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This paper examines the invariant Markov distribution associated with the rational ex-
pectations equilibrium in multi-period stochastic overlapping generations models under
pure exchange. We prove that a simple linear iterated function system can generate the
invariant distribution in these models under small discrete aggregate shocks. We provide
sufficient conditions for the linear iterated function system to generate a singular invari-
ant measure. We also characterize the set of economies which satisfy the sufficient condi-
tions. The attractors of the singular invariant measure in our models exhibit fractal patterns.
The existence of the linear iterated function system implies that an algorithm based on its
structure can allow computing equilibria in long-period stochastic overlapping generations
models with heterogeneity.
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1 Introduction

The multi-period stochastic overlapping generations (SOLG) model, extending the work of
Samuelson (1958), has been widely used in macroeconomics, finance, and policy-making as
an important workhorse model. Despite its importance, theoretical results in this model have
been restricted to the existence, uniqueness, and stability of the stochastic steady state equilib-
ria in the literature (see Grandmont and Hildenbrand 1974; Laitner 1981; Spear and Srivastava
1986; Wang 1993; Duffie et al. 1994; Wang 1994; Morand and Reffett 2007 and many others).
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The steady state in a stochastic model generates an invariant distribution over a fixed subset
of the space of state variables. The deterministic OLG model, as a special case by collapsing a
shock to a certain state, has the simplest invariant measure which concentrates on a single point
with probability one.! Due to their simplicity, it is acceptable to limit attention to the properties
described above when examining the deterministic steady states.

In contrast to deterministic OLG models, the steady state of a SOLG model is more compli-
cated in the sense that the support of the invariant measure can be an uncountable subset of
the state space even under a small aggregate shock.? In very simple stochastic models, such as
that originally examined by Lucas (1972), one can generally find equilibria in which prices only
depend on the contemporaneous aggregate shock, which we call strongly stationary equilib-
ria. Spear (1985), however, showed that these strongly stationary, or short memory equilibria
do not exist in SOLG models where two-period lived agents trade multiple goods and have
intertemporally non-separable preferences.® Citanna and Siconolfi (2007) and Henriksen and
Spear (2012) obtain the same result for two-period lived OLG models with time-separable utili-
ties and cohort heterogeneity, and three-period lived OLG models populated by representative
agents, respectively.

For general SOLG models without these kinds of stochastic equilibria, Duffie et al. (1994)
showed that there will exist stationary Markov equilibria once one includes an appropriate set
of lagged endogenous state variables. Citanna and Siconolfi (2010) showed that it was gener-
ically sufficient to consider recursive equilibria, in which the endogenous state variables are
taken as the wealth distribution.

The exclusion of the memoryless equilibria and the existence of the Markov equilibria imply
uncountable support for an invariant measure in general SOLG models. However, neither of
these papers provides any characterizations of the nature of the continuous invariant measure.
Therefore, an important question arises as to the nature of the invariant measure of the Markov
equilibria as the stochastic steady-state equilibria.

By the Lebesgue decomposition theorem, measures on a Euclidean space can be decom-
posed into the sum of two measures, one absolutely continuous with respect to the Lebesgue
measure, and the other singular. The singular continuous distribution is defined as a probability
measure which assigns probability one to a Lebesgue measure zero set. A probability measure
is absolutely continuous with respect to the Lebesgue measure if it assigns a positive probabil-
ity to Lebesgue measure non-zero sets. It is well-known that a simple shock process such as
a symmetric Bernoulli distribution can produce either a singular or an absolutely continuous
invariant measure in a stochastic model (see Mitra et al. 2003 for instance).

To complete the theoretical characterizations of the steady-state equilibria in SOLG models,
we study the continuity properties of their invariant distributions. Examining this feature is
theoretically interesting since there exists a bifurcation into the two types of the measure con-
tinuity, depending on the parameters of the models for small deviations from a deterministic

! Benhabib and Day (1982) discuss the possibility of deterministic OLG models generating continuous invariant
measures if erratic paths exist. However, the invariant measure of interest in this paper is one generated by
iterating a dynamical system where the contraction mapping principle is applied. Such an invariant measure in
deterministic OLG models should be a degenerate probability measure on a stationary point.

2 In our model, aggregate uncertainty has a finite number of states. A small aggregate shock, in this case, means
a short distance between the realized values of stochastic fundamentals in each state.

3 The short memory equilibria depend on a finite history of shocks. As a special case of the equilibria, the
strongly stationary equilibria is only affected by the current exogenous shock. Therefore, the cardinality of the
support of the short-memory equilibria is finite.



model. Knowing the continuity features of an invariant measure can help determine the exis-
tence of its density function. Specifically, an absolutely continuous measure has a density with
respect to the Lebesgue measure whereas a singular continuous measure does not. One needs
only know the parameters identifying its density function to describe an absolutely continuous
measure. On the other hand, representing a singular continuous measure requires a large set of
information: the value of the distribution for every point in its support.

Despite its significance, there has been little attention, in the literature, paid to the problem
of characterizing the continuity features of invariant measures in stochastic models. (Excep-
tions are Mitra et al. (2003) and Mitra and Privileggi (2009).) A key reason for the paucity of
research is that researchers lack knowledge of the equilibrium process in these stochastic mod-
els. Even in models where one makes specific assumptions about preferences and other primi-
tives, characterizing the equilibrium law of motion for the stochastic economy can be daunting.
Furthermore, even if one is aware of the functional form of an equilibrium mapping, it can be
difficult to determine under what conditions singular or absolutely continuous measures arise,
and how they depend on economic environments unless the mapping is of a simple form.

