eigenspace
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of 1 corresponding to nonzero eigenvalue \; (sorted in arbitrary but fixed order), it is
also a projector onto an eigenspace of (M;, G) corresponding to the same eigenvalue.
By compactness, any nonzero element of the spectrum of €2; is isolated and an eigen-
value, and by equality of spectra corresponds to an isolated point in the spectrum
o(My,G1). As a result, one may write the projector onto the eigenspace associated
with \; of Q; as P&_} = g fFA,- (CI; — Q1)71d¢, where Ty, is a closed Cauchy curve
enclosing )\;, and the projector onto the space associated with element \; of the spec-

trum of pair (My, G1) as Py @) o= & [ (CG1 — My)"'G1d( (See Gohberg et al.
(1990, Ch. 1.2 and IV.1)). Since ; = G;'M;,

1 1
P{(i\%’Gl) = _/ (CGy— My)™'Ghd = —/ ((G1GY)(CGr — My)) ' Ghdg
g Ty, 2L Ty,

2me
(F.2)
=5 [, (@eh =) G
- L (Ch — ) 'GyIGhdC

2m Ty,

=P
Compactness also guarantees that the dimension of the image of Py,3 is finite (Go-
hberg et al. , 1990, Thm I1.3.2), and so by equality of spectra, the subspaces associated
with points not equal to zero in the spectrum of (M;, G) are all finite dimensional.
As a result, we may choose for each i, a finite set of basis vectors, of cardinality k;, for
the space ImPy,,3 and a basis for the image of the pair (M Py}, GPyy,}) which must
be of dimension k; as G'Ppy,) must be of full rank since G is. In particular, as on this
space the operator pair has a representation as a pair of k; x k;-dimensional matrices,
we may without loss of generality use orthonormal basis vectors {q},, ..., qllkl} for the
image of (M Py, GPpyy) and {pj, ..., p},} for InPy,; such that with respect to
these bases, M and G are upper triangular with diagonal elements of M and G iden-
tically equal to o; and 7;, respectively, where Z—Z’ = )\;. Such a representation exists
by the generalized Schur decomposition for finite dimensional matrix pairs (Stewart
& Sun, 1990, Th. VI.1.9). Note that while these basis vectors are orthogonal within
each block, in general ImPyy,} is not necessarily orthogonal to ImP, y for i # j as
these are oblique, not orthogonal projections.

For Ker 71, compactness of ()5 permits an analogous construction of a countable

96



sequence of finite dimensional eigenprojections associated to isolated points of the
spectrum, with the difference that the projection onto the space associated with

point \; in the spectrum o(Ms, G5) is equal to projection associated with nonzero

eigenvalue )\i € o(£22). That is to say, in the notation above, P{(i\/lf’%) P{Q2}
for \; # oco. Since Im P{ Ly is a finite dimensional subspace of dimension k;, and

since M P{(/\ f’G2) is full rank since My is, we may define sets of orthonormal basis
vectors {¢7, ..., qj, } on the image of (]\4]3{/]\\4;’(;2 GP{(iwf’Gz ) and {p7,...,p3, } on
Im P{(iwf’GQ) such that with respect to these basis vectors, (M, G) has a representation
as a pair of k; X k; upper-triangular Schur matrices with diagonal elements identically
equal to the corresponding eigenvalue pair {o;, 7;} where Z=\.

For the space Im m;\Span{p!,,... ,p}kl,pél,m}, choose choose an arbitrary com-
plete orthonormal basis, say {pi*,pi*,...} and for Im 7 \Span{qi,,... Qg Go1, b
choose a basis {¢{*, g3+, .. .}. Likewise, for the space Ker 7 \Span{p3,, ..., p}, .31},
choose choose an arbitrary complete orthonormal basis, say {p?*, p3t,...} and for
Ker m5\Span{¢?, ... ,qlkl,qgl,_._} choose a basis {¢?t,¢3,...}. These bases may in
general be infinite dimensional and are not necessarily orthogonal to the bases defined
for other spaces. To produce the stated decomposition, these bases will be used to
construct an orthogonal basis with the desired properties.

To produce the desired decomposition, order the sets of vectors as ({p1i,,. . ., p%kl 1

{pélﬂ"wp%ka} {pl 7p2 v“'}v {p%h"'7p%k1}7{p%17’”7p%k2} {pl 7p2 7"’}7"’

and ({q1117 ce 7q1k1}’ {q217 to >q2k2} {ql >q2 ) '}7 Tt {qflﬁ to 7q1k1}’ {q21? to >q2k2}7
At g3, .}, .. and apply Gram-Schmidt orthonormalization to the count-

able sequences to produce a pair of orthonormal bases {piy, ..., D1, P51 - D1 s - - -
o “ o o -1 1~ o 2 2 21
Plis -+ DigysDar, -+ 5 D1 ,...}amd{qn,...,qlkl,(]217...,q1 :~--aQ117-~-aQ1k1>Q21,---7‘11 -

of Hx and Hy respectively. We may then define F; = Span{p},,... ,ﬁ%kl,ﬁél . h
Fy = Span{d,, ..., @, Gy - -}, Bt = Span{pi*, 53", .. .}, Fi* = Span{@*, &+, .. .},
Ey = Span{#?,, ... ,ﬁ%kl,ﬁgl ...}, Fy = Span{@,, ... Gty q21 ..} B = Span{p?+, 2+, . ..
and F3- = Span{@*,§*,...}, and decompose (M, @) into its restrictions to these

spaces. We may define P and () as the unitary operators Whose rows are given

by the basis vectors. That is, let P1 = D i (Pijo - >p”, D a1 (@, .>c]llj,

pu = YR (BB, QI = 3 (g ) g, P2 - 1<pu’ >p” ’

ij= 1<ng7'> Gy Pu S Pt ) Pt and Q*F =30 (@) ¢t

I claim that with respect to these bases, (M1, G11), has the desired properties.

97



The proof of this fact follows by induction. Denote P, = > =1 <pzj, >pzj nd
Qm = ” ) <qu, >Q~i1j' To show (Mjq,G11) are upper-triangular with respect to this
basis, it suffices to show (I — Q)M Ps; = (I — Qs)GP; =0 for all s € N. It then also
follows that (I — Q)YMP' = (I — Q")GP! = 0, and so the (2,1), (3,1) and (4,1)
elements of M and G are indeed 0 as claimed. To see this, note that by definition
of a closed span, for any = € Ej, for all § > 0, 3s such that ||Psz — z|| < J. Since
M and G are continuous, for any € > 0 there exists 6 > 0 such that ||z|| < ¢ implies
|Mz|| < € ||Gz|| < €, and so for any z € Hy, Is € Ns.t. [[(I — Q' )MP'z| =
(I — QYHYMPz|| + ||(I — QY)YM(P! — P,)z|| < € and similarly ||(I — Q)GP'z| < e.
Begin by showing that the first step of the induction chain holds. By construction

of the generalized Schur decomposition for the finite dimensional matrix pair, ¢, =
qq = HG - ”Gp11 and so (I — Q;)GP; = 0 and likewise, since pi, satisfies Mp}, =
MGp = MGyl @y, (I — Q)MP, = 0. Next, for arbitrary index s = k x /£
assume the inductive hypothesis (I — Qs_1)MPs_1 = (I — Qs—1)GPs_; = 0. By the