Therefore, another main goal of this paper is to study whether there exists a simple form
for the equilibrium mappings in SOLG models. We then provide a sufficient condition for the
invariant measure of the equilibrium mapping to be singular. We also investigate under what
economic parameter values the equilibrium mapping generates a singular invariant measure
by satisfying the sufficient condition.

We approach the study of continuity properties by working from a simple OLG model to
a general one, step by step. For analytical tractability, we first study a monetary model where
agents live three periods, have logarithmic preferences, consume a single good, and save via
accumulations of money holdings. There is an independent and identically distributed (I.1.D.)
shock to the total amount of money which follows a simple Bernoulli process. This tractable
model yields a closed form equilibrating process. One noticeable point is that the law of motion
for the state variable, the money holding of the young, is linear in the lagged state variable as
long as the aggregate shock is sufficiently small. The price of the single good is also linear in the
state variable. Therefore, a linear iterated function system (LIFS) can represent the dynamics of
Markov equilibria (ME).*

The closed form solution, in this case, states that the slope parameter of the LIFS is only
affected by the endowment ratio between ages, not the total amount of endowment, the size of

money shock or the probability of shocks. The Lipschitz constant of the LIFS belongs to (O, %) .

A one-dimensional LIFS with this scaling factor satisfies the so-called “no-overlap” property.
A non-overlapped LIFS creates a Cantor-like invariant distribution whose support is a Cantor-
like invariant set. The Cantor-like invariant distribution is singular with respect to the Lebesgue
measure if generated by a LIFS and the Cantor-like attractor shows fractal self-affinity.> There-
fore, the log-linear monetary model has a singular continuous Markov measure under small
aggregate shocks. This example shows that a multi-period SOLG model can generate fractal
patterns in the rational expectation equilibrium.

* The Markov equilibria of interest in this paper are also called 'simple Markov equilibria’ to contrast with
generalized Markov equilibria where the state space adds variables such as the last period’s marginal utility or a
Lagrange multiplier (Kydland and Prescott, 1980), asset prices and individual consumption (Duffie et al., 1994),
and continuation utilities (Feng et al., 2014). We avoid the possibility of multiple solutions issue given the minimal
state variables by restricting to the equilibria around the deterministic steady state of interest instead of expanding
the state space.

> A self-affine object is invariant under an anisotropic transformation (non-uniform scaling).
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In a three-period SOLG model with a simple Lucas tree asset and general preferences, we
cannot obtain a closed-form solution as in the log-linear monetary model. Hence, we apply
the implicit function theorem (IFT) to infer that a LIFS can generate ME around a deterministic
steady state for small shocks. We show that the slope parameters of the LIFS correspond to
the eigenvalues of the Jacobian matrix for the locally linearized price dynamics evaluated at
the deterministic steady state as long as the aggregate shock is small enough. Based on this
relationship, we numerically study how structural parameters affect the Lipschitz constant and
thus determine an open set of economies where the no-overlap property holds and hence, a
singular invariant measure arises. We find that a model with low risk-aversion and small div-
idend income share can generate a singular Markov measure. This result highlights why there
can exist a unique singular measure in the monetary model above, which is characterized by a
zero dividend and risk-aversion set at one.

Finally, we extend the model to a more realistic version by allowing agents to live many-
period lives, introducing permanent heterogeneity and letting the number of states of nature
be arbitrary but finite. As in the simpler models, we show the existence of a simple but high-
dimensional LIFS in a neighborhood of the deterministic steady state as long as the aggregate
shocks are sufficiently small. We provide a condition under which the LIFS has identical affine
matrices across states. As we did in the three-period model, we find a relationship between the
affine matrices of the LIFS and the stable eigenvalues of the locally linearized price dynamics
for both determinate and indeterminate equilibria. We give a weak sufficient condition for the
model to generate the singular invariant measure. This condition is closely related to the size of
the spectral radius of the affine matrices. We numerically check a similar relation between the
largest eigenvalue and structural parameters as in the three-period model. Lastly, we produce
some examples where multi-dimensional singular Markov measures appear when satisfying
our weak sufficient condition for singularity.

The empirical relevance of our theoretical results can be found in the literature on fractal
phenomena observed in financial data. The self-affinity aspect of stock prices was one of the
topics studied in both the non-linear dynamics and time-series econometrics literature for over
a decade between the mid-1980’s and "90’s. In the former literature, earlier researchers analyzed
low-dimensional deterministic dynamic systems as data generating processes since the attrac-
tors of the chaotic dynamic systems can have self-affinity features. They claimed to have found
evidence for the existence of low-dimensional chaotic attractors in the time-series stock prices
data (see Baumol and Benhabib 1989; Scheinkman and Lebaron 1989). However, later work
with large data sets concluded that the previous results were misderived due to the paucity of
data (see Vassilicos et al. 1993). The consensus now is that there is very little evidence for low-
dimensional deterministic systems as stock price generating processes (see Vassilicos et al. 1993;
LeBaron 1994). These results, then, require (at a minimum) high-dimensional chaotic systems
or stochastic systems to account for the empirical features of stock prices.

In the econometrics literature, many stochastic models have been developed based on the
theory of fractal measure and fractional Brownian motion processes pioneered by Mandelbrot
(1963) and Mandelbrot (1967). The time-series econometrics models capture the self-affinity
properties observed in the financial time-series data. However, they lack an economic mech-
anism behind the data-generating processes. To fill this gap, our paper shows how stochastic
economic models can generate the self-affine features in their rational expectation equilibria via
high-dimensional recursive policy functions.

This paper contributes to the literature on several dimensions. On the theoretical side, as
far as we know, this is the first paper to study the continuity property of an invariant measure
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in multi-period SOLG models by providing mechanisms and conditions for singular measures
to appear. This paper also identifies the set of economies satisfying these conditions. This, in
turn, extends the theoretical characterization of SOLG models beyond the well-known results
on existence, uniqueness, and convergence.

There are a few papers in the literature which also examine singular invariant distributions
in dynamic general equilibrium models. Mitra et al. (2003) characterizes the invariant Markov
distribution in terms of singularity versus absolute continuity in a one-sector stochastic growth
model with logarithmic preferences and Cobb-Douglas production functions. Thus, the styl-
ized model has an explicit law of motion. On the other hand, we study not only a tractable
monetary OLG model and but also a general model without preference specifications. Hence,
we have to deal with the equilibrating process described by a system of implicit difference
equations. We show simple linear policy functions can generate ME under certain conditions
via an application of the IFT.

Mitra and Privileggi (2009) shows similar results with ours in the sense that they provide
the characteristics of structural parameters to generate a singular invariant measure without
parametric assumptions. One main difference is their paper analyzes a one-sector growth
model whereas this paper deals with SOLG models. More importantly, we specify the high-
dimensional law of motion explicitly even for general preferences and shock processes, so that
we examine the continuity property of a multi-dimensional invariant measure.

Gardini et al. (2009) shows the existence of a Cantor-like limiting distribution of forward-
looking equilibria in OLG models. However, their paper concentrates on two-period determin-
istic OLG models and thus, the invariant measure of interest in their paper is essentially for
sunspot equilibria when multiple equilibria exist due to a backward bending offer curve. The
nature of the equilibria in this paper is different in terms of dimensionality and the cause of
stochasticity. This paper treats high-dimensional stochastic steady state generated by an intrin-
sic shock such as a shock to the endowment, dividend and asset quantity.

Another theoretical contribution of the paper is to explicitly show that the LIFS takes the
eigenvalues of its corresponding full price dynamic system as its own in multi-period OLG
models with cohort heterogeneity. Thus, given information on the eigenvalues of price dy-
namics, one can infer the contractivity and singularity property of the LIFS. To the best of our
knowledge, this is the first paper to clearly show how the two systems are related via eigenval-
ues in general OLG models.

The results in this paper also have computational implications from the existence of a LIFS as
the equilibrating process for SOLG models with heterogeneous agents. Researchers can simply
adopt the structure of the LIFS and iterate this functional specification to convergence to find
Markov policy rules. Since the LIFS requires only the first-order term for each endogenous state
variable in the approximated policy functions, it will make computing very long-period lived
SOLG models feasible by reducing a lot of unknown coefficients.

Since we prove the existence of a LIFS for an arbitrary shock process, a linear form ap-
proximation for the equilibrium process can be accurate even under an imperfectly correlated
shock between labor and capital incomes. Under this type of shock, quasi-aggregation methods
such as Krusell and Smith (1998) might generate large approximation errors since the marginal
propensity to save can vary greatly by age. Therefore, our results offer the foundation of an
alternative algorithm to deal with the limitations of existing ones in computing equilibrium in
SOLG models.



2 Log-Linear Monetary Model

We first study a standard three-period SOLG model with fiat money under logarithmic prefer-
ences. Time is discrete labeled by t = 0,1, 2,.... Agents live three periods: youth, middle-aged
and retired denoted by y, m, and r respectively. They consume a single good and can save via
accumulations of the fiat money.

We assume an aggregate shock has a two states of support and follows an LI.D. process
with the probability of state s occurring equally to 7° where 0 < 71° < 1 fors € {h,I} and
i + 7! = 1. The history of the aggregate shocks given the initial shock realization, so, is
represented by S' = {sy,s0,...,5; | so} € Xt = {h,1}' where we let [ represent the low shock
and h the high shock. We let (St, Sf+1)st+1 e{hl} denote the set of nodes for one period after the

histroy S!. We make (S, ;11,542 » denote the set of nodes for two periods after
y +1,St+ p

St+152€ {1}
the histroy S’. The total money supply in time # is stochastic in the amount M* which depends

only on the realization of the current shock.

If the economy moves from the low state to the high state, the total money supply increases.
In the opposite case, the total money supply decreases. In these changes of the total money
supply, we assume the government sells lump sums of the new money or buys lump sums of
the old money by trading with the single good. If the government increases or decreases the
money holding of existing agents proportionately, we recover the strong stationary equilibrium
in parallel to the results in Lucas (1972). To have history dependent equilibria, we need the
lump sum transaction mechanism which generates a real effect as above.

Agents are endowed with non-stochastic consumption goods in the amounts (wy, W, 0).
The consumption plan of the representative household born in time t and history S’ is denoted

by c(§') = (Cy ("), (cm (S, Serl))stHe{h,l} (er (S, Sf+1f5t+2))sm,stﬁe{h,zf) where ¢, (') is
consumption when young in node S, ¢, (S, s111) is consumption when middle-aged in node
(S!,5¢41), and ¢, (S', 5441, 5142) is the old period consumption in node (S, s¢.1,5442). Similarly,
the money holdings of the household is given by m (S') = <my (SY), (mm (S', st41) )stﬂe{h,l})
where m,, (S') and m,, (S',5441) denote money holdings when young and middle-aged in node
St and (S, s111), respectively.