Gram-Schmidt process, pt = (I — P,_1)p!. Since p! is a generalized Schur

1
l(I—=Ps—1)pil
vector of a finite dimensional matrix pair,

-1
1 1 1 1 1
qs = _ (I_ q,.,. q})GpS (*)
HU—Zg:i <ql}:,j7->q1£’j)Gp£H ]Z1< k,j > k.
and
— -1
- Z i o) Gy Mps = MlT = Z (Ghjs-) a1 G5 (3%)
=1 -

, or, in words, p! is a generalized eigenvector of the matrix pair on the space orthogonal
to previous generalized Schur vectors within the block. Now consider (I — Q,)GpL =
m(] —Q,)G(I — P,_y)pl = m([ Qs)Gp! by the inductive hypoth-
esis. By (x), Gpi € span{qy,,...,qi} C span{qj,..., ¢} so (I — Q,)Gp, = 0, and
since by the inductive hypothesis (I — Q,)Gp., = 0 for m < s, (I — Q)GP, = 0.
Similarly, by (**) and the inductive hypothesis, (I — Q,)Mpl = 0, so it is also the
case that (I — Qs)M P; = 0. By induction, (I — Qs)MPs = (I — Qs)GPs = 0 for all
s € N.

To show that diagonals of (M, G11) are the generalized eigenvalues, note that the

st diagonal elements with respect to this basis are given by (Mp!,¢!) and (Gpl,GL).

Since py = tr=pp (L — Pe-1)pss @ = jumgrya(d — @s—1)as, (I — Qs1)M (I —
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P,1) = (I — Qs_1)M by triangularity, and Qs_; is idempotent and self-adjoint
since it is an orthogonal projection, (Mp gl) = m (Mp ql), and simi-
larly (Gpt,ql) = m (Gpl,qY). By the finite dimensional generalized Schur
decomposition, (xx) holds, and so (Mp!,q!) /(GpL,ql) = A\, and so (Myy, Gy1) has
the generalized eigenvalues along the diagonals as desired.

To demonstrate that the (3,2) and (4,2) blocks of (M, G) are equal to 0 is equiv-
alent to requiring that (I — [Q', Q') M[P!, P'] = ([ — QY Q])G[PY, P =
0. Because ({piy,---.Pig, }s {Ph1,--- ,p%kQ} , pit,pit oo}, .)) span Im 7 and
{ats - aie 1 ABy - @y b - {6t - .}, ...) span Im m, we have by A.l
that Im M[P', P] C Im 7y = Im [Ql, Q'] and Im G[P!, PM] C Im m = Im [Q*, Q']
so M[P!, P14] = [QY, QM [P, P] and G[P!, PH| = [Q', Q']G[P?, P so or-
thogonality holds.

The proof of the upper-triangular structure of (Mas, Gas) proceeds similarly to
the above, by induction. Denote P2 = Zzzzl <]5?j, .>ﬁ?j and Q? = ” 1 <qw, > c]f]
Further, denote Q% = [Q', Q'*, Q2 ] the projection onto the set of basis vectors of Hy
up to ¢, and similarly P* = [P, P14 P2]. To show (As, Bys) are upper-triangular
with respect to this basis, it suffices to show (I —Q“)M P? = (I — Q*)GP? = 0 for all
s € N. Tt then also follows by analogous § —e argument that (I—[Q', Q'+, Q*|)M P? =
(I —[QY, Q™ Q%)GP? =0, and so the (4,3) elements of M and G are 0 as claimed.
The proof is essentially identical to that for (Mj;, G11) except that all vectors are
orthogonalized with respect to previous basis vectors, and the generalized Schur form
of each matrix pair constructs qu from M instead of G, as on Ker m; the spectrum
excludes 0 and so Ms is guaranteed to be invertible while G5 is not.

Begin by showing the first step of the induction for (Mas, Gaz). By construc-
tion of the generalized Schur decomposition for the finite dimensional matrix pair,

- I-[QL,Q'* i -
G o= (- Q\Q" g = "Mt while hy = (1 = [P PH)phy. As

shown above, (I — [QY,Q'])M[P!, P] = 0 and so ¢?, = %M})H and
so (I — QY)MP{* = 0. Likewise, since pi; satisfies (I — [Q',Q"])Gpt, = (I —
QY Q™) Mp?, = 5 |Mp3 || 43y, (I—QY)BP* = 0 also. This shows that the first step
of the induction holds: the continuation proceeds as for (Mjq, G11) except switching
the order of M and G. Similarly, the presence of the eigenvalues along the diagonals
is shown in a completely analogous manner.

It remains to show that (Mj}, Gi;) satisfies o( M7, G{;) € {0}. In this, I fol-

low Gohberg et al. (1990, Lemma I1.3.4) closely. By construction, (M2, G12) =
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(Q+ Myz,Q1G,z) for all » € Eif. By assumption, G is a bounded operator, so
G must be also and so G;'Q+G; must be as well. Since the compact operators
are a closed ideal within the algebra of bounded operators on a Banach space (see,
e.g. (Carl & Stephani, 1990)) and G;'M; is compact by assumption, G Qi M; =
G 'Q{G1GT M, is compact also, as is Qf = PGy Q1 My P, its restriction to
Ei. Suppose for contradiction that p is a nonzero element of o(M;, G{;). Then
by reasoning entirely analogous to 1, o(Mij, G7;) = o(£)f) and so by compactness
 is an isolated point in the spectrum of Q. Further, Qi* must have i € o ()
as a nonzero point in the spectrum, and so by compactness, it must be an isolated
point in the spectrum associated with (at least one) nonzero eigenvector, which we
will call o € E{. The upper triangular decomposition of (M;, G;) may be used to
show Qf* = P{-(Gy'M,)*Pi-. To see this, note that multiplication of the the upper
triangular decomposition of M; by the inverse of the upper triangular decomposition
of G yields

—1 * G1_11M11 _GfllG(f{fGlLl_le{f _ (G1_11M11)* 0
(Gl Ml) - 1—1asL - —1~vof f ~L—1p70ff\x L
0 G My (=G G Gy M)

and so Qi = P (Gy'M,)* Pt as claimed. As a result, z, is also an eigenvector

of compact operator (G;*M;)* associated with eigenvalue fi, and so zy € Ef N

Im P(?;lMl)*
{m} »
However, we know also by F.2 that Im P(} "" = Im PO C By, and by
1
orthogonality of the decompositions, Ei- is orthogonal to Im P{Gu 1} Ml, and so must be

-1
a subset of Ker (P{i ) Ml)*. Since this is an isolated eigenvalue of an operator on a

Hilbert space, Gohberg et al. (1990, Prop 1.2.5) gives that (PG; Ml)* e

{u} {n}
—1 *
and so E{ C Ker P{(g}l M This contradicts the previous assertion that there is a
—1 *
nonzero element xy in E{ N Im Pfg}l M™ and so the original assertion that there is

some p # 0 in o(Mj}, Gi;).