Lifetime preferences are additively time-separable logarithmic given by a von Neumann-
Morgenstern utility function U : R7, — R. U is specified by:

(1) EU (c(S") =In(cy (S")) + E ot {ln (cm (S, 5041)) + Z 7 +21n (¢, (St,stH,sH_z))}
sir1€{hl} sio€{hl}

where the discount factor sets at one, § = 1, for analytical tractability. Sequential budget con-
straints are given by:

cy (') = wy—p(S')my (')
(2) cm (S'st41) = wm+ P (8 s001) my (S') — P (S 5041) M (', 5¢41) forsen € {1}
¢ (S si41,802) = P (S 541, 5612) M (S 5141) for (sevn,se42) € {1}
where 7 (S"), p(S',si11) and p (S',s141,5142) are the price of the fiat money in terms of the
single good in node S', (S',s:11) and (S, s;11,5¢+2), respectively. Note that we do not specify

the problems of the initial middle-aged and old generations in time 0 since we focus on the
stochastic steady state in all models analyzed in this paper.
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Agents maximize the expected utility subject to the sequential budget constraints. This
yields the following three first-order conditions (FOC):

p(st) _n'p(s,h)  #p(S,1)

o cy (SY)  cm(SLh)  cw(SLI)
and
@) p (S si1) A" (Sh s h) 7P (S si4,1)

Cm (Stl Sf+1) B Cr (St/ St+1, h) Cr (St/ St+1s l)

fors;1q € {h,1}.

The money market clearing condition requires:®

(5) Mt = my (S') + my (S)

fors; € {h,1}.
Since there is a change in the total money supply between periods, the current money supply
can be rewritten with the previous money supply as:

6) M =my (S') +my (S') = M1+ AMy 14 = my (871) 4y (S7) + AMy 1,

where M?®-1 is the total money supply in time ¢ — 1 under state s;_1, M* is the one in time ¢
under state s;, and AM;_1; denotes a change in the total money supply between time t — 1 and
L.

With the notations above, we define two equilibrium concepts for this monetary model: the
competitive equilibrium and the recursive ME.

Definition 1. The competitive equilibrium in the monetary model is a sequence of the money
holdings, consumption and asset prices in all nodes starting in time 0: {m (S'),c (S"),7 (S")}
for VS! and t > 0. The competitive equilibrium requires:

¢ Individuals maximize their expected utility under budget constraints given the sequence
of the price of the fiat money.

e The money market clears and the aggregate resource constraint holds.

The existence of a competitive equilibrium can be verified using a standard truncation method
used in Balasko and Shell (1981).

Definition 2. The recursive ME is defined by time-homogeneous policy functions for money
holdings, consumption and asset prices: {n, (x),mmu (X),cy (X),cm (x),cr (X), P (x)} which
solve the household problem and clear the money and consumption markets. x = [m, _1,s| €
3 C R? represents the minimal state variables: the lagged money holdings of the young and
the realization of the current aggregate uncertainty.

6 By Walras’s law, we can ignore the market clearing for the consumption good.



For the recursive ME, we can re-write the equilibrium conditions as follows:

pmysv,s)  7"p(mys,h) 7P (myel)

7 _
7 cy (my5e)  en (o) | oo (g 1)

p (my,t,Se41) B " p (my,t+1/h) ' p (my,t—H/ )
(8) =

cm (Myp,se41) o (Myps1,h) ¢r (mye41,1)
fors;iq € {h,1} and
) Mt = my (mye_1,5¢) + My (my_1,5¢)

We impose the following two linear functions for prices and money holdings that the agents
use to forecast future variables:

my (myp—1,5¢) = m — % (my g — )
10 y ( yt—1s t) " Y yt—1 )
(19 q (mys-1,8t) = 7 +p* (mypq —m*)

for s; € {h,1} where g = %, i.e. the price of the consumption good in terms of the fiat money.
The first and second equations in (10) are the forecast functions for the money holding of the
young and the price of the single good respectively given the lagged money holding of the
young and the realization of the current shock. By plugging these forecast functions into the
FOCs and combining them with the market clearing condition, we can solve this monetary
model and get a LIFS generating ME as long as the size of the aggregate shock measured by
M" — M is sufficiently small. We summarize these results in the following proposition.

Proposition 1. In a three-period monetary OLG model with u (¢) = In(c) and B = 1, there will be
ME for the model generated by a LIFS given by (10) for sufficiently small shocks. The slope parameters
in (10) are parallel between states : v = o = ' and p = p" = p'. A closed form solution for v and p
is given by:

1 w 1 wy\?> w
11 =_-_2 — 4 Y hatA
(1D v 2 wm+\/(2+wm) +a)m
and
29 -1
12 =
(12) o

Proof. See Appendix A

The policy functions for the money holding for the young determine the LIFS in the mone-
tary model. The closed form solution for the Lipschitz constant of the LIFS, «, is only affected
by the endowment ratio between the young and the middle-aged, not the total amount of en-
dowment. On the other hand, the slope of the price function is influenced by the total endow-
ment because there is wy, in the denominator of the closed form solution for p. Likewise, the
state-contingent stationary points for the money holding function, {°}, are independent of
the total amount of endowment but dependent on the endowment ratio while the ones for the
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price function, {7°}, are affected by the total endowment. (see the proof of Proposition 1 in
Appendix A.)

The intuitions behind these results are as follows. Since the logarithmic utility function is
inter-temporally homothetic, optimal consumption allocations are proportional to the wealth
of agents. When the total endowment changes but the endowment ratio between generations
remains constant, the equilibrium price will move in proportion to the total endowment vari-
ation. Thus, the same money holding across generations can attain the optimal consumption
choice. However, the money holding demands will alter if there are any variations in the en-
dowment ratio between generations since some generations want more money and others not.
Therefore, only the ratio of endowment matters for the money holding demand whereas both
the total endowment and its ratio affect the price of consumption.

The slope parameters defined by (11) and (12) do not depend on the total money supply in
each state and the probability distribution of shocks at least if the shock process is L1.D. The
money supply and probabilities do, however, affect the state-contingent intercept parameters.
These findings imply that the rates of variations in the current money holding for the young
and the price in response to variations in the lagged money holding for the young are constant
whatever the size of the stochastic money supply and its probability distribution. These results
accord closely with the findings in Mitra et al. (2003) that the amplitude of an exogenous shock
and its probability distribution do not have an effect on the Lipschitz constant of the LIFS in
a one-sector stochastic growth model with a logarithmic utility function and a Cobb-Douglas
production function.

With the closed form solution above, we know the slope of the LIFS is increasing in the en-
dowment ratio, Z]}—i The slope converges to 0 as the endowment ratio goes to 0 and it converges
to 3 as the endowment ratio goes to infinity. Under this range of the Lipschitz constant, the
images of two parallel functions in the LIFS on the smallest open interval containing its attrac-
tor have an empty intersection set. Hence, the law of motion in the monetary model always
satisfies the no-overlap property. This result is presented in the following corollary.

Corollary 1. The Lipschitz constant of the LIFS, vy, is between 0 and % for the entire set of economies in
the monetary model. Hence, both contractivity and no-overlap property hold always so that there exists
a unique Markov measure which is a Cantor-like distribution.

Proof. From the well-known results for the one-dimensional homogeneous LIFS with two states.

A one-dimensional non-overlapped LIFS creates a unique Cantor-like invariant distribution
of which support is a unique Cantor-like invariant set. The Cantor-like invariant distribution is
singular with respect to the Lebesgue measure if it is generated by a LIFS because the images
of the iterates of the LIFS decreases proportionally by a factor of (1 — 27) and the limiting set
has Lebesgue measure zero. Therefore, there exists a unique singular Markov measure for the
entire economies in the log-linear monetary model under a small aggregate shock. Moreover,
the monetary example here shows a multi-period SOLG model can generate fractal patterns in
the rational expectation equilibrium since the Cantor-like invariant set or attractor has a self-
affine structure. (see Appendix A to see how a one-dimensional non-overlapped generates a
singular invariant distribution in detail.)

Finally, the fact that money holdings are a sufficient statistic for the history of shocks is
particularly apparent here given that the Cantor set is itself homeomorphic to the space of
the history of shocks from the minus infinity to the present. We denote this space of infinite
histories by X.. From the results in Woodford (1986), we also know the price and savings will be



given by a unique function of the histories of shocks at least for small shocks. One can define a
function, known as the coding map, 7r (S) where S € X, which maps infinite histories into the
realizations of allocations. By the results on the contractive LIFS in Atkins et al. (2010), one can
also show that the lagged asset holdings in the model will remain sufficient statistics for the
history of shocks even in cases where the LIFS doesn’t satisfy the no-overlap condition and the
invariant measure is absolutely continuous. Their result implies that the coding map is point
tiber when a LIFS is contractive and thus, there is a unique history of shocks leading to points
in the attractor. This in turn tells us that the prices generated in the stochastic equilibrium can
be written as 71, (S_15) = q (m_1,s) = q (7, (5-1),s) where 7, and 71, are coding maps for
the price and money holdings respectively, the money holdings coding map is point fiber, S_
is the history of shocks up to the previous period and s denote the state of the current shock.
(see Appendix A for the definitions of the coding map and fiber in detail.)

3 Lucas-Tree Model

In this section, we replace the fiat money with a Lucas-tree to study an invariant Markov mea-
sure in a more general setting. Thus, agents save via accumulations of equity shares in a tree
asset. We keep the assumption that aggregate uncertainty is given by two states of nature,
s € {h,1}. However, we assume here that the shock follows a first-order Markov process

TIhh 7'L'hl

with a transition probability matrix [] = [ ol } where 755 > 0 for (s,8') € {h,1}*

T
and 71" + 1% = 1 for s € {h,1}. The tree asset in time  delivers dividends stochastically in the
amount J* which depend only on the current shock.

Agents born in time t and history S! are endowed with stochastic consumption goods in

the amounts (wy/, wy'!, w;'*?) which also depends only on the current shock. The lifetime asset

portfolio of the representative households is given by e (S) = (ey (SY), (em (S, st41) )St+1 . {h,l}>

where ¢, (S') is equity holding when young in node S’ and e, (S', 5;41) is equity holding when
middle-aged in node (S, s;41).