The proof that (M, Goy) satisfies (M5, Ga;) C {00} is essentially similar to the
above, except using (1 — [Q', Q") M(I - [P', P'Y]), (I - [Q1, Q" )G(I - [P, P'1]))
in place of (M, G1) and reversing the order of M and G. O
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F.3 Appendix C Proofs

Proof. of Lemma (1). Suppose h(z, z) := h(x,0) + 0z is a measurable function from
(By x B,,%X, ® X,), the product space of B, x B, equipped with a product sigma
field, to (B,,%,). We want conditions on the space, the function, and the sigma fields
such that it induces a measurable stochastic process on the product space of B,.
We may assume z is drawn independently of x according to measure p* on (5,,3%,),
and may ask for the initial distribution of x to be given by u*. For each x, we can
define the pushforward measure on (B,,%,) by u? (f(2)) := p*(f(h(z,0) + 2) for
any f € M*(B,, 2., R, (R)) nonnegative measurable functions from x to the real
line equipped with the Borel sigma field. If the family (u?'), of measures satisfies
r — p¥ (A) is a measurable function from (B,,%,) — (R, Z(R)) for any A € %,
then this is a probability kernel and by, e.g, the Ionescu Tulcea extension theorem,
the family induces a measurable stochastic process for x; on the countable product
space ®52, (B, Xy).

To show measurability of the family of measures (p* )., consider a A-class argu-
ment. The measure ;* maps the class of measurable rectangles {r € A' 2z € A?}
for A € ¥,,A? € X, to (nonnegative multiples of) indicators of sets ., which
are therefore measurable. The class of measurable rectangles generates the prod-
uct sigma field ¥, ® ¥, and is stable under pairwise intersections. The class of
bounded nonnegative functions f(x,z) € M+ (B, x B.,X, ® ¥.,R, Z(R)) such that
W f(x, z) is (B, 2,) measurable can be shown to form a A-cone (Pollard, 2002, 2.11
Def. <43>) and so by these facts (Pollard, 2002, 2.11 Lemma <44>), u* maps
MF(B, x B.,Y, @ 3.,R, BR)) to M+ (B,,%,,R, Z(R)). In particular, let h(x, 2)
be B, x B,, Y, ® X, — B,, X, measurable, then p*(f(h(x,z2)) is (B,, X,) measurable
for any f € M*(B,, 2., R, Z(R)) and in particular, z — uZ (A) is a measurable func-
tion from (B, %) — (R, Z(R)) for any A € ¥,. As a result, (4 ), is a probability
kernel.

To construct a measurable stochastic process, consider the i.i.d. sequence {z;}:2,
such that z; each have identical marginal measure p; and, beginning with initial
measure p”, construct the sequence of probability kernels on ®°,(B,,%,) by iter-
ating the identical kernels defined by p®(f (")) := pi(f(h(z,2)). This generates a
sequence xg ~ puf, r; = h(x;_y1,2). By the Ionescu Tulcea extension theorem, the
sequence of kernels induces a measurable stochastic process on the countable product

space ®°,(B,,>,) with finite dimensional distributions generated by the iterated
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probability kernels. Note that the only assumptions made on (B,,,), (B.,%,) and
h(zx, z) are that h(x, z) is jointly measurable from the product sigma field over  and
z to the sigma field over x. In particular, because the probability kernel was con-
structed explicitly, no topological assumptions needed to be made on the spaces or
sigma fields, as are usually required to invoke the Kolmogorov extension theorem.
This permits, among other constructions, the use of nonseparable function spaces or
non-Borel sigma fields, which may alleviate some difficulties when working in infinite
dimensional space.

By measurability of g(x,0) and F, the measurability of the probability ker-
nels defining the conditional distribution of the random variables y; = g(z¢,0) and
F(xy, g(xy,0), M(xt,0) + 020401, g(h(x4,0) + 02441, 0) given x and from there the cor-
responding stochastic processes can be established in an analogous fashion, ensur-
ing that (x;,y;) is product measurable and EF(x, g(z,0), h(x,0) + onz’, g(h(z,0) +
onz',o),0) coincides with the conditional expectation of F(xy, g(x¢, o), h(zy,0) +

onzis1, §(h(zy, 0) + onzie1,0),0) at time ¢ given x; = z, as claimed. O

Proof. of Lemma 6. Unitarity of U provides the following facts: since U* = U1, we
have U*U = I. Decomposing U into Uy, Uys, Usy, and U,y obtain

I, 0
:[:
[0 ]y]

Where I, = ¢**¢X and I, = ¢¥*¢" are the identity operators on H, and H,

respectively. To see this more formally, consider U;,Uy + Us,Use. It can be written

as

U UL 0" + X UsUsp” = o™ (U UL + UsUs) "

Equivalent calculations describe the other identities.

Using these identities we can express
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(Un1 + Ur2g2)"(Uny + Urag,) = U Unn 4 U Urege + 3ULUN + 63U U9,

= I, — U5 Usi — Uy Unags + 9,UssUai + g5 (1, — U3y Us2) g

= I, — U5 Usi + U3 UpoUsy (UaUsy) ™' Ui

+Usy (Un2Usy) ™ UngUsy U + g3 1y — 93U32Us200
= I, — Uy Uy + Uy U + U3, Ua1 + g3 1y9. — U3, Uay
= L, +9;1y9:
= I;+9: 9

As a result, post-multiplying by (U1 + Uiag,) "' and inverting (I, + g.*g.), obtain

(U + Ulng)il = (I, + gx*ggc)fl(Un + U126:)"

F.4 Appendix D Proofs

" . . o o — 2
Proposition. Demvaztzon of Z—M: Z—M =(1- MH(QS))U_MZ%;Q((TI{%)H(@Q + 5 H(9),
with H(¢) := —)

= o

dw dT dw
dA dw dA

position of convolution operators and their inverses and so can also be expressed as

Proof. % is shown in Equation (D.5) to equal 2% — y( + 4Ly which is a com-
multiplication by the Fourier transform of some function. To construct the Fourier
transform of the function, simplify the integrals in equations (D.1),(D.2), (D.3), and

(D.4) and denote
(0 = 1)
(0 —1)2 4 772¢2

the Fourier transform of the Laplace distribution in the convolution operator

7(1—o0) /[_]67(1o)xz|dz_
2 ¢

H(¢) =

~

o dw _ o—lgy dw _ 1 ar _ 1 ar _ T
This yields the formulas 2 = =—H, 5¢ = ~H, 9x = —H, 9- = H. Substituting
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dw NH+ H?
into the expressions for partial derivatives, obtain ¢ = m and
dw pH(¢) — H(9)? p
— =1 —-uH H(¢). F.3
o, = (- (e) b0 T L H ), ()