Lifetime preferences are additively time-separable given by a von Neumann-Morgenstern
utility function U : R7, — R. U is specified by:
(13)

EUL(c(5') =u(ey (5) 16 X n{< (SLs)) 46 L mau (e <sf,st+1,sf+z>>}

St+1€{h,l} SH,ze{h,l}

where B € (0,1]. We assume utility functions u(+) satisfy regular conditions: u’ (¢) > 0, u" (¢) <
0, and u’ (0) = +oo.
Sequential budget constraints are given by:
ey (§) = wy—p(S)ey (S
(14)  cw (S s041) = St“ + (p (S, st41) + 1) ey (S') — p (S, 5041) em (S',st+1) forseyr € {h,1}
o (S sei1,8042) = @i+ (p (S se41,5042) +6772) ey (S',s141) for (se41,5142) € {h, l}

(

(
where p (S'), p (S',s141) and p (S, 5111, 5142) are the price of the equity in terms of the single
good in node S', (Sf,s;41) and (S, 5111, 5112), respectively. Agents maximize expected utility
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subject to the sequential budget constraints. This yields the following three first-order condi-
tions conditional on the shock history:

(15 P (e (8)) = L 7 (p (Shs1a) +6%1) o (e (5, 51:0))
St+1€{h,l}

and

(16)  p(S'sera) ' (cm (S'se1)) =B Y, 2 (p (S 501 5042) +072) U (¢ (S, 5041, 5142))
St+2€{/’l,l}

for Sty1 € {h, l}
Under standard assumptions on preferences and endowments, Eq. (15) and (16) yield asset
demand functions:

17) ey (8) = ey (P2(8")
and
(18) en (8'5141) = em (P2 (8") 551

for Si+1 € {]’l, l} where Pi+2 (St) — {p (Sf) , (p (St, St+l))st+1€{h,l} , (p (St, St+1'St+2))st+1,s,+2€{h,l}2}'
The demands for the equity are the functions of Pi™2 (St). We let (p (S, s¢11) >5t+1 cn1y de-

note the set of equity prices that agents should expect over all possible paths of shock histories

one period after S'. We make (p (S, s1+1,5¢42) )sm,sm c(n1y? denote the one two periods after

St. Thus, Pi*? (S') is the set of all equity prices that agents born in time ¢ and node S* have to
forecast over their lifetime. The equity demand functions are indexed by the possible history of

shocks realized after the first age in the lifetime. For example, we index ey, (Pf+2 (Sh) ;st+1> by

St+1-
The market-clearing condition then requires that:”
(19) ey (PE2(8)) +em (P (571) 55t) =1

When convenient, we will also allow the total number of assets to vary stochastically, so that
the market-clearing condition becomes:

(20) ey (PI2(8")) +ew (P (5571) sst) =2
With the notations above, we define two equilibrium concepts as in the monetary model.

Definition 3. The competitive equilibrium in the Lucas-tree model is a sequence of the equity
holdings, consumptions and asset prices in all nodes starting in time 0, {e (S'), ¢ (S'),p (S') }
for VSt and t > 0, such that:

¢ Individuals maximize their expected utility under budget constraints given the sequence
of the price of the equity.

7 By Walras’s law, we also ignore the market clearing for the consumption good here.
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e The asset market clears and the aggregate resource constraint holds.

We can show the existence of a competitive equilibrium using a standard method as stated in
the monetary model.

Definition 4. The recursive ME is defined by time-homogeneous policy functions for the equity
holdings, consumptions and asset prices: {ey (x),em (x),cy (X),cm (X),cr (x),p(x)} which
solve the household problem and clear both the asset and consumption markets. x = [e,,—1,5] €
2 C R represents the minimal state variables: the lagged equity holdings of the young and
the realization of the current aggregate uncertainty.

For the recursive ME, we write the following equilibrium conditions:
@) ey (P12 (") = ey (eyi-1.51)

1=ey (e,1-1,5) + em (Pfﬂ (St_1> ;st)

where the first equation represents the optimality condition for the household problem and the
second one is the asset market clearing condition.

The analysis we are undertaking hereafter is parallel to that of Woodford (1986), particu-
larly with respect to Theorem 2 of his paper. This paper looks at a two-period lived model
with multiple commodities and shows, via a functional application of the IFT that for a SOLG
economy with small shocks, there is a unique equilibrium price function which depends on the
infinite history of shocks to endowments. We will use a similar functional application of the IFT
to show the existence of a LIFS as the ME mapping where the lagged endogenous state vari-
ables are, in fact, sufficient statistics for the shock history around the deterministic steady-states
under small aggregate shocks.

For this analysis, we impose the following linear forecast functions:

ey (eyi—1,5t) =& —y (eyi—1 — &) = G (ey—1,5¢)
22 y( yi-1 f) T8y t—1 y,t—1
22 p(egs1,5) = P+ (g1 — &) = H ey 1,51}

for s; € {h,1}. Note that we let the affine coefficients in (22) be independent of the state of the
current shock according to the result in Proposition 1.

To show that the recursive ME can be implemented by (22), we will proceed two steps. First,
we show that the linear forecast functions in a three-period deterministic OLG model will be
the steady-state values of the equity holding for the young and the equity price when evaluated
at the steady states. This is the content of the following lemma.

Lemma 1. In a three-period deterministic OLG model with a single long-lived asset, the linear fore-
cast functions will be the steady-state values of e, and p when e, 1 = e. ,ie. G(e,_1) = &—
v (ey—1—¢) =eand H (e, —1) = p+p (e,—1 —¢) = pate, 1 =@

Proof. See Appendix A

With the result in Lemma 1, we apply the IFT to show the existence of a LIFS in this three-

period SOLG model in a neighborhood of the deterministic steady state if the aggregate shock
is sufficiently small. This result is presented in the following proposition.

Proposition 2. In a three-period SOLG model with a single long-lived asset, there will be ME generated
by a LIFS given by (22) in a neighborhood of the deterministic steady state for sufficiently small shocks.
Proof. See Appendix A
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To prove Proposition 2, we do not specify any particular deterministic steady states in apply-
ing the IFT. Thus, there exists a LIFS around all possible deterministic steady states. Proposition
2 does not essentially need any specific assumptions on structural parameters such as prefer-
ences, endowments, dividends, total asset quantities and the Markov shock processes other

ot — 4! ” . The transversal

density theorem in the proof of Proposition 2 indicates that the result in this proposition holds
for almost all asset quantities. Thus, the results in Proposition 2 apply for a fairly broad set of
economies in a three-period SOLG model with a single long-lived asset.

To study the continuity property of an invariant Markov measure, we first have to examine
the characteristics of reduced form parameters in the linear forecast functions, oy and p. By the
IFT results in Proposition 2, the slope parameters of a LIFS in a stochastic model are close to the
corresponding ones in a deterministic model by continuity as long as the size of an exogenous
shock is sufficiently small. Here, we show that the slopes of the LIFS correspond to the stable
eigenvalues of the Jacobian matrix at the steady state for the underlying price dynamics in the
deterministic model. We show this relationship by constructing a first-order forecast function.
(as in Kehoe and Levine (1985) which restricts the forward dynamics to the stable manifold of
the steady-state equilibrium.) This will then guarantee that the LIFS derived in Proposition 2 is
contractive and that the resulting equilibrium stochastic process is not transient.

To demonstrate this relationship, we first note that, generically, the underlying price dy-
namics for the three-period deterministic OLG model in a neighborhood of the steady state will
take the form:

than the size of the shock measured by max [{ Wl —wl|} . (ymr)

(23) pi+1 =z (Pt, Pt—1, Pt—2)

This is determined from the solutions for p;; in the following equilibrium conditions by

applying the IFT under the generic assumption that 3?’2 -7 0

(24) ey (Pr—1, Pts Pis1) +em (Pr—2, pr—1,pt) =1

Letting 4+ = (pt, pt—1, pt—2), we can write the third-order equilibrium law of motion for the
prices as the first-order vector system:

zZ (Pt, Pi—1, Pt—z)
(25) Gir1=2(qt) = pt
Pi—1

The Jacobian matrix for this system at the steady-state, § = [p, p, 7|, takes the form:

21 22 Z3
(26) Diz=7Z=|1 0 0
0 1 0
where z; = % g=q for Vi € {1,2,3}. The local stability of the steady state (equivalently, the

determinacy of the steady-state) depends on the eigenvalues of the matrix Z.
We obtain the first-order forecast function following Kehoe and Levine (1985) by requiring
that:

(27) prr1 = f (pr)
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Given such a forecast function, we let:

(28) &y (pr) = ey (pr, f(pt), fof(p))
Then, we define:

8ey aey aey

(29) ¢ = '+

7 _
Y 0pr Opea apt+2f s

With these notations, we can derive the model-consistent specification of the values of —
and ¢ which we summarize in the following proposition.

Proposition 3. In a three-period deterministic OLG model with a single long-lived asset, the slope
parameter of the LIFS, —y, coincides with the stable eigenvalue of Z at the corresponding steady-states.
The slope parameter of the equity price function, p, is defined by:

_ =

51
Cy

(30) 4

Proof. See Appendix A

The main implication of Proposition 3 is that the stable eigenvalue of the Jacobian matrix for
the price dynamics system determines the slope parameter of the LIFS in the neighborhood of
the steady-state.

According to the conditions in Blanchard and Kahn (1980), one can characterize the local de-
terminacy and stability of equilibrium dynamics around steady-states. In a three-period OLG
model, there are three eigenvalues for Z and one predetermined price variable. Thus, if the
number of the stable eigenvalues of Z, whose moduli lie inside the unit circle, is exactly one,
then the equilibrium dynamics converging to the steady state is locally determinate. This lo-
cally unique equilibrium is called saddle-path stable. Locally indeterminate equilibrium arises
when there are more than one stable eigenvalues for Z. In this case, there are a continuum of
equilibria converging to the steady-states.

For the determinate case, there is one contractive LIFS and thus there exists a unique in-
variant measure around the deterministic steady states by the contraction mapping theorem as
long as the size of a shock is small. On the other hand, for the indeterminate case, there can
be multiple contractive LIFSs taking different stable eigenvalues as their Lipschitz constant.
Since each contractive LIFS generates a unique invariant measure, this result implies there are
possibly multiple invariant measures for an indeterminate steady state under a small shock.

If we don’t impose the stability restriction to the LIFS, we can end up generating an equilib-
rium stochastic process which is transient in the sense that under repeated shocks, the forward
equilibrium trajectory eventually leaves any open neighborhood of the deterministic steady-
state.

If there are no stable eigenvalues, then the equilibrium is called explosive in the sense that it
diverges from the deterministic steady-states unless it starts at the stationary points. In this case
with potential bubbles, there can be a stable equilibrium trajectory via the backward dynamics
of the model rather than the forward dynamics.

Since the stable eigenvalues of Z determine the no-overlap property of the one-dimensional
LIFS as well, we now use eigenvalues information on Z to classify economies with the Lucas
tree as having singular or absolutely continuous measures instead of finding a LIFS explicitly.
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We also find a relationship between the structural parameters in this model and the slope of
the LIFS. Since this problem is not analytically tractable, we instead use a numerical analysis
under certain parametric specifications. We introduce a constant relative risk aversion (CRRA)

1—0c

where ¢ is the coefficient of relative risk aversion. We normalize
h

utility function, u (c) = =,

wy + wp + 0 to be 1. Lastly, we assume a symmetric LI.D. shock with the two states, i.e. 7t
mt = 0.5.