This is almost the same as Krugman (1996)’s equation (A.44) for this term, but differs
slightly due to what appears to be an algebra error in the text. O]

Proof. of Lemma (7). The proof applies the machinery and notation of Stewart
(1973). While rates of convergence are obtained, no attempt is made to ensure that
these are optimal. First, note that v, = ||(By, As) — (B}, A})|| — 0 by assumption,
and so all submatrices also converge at least as rapidly in Frobenius norm. Next note

that (B¢, A%) has generalized Schur decomposition

(Q*oo
0

1 0 00 0 -1 0 0
where (5%, T%°) = 0 v20|,]00 1/V2||andU>®=| 0 -1 0
0 0 0 00 1/v2 1

Applying standard formulas for policy functions, obtain g,, = U22 U21 (0,0)

ST 5%
0 S5

00 oo
Ul 1 Ul 2
00 00
U2 1 U22

00 00
Tl 1 T22

Uit Uz
0 T

,Q*OO
] Usi Uss

and

oo = (o 3200) (2 U SETRUS( ) = ( - )

o Joo 0 0
As generalized eigenvalues corresponding to the stable subspace are equal to 0 and
the generalized eigenvalue corresponding to the unstable subspace is 0o, the measure
of subspace separation defined in Stewart (1973), which ensures that Schur subspaces
are numerically stable, is given by ¢ = dif(Sgy, 177, 555, Ty ) > 0 As a result, by
Stewart (1973), Theorem 5.7 and 5.3, Hsin@(Ufo*,Uf)*)HF

enough, and similarly for Ug°, where O(U**, U{") is the matrix of pr1nc1pal angles
between the span of U2** and U?*. While this does not imply that HUfO* — U =
F

0, as the span does not uniquely define the basis, it does imply, because Uzd) *and US**
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have a one-dimensional span and norm 1, that

05

= 2—2‘008@ (U™, Us™)

= 2— 2\/1 — sin? O(UY*, Ug)

< 2—2\/1—( 2%15 )220(’7¢>—>0

0 — 27

Since Ugs = 1 is invertible, the policy function g4 = —U US, therefore satisfies the
bound ||, — goo||F < O(vg) = 0, as claimed.

Further, it is possible to show that for each ¢, there exists a unitary (2x2) transfor-
mation R, of UP®* such that ||{UP™* Ry — U’
pal angles, for each ¢ there exist unitary matrices R}, = [R},, Rj,] and R} = R, R3]
such that [cos ©(U*, U™ )]y = <Uf°*R¢1, Uf*R¢1> and [cos O(U*, U™ )] = <Uf°*R;52, Uf*Ri2>,

SO

— 0. Applying the definition of princi-
F

HU‘X’*R —U¢“2 — HUOO*RlRQ*—U‘f’
1 o] 1 P 1 R0 1

ocox Pl ¢ P2 2
B
= 2(1 —[cos OU*, Uy )1 + 1 — [cos OUT*, Uy )]22)

2
< 4—4\/1—<5_’V§%>2=0<7¢H0.

R3O -
O(74). Combining these results and applying the triangle inequality,

Equivalent results show that for a different unitary transform R,

1
St — S| = |[Sf — REQFALUT Ry|| < O(+2)

and

T~ T = | Th — RIQFBRURS Ry|| < O(1)

also, gives convergence of the generalized Schur components of the finite order ma-

trices along a triangular array to unitary transformations (S} (¢), Ty (¢))

of the gen-
eralized Schur components of the limit pencil. Noting that unitary transformations

leave singular values unaffected and that STy is invertible, Sf’l is also asymptotically
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invertible, so by Weyl’s inequality

— oco(¢p)—1 — oo(¢p)—1
st - sz st [|su

<]

oo (¢ 3
Sﬂ - 511( )HF < O(’Y¢)-

F op op

Using the unitarity of Ry and applying the triangle inequality, one can see that

|vt* sty - v s T U

‘F = HUf’*Sff AU — U Ry ST O T R

‘ F

and so the fact that Schur vectors do not converge does not affect the convergence
of the policy function, which is invariant to unitary transformations of these vectors.

Finally, defining

7 Ak oA\ — I2 * * — I2
he = (I + G335) 7 (( i ) UL St THUL( i )
@ @

the above results and the triangle inequality imply that Hf% — b HF < O(v{%).

To show compactness, it suffices to show that the singular values converge to 0.
As g[.] and h[.] are block-diagonal, it suffices to show that the operator norm of each
block converges to 0. As the operator norm is bounded by the Frobenius norm, each
block has operator norm at most O(vj) — 0 and so compactness holds.

(ii) To show that an h[.] is Hilbert Schmidt, Tr(h*h) < oo, it suffices to show
that the sum of squared singular values converges. As the sum of squared singular
values for each block is equal to the square of its Frobenius norm, which is O(~,) for
large ¢, convergence holds so long as > 2% 74 < oo for some finite n. Superlinear

convergence v, = O(|6| ") for some € > 0 is sufficient for this sum to be finite. [

Proof. of Lemma (8). The first statements follow by the triangle inequality and the

assumed rates. For the latter,

IN

e+ ) K = (14 1)

s
(a) + (b)

[+ B+ ([, + B = 1+ K) K,

IN
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(a) < Cnk,rx, —0

by assumption.

b)) < ||+ KT~ (I +E)(Ix, + K)™E,

I, — (I, + Ko) (I, + Ko) 7'+ (I, + Ky — (I + K))(Ix, + Ko) K,

s

0+ (I, — I + (K, — K,))(Ix. + K,) YK,

(
(
(
(K,

K,)(Ix, + K,)7'K,

AN
=
+
N

o) | =

(Ix, + K,)~ ‘

|

< Cnk, —0

where we have used the orthogonality of projections and that H(]KS + IA(S)*IH is

bounded for large enough K because ||(I + K,) || is, with result that H(IKS + K)'K - (I + K,) 'K,

C(TIKmKt + nKs)
By an essentially identical argument, we similarly have

| (e, + )R = (T, + ) 7 | < Ol + k)

and so

H(IKS + K)TK — (T + K) T K| < Clnge i, + i, + Creui + Cre,)

F.5 Appendix E Proofs

Proof. of Theorem 5. Define the space of potential sequences of (aggregate) states
(*(H,) as the space of sequences of deviations {wy,y;}:2, such that {z; + z*,y; +
yx}2 € Hi = Hy xHy from time 0 to oo endowed with the norm ||{x, y¢ }220 | er (1) =
> oo (@i — 2%,y — y*) ||, having finite norm. Define also £, (#;) as the subspace of

(*(H,) consisting of sequences {yo, {xs, y:}°,}, that is, excluding xy, endowed with
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the relative topology. These are Banach spaces since each element of a sequence is a
member of a Banach space and the space of norm summable sequences is complete.
We define an equilibrium as a sequence {x, y;}3°, € (*(H,) satisfying F'(z; + 2%, ys +
Y, xe + 25y +y5,0) = 0 Ve > 0 and endow the space of norm-summable se-
quences in Hy with the £'(Hs) norm [[{z:}520|leras) = D oreo |2¢l|34., making it also a
Banach space, and the operator F>°({x;, y;}7°,) = {F(x¢+2*, v + 4%, 1 + 2%, g1 +
y*,0)}2°, a map from ¢*(H;) — ¢*(H3) (where boundedness follows if F(.,.,.,.,0) is
bounded from H; x H; endowed with norm ||z, y||%, + ||/, 9|3, is bounded). By
assumption {z;, y:}7°, = {0,0}2, satisfies F>°({0,0}°,) = 0. F is continuous
on an (*(H;) neighborhood of {0,0}:2, since for any pair of sequences ({zs,y:}:2,)i,
(s 9 }0)5, we have [ F=(({z, mke=o)i) — F (e b))l ey =055 I1F (2 +
Ty Y wh Y Y 0) = Fal 2%, gl yt 2l 427,y +y, 0) [, which s
bounded by the ¢*(H;) norm of the difference in arguments times the modulus of uni-
form continuity of F'(x;+z*, yi +v*, 241+ 2%, yro1 +y*,0), which is finite in a bounded
neighborhood of 0,0,0,0 due to continuity of the Fréchet derivatives of F'. Split the
arguments of F*° into (zg, s) € H, X E;O (H1) and define ?T:o and ag_soo as the partial
Fréchet derivatives of F'*° with respect to xg and s, respectively. These exist and are
continuous at {x*,y*}2°,. This is easily seen for %FT? = {F,(z*,y*, 2*,y4%),0,0,0,...}
since F}, is continuous by assumption. For s, this is a little less straightforward: its

rows are given by

[aFOO<{xt,yt}?io>
0s

Fx’(I0+x*7y0+y*7:pl+I*7y1+y*) Fy’(x0+x*ayO+y*7xl+l'*,yl+y*) 00 ]

lo=[Fy(xo+ 2" g0+ ¥y z1+ 2" 51 +y")

[8F°°({$t,yt}?io>] — 0 Fo(zy +2*p1 + v, 0+ 2% y2 + 4F)
1=
6’5 Fy<x1+$*>y1+y*7$2+x*7y2+y*) Fz'(l’l+$*,y1+y*,$2+$*,y2+y*)

Fy’($1+x*>yla$2+$*7?/2) ]
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[aFOO({-”?tayt}?io)
0s
Fy(zo+ o, yoy*, x5 + 2%, ys + y*) Fo(ws+ 2%, ys + v, 20 + 2%, ya + y*)

]2:[0 0 0 Fm(:vz+x*,y2+y*,$3+x*,y3—|—y*)

Fy(xs +a*, ys, va + 2%, ya) .. ]

ete.

It is a linear operator mapping sequences s = {yo, T1,¥1, T2, Y2, ...} € £, (H1) to
(>(H>), as each block is bounded and each row consists of a finite set of blocks.
Continuity of this operator (with respect to operator norm on the space L(£,, (H1) —

(*(H3)) is given by bounding

OF®({z, Y1 }520)i _ aFOO({xtjyt}in)j]S” 1
0s Os LY (H2)

sup [
HSH%O (7.[1):1

which, if ({z, y}520); and ({xy, y1}52y); are in the neighborhood over which the
Fréchet derivatives are uniformly continuous, is less than the sum of the moduli
of uniform continuity of F,, F,, F,/, and F,, (which is by assumption finite) times
the ¢*(H,) distance between the sequences. This inequality holds since for any row
of 815—:0, only the set of elements of the sequence corresponding to times t and ¢ + 1
enters into the value of the operator.

Finally, to apply the implicit function theorem to F'*° to solve for s as a function
o0F>=({0,0}¢2,)
Jds

surjective and injective. We prove that it is surjective constructively, by constructing,
for any {a;}32, € (*(H;) an element s € £, (H;) such that %5 = {a;}$%,.

We may construct s recursively, using gx and hx as defined in the theorem to solve for

of xy, we must show that is invertible. To do this, we show that it is

the values of y, 2/, and ¥ consistent with values of  and y at previous times. To find
the starting value, we solve ay = Fyyo + Fyx1 + F,y; by finding yo and x; consistent
with ag under the assumption that y; may be constructed by the law of motion given
by gx, permitting all subsequent time periods to be solved for recursively. That is,
we find yo, ;1 solving ag = Fyyo + Fyx1 + Fygxx1 = M(yo,x1). By invertibility

of M, we may define (yo,z1) = M ~'ay and choose y; = gxx; so that the first row

of 2F=(0.0}2,)

o2 {vo, {zs, v+ }32, }] equals ag by construction. To ensure that the next
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x
row holds, with z; and y; = gx; given, we must solve a; = [ F, F, || ! |+

gxT

| F E, 2 ]. This equation has ‘fundamental solution’ for as = 0 given by the
Y2
recursive update rule x5 = hxxy and y» = gxhxr;. To find a general solution,
we may add to this values solving ay = [ F, F, || x2~ |. Applying the Schur
gxT2
S S Un+U T
decomposition, this equals a; = Q[ o i (U 129X):f2
0 Sy (Un + Usxngx)Ts

Ui29x )T using that Uy + Usegx = 0 by construction. Q7 is invertible by unitarity of

| = Q1S (Un +

@, S11 is invertible by I'-regularity of the derivative pair, and (Uy14Uj2gx ) is invertible
by Lemma 1 in the main text, so 5 = (Uy; + Uiagx) " 2S; Qa1 and xy = hxx; + Iy
and ys = gxhxr1 + gxT2. We may then iterate these forward to find a fundamental
solution to the next row, and then add z3 = (Uyy —|—U129X)*1Sf11Q1a2 and gx T3 to the
fundamental solution to find x3 and y3. This process can be continued indefinitely,
resulting in the solution s({a;}2,) = {vo{@, v:}i2,} given by (yo,z1) = M tay,
T = h];( Loy + Zk ! hk = ](UH + Ulggx)*lsilQlaj for all £ > 1 and y, = gxxy for
all k > 0. We may demonstrate that s({a:}2,) € €, (H1) since

Z||$k||HX < [[(M~ap) |’Z||hx||+|| (Un+Un29x) "SR @O 1PN D llar]l < o0
=0 k=1

since ||h% || must, since its eigenvalues are bounded in modulus by 1, eventually be
of norm less than one, and so )77, W% || is a geometric series with a finite bound.
Similarly, > 2" o lkllax < llvoll + [l9x 1| D opey |||, < 00. So, we have shown that
% is surjective map in L(¢; (H1) — £*(H2)).

To show invertibility, by the bounded inverse theorem it is sufficient to show that
this map is unique. We prove this by contradiction. First, note that completeness
% to £, (#1) rule out other

‘recursive’ solutions taking the same form as above but for different generalized Schur

of Uys and the restriction of the domain of

decompositions. First, completeness ensures a unique solution to Us + Ussgx =
0. Further, for any generalized Schur decomposition generated by Cauchy curve I"
generating a Riesz projector which projects onto a subspace other than that generated
by I' equal to the complex unit circle, one of two issues may occur. One possibility

is that there exists a spectral subspace corresponding to an element of the spectrum
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outside of the unit circle, in which case T7; has an element of its spectrum with
modulus greater than one, and so the sequence {z;}°, defined by xy given, x4, =
hxx; does not converge to 0 for each value of xy, by Gohberg et al. (1990, Theorem
IV.3.1) and so a fortiori is not in E;O (H1). The other possibility is that no elements of
the spectrum from outside the unit circle are brought inside I', but it shrinks so that
some spectral subspace corresponding to element of the spectrum with modulus less
than one, call it 9, is brought outside of I', in which case, U, which was an invertible
linear operator from H, to H;» must now have range space His @ 9 and the same
domain, so it cannot be invertible. The case where an element of the spectrum has
modulus exactly one is ruled out by assumption. So, only one solution of the posited
recursive form exists. Next we must show that no solution other than the recursive
one exists.

To show 85—; is injective, simply show that 85—:03 = 0 implies s = {yo, {z, y: }:°, } =
0. Suppose not. Then, there is some ¢ such that either x; # 0 or y; # 0. Consider

the first such time ¢, and suppose that ¢ > 1. Then Fpz, + F,y, = 0 imposes

at

If y, = gxz;, then the second row cancels and x; = 0. Instead, it must be that

S11(Unixe + Uraye) + S12(Uaiwe + Usoyr)
Soa (U1t + Usayy)

(Uyrxy + Usoyy) € Ker(Sss), where this null space is potentially nontrivial. If Sy
is complete, y; = gxx;, the second row cancels, and x; = 3 = 0. If it is not,
there may be some non-zero z; € Null(Sa) such that Usixzy + Usoyy = 2, and so
Y = Uy Usiy + Usy 2y = gxay + Usy'z, and, plugging this into the first row, obtain
1y = (U + Uagx) U Uy + Si3'S12)2:, which we write as 2, = mz2, and so the
value of x;,y; must be of this form. We may then consider what this implies for

Ti41, Yer1. We then have Foa, + Fyyy + Fxy + Fyyin = 0 imposes

Unxia + U2y

]

[ ] 0 S,

Ty Tig (U1 + Ur2gx)myz + U12U251)Zt ] S Sz
0 T 2t

Us1zi41 + Uso¥iia

Values of (Us1x4y1 + Usoyrr1) solving the second equation Thezy = Sao(Usixprr +
Usoyiy1) exist so long as the range space of Sy contains Tz, in which case mul-
tiple solutions exist, given by a minimum norm solution Sj,(S9255,) 1752 plus

some element of the null space of S5, which we may call ¢;,1, and so for some
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€1 € Ker(Sa) zip1 = S39(59255,) 1 Thsz + €41 is a solution, and so we have
Yir1 = gxTip1 + U231Zt+1. We may then solve the first row for x;,,; to obtain
Topr = Mzzepr + (hxmz+ (U 4+ Ulagx) S T UraUsy' 4+ Tio) 2. Repeating this pro-
cess indefinitely, yy4ix = gxTirk + Usy Zear Where zp g = Siy(S2255) " Toozisk—1 + €1pk
for some €,y € Ker(Ss), and zyyy, is given by myz,,y plus terms in z;; for ¢ from 0
to k—1. We therefore have a sequence which at all ¢ has leading term defined by 2,4,
which satisfies 7. 2_215’222t+k = 21x—1 for all £ > 1. By construction of the generalized
Schur decomposition, (Tsa, So2) has spectrum strictly bounded outside the unit circle,
and so the series T{zlSngHk = z;1x—1 declines exponentially fast toward zero when
run backwards in time, and so since z; # 0, this means that the series must grow expo-
nentially in norm over time. As a result, this conjectured solution is not in %0 (H1). It
now suffices to rule out the case where the first nonzero element is y. If this is the case,
the first row requires y; = gxr1+Usy' 21 for 21 = S3,(59295,) " Tharo+e1, €1 € Ker(Sas)
and z; = (U + U129X)71[51_11(T11U12 + T12U22)T2_21522 — 51_11512 - U12U2_21]Z1, and
so we have the same form as before, and so again this results in an explosive series.
So, the kernel of %?—SOO on 611/0 (H1) consists only of 0, and so 85—:0 has a unique linear
inverse, which is bounded so long as Fy Lis.

Combining these results, the implicit function theorem on Banach spaces applies,
and there exists a neighborhood of o = 0 around which there exists for every z( in
this neighborhood a sequence s(x¢) = {yo(xo), {z:(z0), y:(z0) }22, } such that x¢, s(zo)
satisfy the equilibrium conditions for all £. Further, this function is continuous and
differentiable, with inverse given by —(%)_1%.
applying (2£=)7! to ?TZO = {F,,0,0,0,...}, we may note that M ~'(—F}) is given by

To characterize the result of

the values of (yo, 1) solving F, + F,yo + Fyx1 + Fygxx; = 0, which, by generalized
Schur decomposability and the invertibility of Us,, is solved uniquely by the operators
Yo = gx, T1 = hx. Applying this and the formula for subsequent values of z; and y;,
we obtain the recursive form 83”57(“50) = h% for all k > 1 and aygT(fgo) = gxh% for all
k > 0, as claimed.

The above result showed that a local equilibrium exists for all starting values local
to the steady state, and its derivatives follow the given recursive forms. It remains
to show that the equilibrium itself is recursive. To see this, note that the implicit
function theorem implies that the function s(z¢) is unique. Further, we have that the
function given by the restriction of F>° tot > 1, FX,(z1, {y1, {1, ¥} 220 }) = {F (2 +
Yy e 2, Yyt 0) 1224, has the property that the pair solving xg, s(xg) to
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F>(xq,s) = 0 has restriction to t > 1 x1(z0), {y1(x0), {zt(z0), ye(x0) }325} which is a
solution to FX) (z1, {y1, {ze, ye}i2,}) = 0. But since F¥, is identical to [ = {F(z;+
Ty Y, e 2, Y +47,0) 12, by the implicit function theorem applied to FiZ,,
for any x; in a neighborhood of z*, there is a unique {71 (x1), {Z:(x1), 5:(z1) } 25 } such
that FZ) (1, {y1(z1), {z:(21), ye(21) }25}) = 0, and this is unique and equal to s(z1).
As a result, for z; = x1(0), the function Z;(x1) for Fi¥; = 0 must equal both z5(x0)
and z1(x1(zg)). Since this may be repeated infinitely often, we have that, for zo in a
neighborhood of 0, the solution to F'* = 0 satisfies z¢(x¢) = z1(x1(...(z1(x0)))), i-e.,
the function = applied ¢ times. So, we are justified in defining the function h(x) (on
values of x € H, instead of deviations) as z1(z — x*) + x*, which may be applied
recursively to find z4(xg). Similarly, by uniqueness and recursion y;(zo) = yo(z:(z0))
for all ¢, and so we may define g(x) as y;(z — z*) + y*. So, for any x¢ in N, there
exists a recursion x4 = h(zy), yp = g(x;) setting F(xy, yi, Tir1, Yer1) = 0 VL > 0,
with the claimed properties.

The claim that this recursion converges back to steady state follows from the fact
that {xo, s(zo)} € ¢*(H1) by construction. O

The following minor result, possibly not new, ensures that the paths induced by
products of sequences of linear operators which converge, such as when the chain
rule is applied to find derivatives with respect to initial conditions of an object con-
structed recursively along a convergent sequence, exhibit the stability properties of
their limiting operator. It is used to ensure that the invertibility conditions required
for the implicit function theorem hold even along sequences starting away from the

steady state.

Lemma 9. Let { A}, be a sequence of operators in L(H — H) uniformly bounded
by C < oo and converging in operator norm to a fized limit A such that X(A) is
strictly inside the complex unit circle T'. Then || []i_; Akl — 0 as n — oo, and

furthermore this convergence is at an exponential rate.

Remark. Under the conditions of the lemma, ||A"|| — 0 exponentially by Gohberg
et al. (1990, Thm. IV.3.1), and for k sufficiently large, ||A}|| — 0 also, so this
should be interpreted as saying that the stability of recursively constructed sequences
is unaffected by changes along the sequence which are eventually negligible. Note
that this statement is trivial also for sequences of normal operators, for which the

operator norm is given by the spectral radius and so || [];_; Akl < T, A&l \ 0.
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Proof. Convergence is given by a ‘blocking’-type argument. While the elements of
[1,—, Ax converge to A, this convergence does not imply that the product of the
element converges to the product of the limit. Instead, the sequence may be separated
into blocks ¢ = 1...m of finite length J;, which, since a convergent sequence is Cauchy,
each block contains a set of elements of diameter going to 0. Since asymptotically
the spectrum of Ay is strictly inside the unit circle, for large enough i and for long
enough J;, the j;-fold product of any element within a block has norm bounded away
from 1, and for small enough diameter this is still true for the product over the block
itself. Since the norm of the product is bounded by the product of the norms of the
blocks, each less than 1, it decays exponentially as more blocks are added.

Denote the j' element in block ¢ as A;,. For any set of blocks, obtain || [T_; Ax|| <
TT, |l H}]Z:1 Aj;||. By convergence of Ay in operator norm, their spectra also con-
verge, and so for any small enough ¢ > 0, 3K, such thatVk > K, sup [2(A)| <
sup |X(Ax)| + € < 1. By Gohberg et al. (1990, Thm. IV.3.1) and uniform bound-
edness of the Ag, this implies that for any 6 > 0, for £k > K, there exists some
J(9) such that HAJ(5)|\ < ¢ uniformly over k. For any block i, || H}]=1 A
climt Z ||A — A;, ||. Since Ay is a Cauchy sequence, for any e > 0 there exists

K5 such that for all kq, ko > Ko ||Ag, — Ag,|| < €2. For some p < 1 we may choose 9,
¢z such that for k > max{Ki(e), K2(0)}, || [T/ Assll < C7O(I(8) — ez +6 = p.
Let m = |(n —max{K;(e), K3(6)})/J(0)] + 1, J; = J(J) for all i > 2 and J; =
n— (m —1)J(9), i.e., the first max{K(e), K»(d)} elements, plus the remainder of n
after adding the largest feasible integer number of blocks of size J(§) after that. Then
by uniform boundedness and the fact that the remainder contains no more than J(§)
blocks, || Hj;l Ay is bounded by a constant Cs, and so for n > max{K;(¢), K2(9)}),
| Tz, Akl < Cop™ ! which decays to 0 exponentially in m, and so in n as well. [

Proof. of Theorem 6. Consider the map M (g, h,o)(z) = EF(x, g(x), h(z)+onz', g(h(z)+
onz'), o) mapping By to W»*(N — H,), the space of operators from H, to Hs
bounded on N' C H, with bounded first and second Fréchet derivatives on the same
region, where B; is the Cartesian product of W?*(N — H,), the space of oper-
ators from H, to H, bounded and with bounded first and second derivatives on
N C H,, WH(N — H,), the Banach space of operators from H, to H, bounded
and with bounded derivatives on N' C H,, and [—€,¢] C R. We hope to solve
M(g, h,o)(z) = 0 implicitly for g and h as a function of o (Where 0 is the operator

mapping all z € H, to 0 € Hs). To do this, we must show =4~M(g*, h*,0)(x) is

gh)
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invertible, where ¢*, h* are the deterministic operators found in the previous theo-
rem. To do this, it is sufficient to show that for every ¢ (x) € W?*(N — H,), there
exists (unique) ¢(z) = (¢g(z), Pn(x)) € W*(N — H,) x W2>(N — H,) such that
%M(g*,h*,O)(x)[(gbg(x),th(x))] = 1 (x). Applying the definition of M, noting
that at ¢ = 0 F' is deterministic and so the expectation disappears, and rearranging,

obtain

Fy(x, g (), h*(x), g" (0" (2)))[dg(x)] + For (2, 9" (x), h*(2), 9" (h* (x))) [¢n(2)] +
= ¥(@) = Fy (2, 97(2), h*(2), g" (W7 (2))) 59" (" () [¢n (P ()]
—Fy(x, 9" (x), h* (x), g"(h" (2)))[¢g(h* (x))] (F.4)

To simplify notation, we write this as Gi(x)o(z) = ¥(x) — Go(z)p(h*(x)). At
x = x*, this reduces to Fy[¢,(z*)|+Fu[on(2*)] = Y (a*)—Fy oy (x*)|—Fygx[on(z*)], or
Gh(z*)p(x*) = P(a*) — Ga(x*)p(2*). By assumption, Gy (z*) = [F, Fy/| is invertible,
and so this equals ¢(z*) + G (2*)Ga(z")o(z*) = Gy (2*)(2*). This has a unique
solution if and only if —1 € p(Gy'(2*)Ga(x*)) so I + Gy (2*)Go(a*) is invertible,
which holds because we assume that X(G;'(2*)Go(2*)) is inside the complex unit
circle. Note that this is stronger than necessary for a unique solution at z*. However,
away from z*, the system becomes no longer time reversible, and components of the
spectrum outside the unit circle correspond to iterating x backward in time along
h*(z). As h*(x) generally has unbounded or even nonexistent inverse, these do not
generate bounded solutions for ¢(x) away from x*.

We next seek the value of ¢(z) away from z* by using continuity and solving
forward. Since G7'(z*) is assumed bounded and Gy(z*) is bounded since F, and gy
are, the resolvent set of G (2*)Go(2*) is open. By continuity of the derivatives of F
and ¢* with respect to  we therefore have that there is a neighborhood of * on which
G (x)Gy(z) is bounded and, by continuity of the spectrum of bounded operators,
has spectrum inside the unit circle. If so desired, we may restrict this neighborhood
so that the spectrum is bounded away from the unit circle. Since h*(z) is stable and
continuous in a neighborhood of x*, there exists a neighborhood U, contained in the
above neighborhood and A such that h*(z) € Uy YV € Uy. As aresult, for any = € Uy,
d(z) = GyH )Y (2) -Gy (2)Ga(2)p(h*(x)), and we may iterate this forward to obtain
o(h*(2)) = G (h* (@) (h* (2)) — GT (W (2))Ga(h* (x))$(h* (W*(x))) and continue to

iterate to find an expression for ¢(z) in terms of an infinite series. Formally we have
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o(x) =D wib(y)

where zj, and 7, are defined recursively by z¢ = =, Tpy1 = h*(21), 11 = G ' (20)
Vi = —Yho1Ga(zp—1)G1 (21). Since v € WHS(N — Hy), () is uniformly bounded
by a constant on . By stability ||, — 2*|| — 0, and by continuity of G} (z)Gs(x),
G (k) Ga(2r) — Gy (a*)Gy(2*) with spectrum bounded away from the unit circle,
the operator norm of v, must eventually decline exponentially by 9. As a result, the
series converges in Ho-norm. Further, since this boundedness is true for all x, and the
uniform boundedness over x implies that the bound in9 can likewise be made uniform

over x, sup||¢(z) ||z, < oo, and thus ¢(.) is bounded on Up.
el
To show that ¢(.) € W3 (U — Hs), we must first show that its first derivatives

are bounded on some set. To see this, first note that ¥ (z) € W»*(N — H;) and so
has uniformly bounded derivatives on U4y. Next, note that, by assumption, the deriva-
tives of F' with respect to x, y, 2’ and 3 themselves have uniformly bounded deriva-
tives, and, by the previous theorem extended to apply the implicit function theorem to
an operator which is twice continuously differentiable, h* and ¢g* are themselves twice
continuously differentiable and so have uniformly bounded derivatives on a neigh-
borhood of z*. As a result, G;'(x) and G(z) have derivatives which are uniformly
bounded in a neighborhood of z*. By the stability of A* on U and the uniform bound-
edness of its derivatives, writing Lz (z) = e, L p*(h*~(z)) by the chain rule,
and noting that A**~*(z) — z* and so by continuity -£A*(h**~%(z)) — hx, which has
spectrum inside the unit circle by assumption, Lemma 9 applies and ||-La(z)|| — 0
exponentially. Denote the set over which all of these properties hold as . Applying
the product rule, obtain Lo (z) = Y27 ((Eyp)w(zx) + Wkt (xx)). The sum over
the second term converges uniformly in z by the convergence of v, and the fact that
L )(x) is uniformly bounded. By 9, products of j instances of Gy (z)G2(z) evalu-
ated at different points are eventually bounded by M for a constant A < 1. By the
decay of the derivative of z; to 0, and the uniform boundedness of G7*, G5 and their
derivatives, for k larger than k, ||-£[G7" (z4)G2(zk)]|| < A also. Applying the product
rule to the recursive formulation of 7, the first term of the derivative is bounded by a

constant times sup|[v(z)]u, times T2 o(S IA[CT (@) Ca@ X + by N).
xE
The first part is bounded by a constant times a convergent geometric series, the sec-

ond is bounded by a constant times Y ;- kA" which is also a convergent series. As a
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result, the series converges uniformly over x € U, and so —gb( ) is bounded.

To show boundedness of second derivatives, essentially similar procedures can
be followed. By the product rule, %(b(x) = ZZOZO((%%)@D(%) + ’yk%w(:ck) +
2(Lyy)Lap(zy)). Since Lo(z) is uniformly bounded, the summation of the last term
is bounded on an appropriate neighborhood by the exact procedures used to show
> oGy ¢ () is bounded, and the second is bounded by the assumption that
P(x) € W**(N — Hy) and so has uniformly bounded second derivatives. To show
the first part, we must control the second derivatives of the recursive construction of
vk First note that for k large enough, ||%xk(:c)H LU—LU—H)) — 0 exponentially.

To see this, note

k

d? d d oy ki
@)l = @[{@h (R () [al][0]

k j—1

= ST Lt L) TT el

J=1 =1 i=j+1

By the uniform boundedness of h*() in a neighborhood of x* which applies by the
implicit function theorem used to construct it extended to apply to a three times
continuously differentiable operator and by the convergence of iterated first deriva-
tives by the construction of the blocks in 9, this is bounded in operator norm by k
times an exponentially decaying quantity in £, and so itself is exponentially decaying.
Similarly, by three times continuous differentiability of F', the second derivatives of
G7' and G, are also uniformly bounded on a neighborhood of z*, and so using the
exponential convergence of Lz (z) and %xk(x), the product rule and the chain rule,
[ dxg[ M) Ga()]|| — 0 exponentially also. So, by the product rule again, j—;% is
the sum of £ exponentially decaying components and so also declines exponentially in
k in operator norm. Uniform boundedness of |4k (.)|| and the continuity of the second
derivative of 7 then imply the convergence of the geometric sum ZZiO((j—;%)l/)(xk)
uniformly over z in a neighborhood of z*. As a result, %qﬁ(m) is bounded and so
() € WA (U — Ha).

So, restricting all operators on A to U, we see that 5 ./\/l( ,0)(z) has a
bounded inverse on W2 (U — Ha).

Continuity of M(g, h,o)(x) and continuity of %M(Q, h,o)(x) with respect to
g, h, and o in a neighborhood of ¢g*, h*, 0 are guaranteed by the bounded support
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condition on z, continuous differentiability of EF' with respect to its arguments and
by the twice continuous differentiability of g, which holds at ¢g* as a corollary of the
implicit function theorem used to construct it, extended to three times continuously
differentiable F' and locally in a neighborhood of g* since we consider only operators
in WU — H,). To see the importance of the bounded support condition, note
that o enters g(h(z)+onz’) and so to ensure that @’ € U for all = € U, it is sufficient,
since h(x) € U and U is open, there exists a radius €, such that ||onz’|| < €5, which is
true if ||2/|| < oo for o sufficiently small. As g(x) and g,(z), into which 2’ enters in
%M(g, h,o)(x), are guaranteed to be bounded and continuous only over a set U,
allowing 2’ to take unbounded support would result in the possibility of unbounded
changes for small changes in ¢ if no further conditions were imposed on ¢ and g, and
so could violate continuity. Combining the above conditions, the implicit function
theorem in Banach space implies that there exists a neighborhood (—¢, €) of ¢ around

0 in which there exist continuous, differentiable functions ¢(., o), h(.0) from (—e¢, €) —

WU — H,) x WU — H,) satisfying M(g(.0),h(.,0),0)(z) = 0. O

G Additional Figures

The following figures display the Euclidean norm of pointwise errors over a grid in
impulse responses calculated by Fourier and Wavelet basis at each time period for

different numbers of basis functions K. For details, see Section 6.
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