In this three-period Lucas-tree OLG model with the parametric assumptions above, we nu-
merically find that there exists a unique steady state where the equity price is positive in the
set of parameters of interest. For the unique steady-state, there exist one real eigenvalue inside
the unit circle and two complex eigenvalues outside the unit circle. Following the Blanchard-
Kahn eigenvalue condition, we can classify this unique steady state as a determinate or locally
saddle-path stable equilibrium. We restrict the LIFS to the real eigenvalue of the unique steady
state since we want the equilibrium mapping to generate a stable unique invariant measure.

For the case where the aggregate shock has two states with equal probability, the no-overlap
condition will hold if y < 1/2. Since — sets equal to the real eigenvalue of Z, we classify the
set of economies where the absolute value of the real eigenvalue is less than 1/2 as singularly
continuous and the rest of economies as absolutely continuous. We should emphasize that there
can exist a singular continuous measure even when the no-overlap property is not satisfied, i.e.
v € (1/2,1). The set of 7y values in (1/2,1) generating such essentially singular measure has
Lebesgue measure zero relative to R. These results justify classifying the economies where
v € (1/2,1) as being absolutely continuous in our numerical analysis. (We refer the interested
readers to Appendix A for more details about the essentially singular measure.)

Figure 1 shows the classification of economies into the two types. From all panels in the
tigure, we observe that 7y increases as ¢ increases. This means that the current young’s eg-
uity holding drops more sharply as the lagged equity holding rises under a higher dividend
share. As ¢ and e,; 1 rise, the change in capital income for the middle-aged can be seen in
(pr+ 64 A6) (e -1+ Aeys—1) from the middle-aged budget constraint. The interaction term
NS - Ney s indicates the current middle-aged takes a larger income share out of the total re-
source as e,; 1 increases under a higher . Thus, the middle-aged asset demand increases
which makes the slope of the equity policy function steeper.

Figure 1 also implies <y increases as w; rises when w; is high enough. This result can be
explained by a price change accompanied by a change in the endowment structure. As w;
increases, the aggregate demand for equity increases and thus, the equity prices will rise. Un-
like the hump-shaped endowment structure where young agents might want to borrow, both
the young and the middle-aged will save under the decreasing endowment structure with
w1 > wy > w3 = 0. From the budget constraint for the middle-aged, an increment in the eq-
uity price can be reflected in this way: (p; + Apr +6) (ey1—1 + Aeys—1). The interaction term
Apt - Aey 1 implies the current middle-aged get a larger income share in the decreasing en-
dowment structure due to the price hike for their previous equity holdings. Thus, -y increases,
just as it does for an increase in J.

Another interesting result is that an increase in w; rather leads to a decline in y when w;
is low enough. In this hump-shaped endowment structure, the young agents can borrow via
short-selling the equity asset, assuming there are no borrowing constraints. As above, an in-
crease in w; still leads to a price hike as the demand for the equity by the middle-aged increases
whereas the young short-sells the equity less. Under a higher equity price, the middle-aged’s
income share rises more sharply as their previous equity holdings increase by Aey ;1 and thus,
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FIGURE 1. The invariant Markov measure for different parameter configurations
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they are willing to buy more assets. However, the current equilibrium asset holdings of the
middle-aged might not grow faster, since the young agents short-sell the equity less under a
higher w;. The higher equity price further reduces the amount of short-sales by the young
since they can consume as much as they want even with a lower amount of short-sales under
that price. Therefore, v decreases even when w; increases if wy is low enough.

By the comparison of two panels with the same relative risk aversion but different time
discount factors, we see that the area for the singular measure contracts from the right but
expands to the left. For the contraction, the mechanism is quite close to the one in the case with
an increase in w; when w is already large because both the young and the middle-aged are
willing to save more as B goes up. Thus, the equity price will rise, making the middle-aged
wealthier as their previous equity holdings increase. For the expansion, we can borrow the
intuition from the case with an increase in w; when w; sets low enough since the young will
borrow less whereas the middle-aged will demand more in a higher B. The equity price will
rise as well in this case, which raises the value of the previous equity holdings of the middle-
aged and thus they demand more assets. However, they cannot buy more assets in equilibrium
because the young short-sells the asset less when f is higher. Hence, v goes up as 8 increases
when wj is high enough whereas it is in reverse when wj is sufficiently low.

As the relative risk aversion increases, the set of parameters for the singular invariant mea-
sure shrinks from both the left and right sides. For the right side contraction, as o goes up,
both the young and the middle-aged demand the equity more because of a strong consumption
smoothing motivation. Thus, the equity price will be higher relative to the case with a lower ¢
under the same w;. The wealthier middle-aged will increase its demand for the asset resulting
in a higher <. For the left side contraction, as ¢ goes up, the young will borrow more to smooth
consumption, requiring more short-sales. This allows the middle-aged to purchase more equity
in equilibrium and thus <y becomes higher.

In summary, we find that a low § and ¢ expand the area for the singular measure. This result
sheds light on why the unique Markov measure in the monetary model is singular since the
dividend and relative risk aversion degenerate to 0 and 1, respectively. An increase in w; and
B converts a singular measure into an absolutely continuous measure when w is high enough.
On the other hand, when w is low enough, a rise in w; and B converts an absolutely continuous
measure into a singular measure. The U-shape of v in w; means the singular measure is likely
to arise under a hump-shaped endowment structure.

We run a simulation for a three-period SOLG model with the Lucas tree to verify the im-
plications of the results in Figure 1. For this simulation, we approximate the policy functions
with high-order Chebyshev polynomials. As the numerical analysis above, we use the CRRA
utility function and set o = 2 following Henriksen and Spear (2012). We let 8 = 0.54 = 0.9760/3
where a one-year time-discount factor is 0.97 as commonly used in the applied macroeconomic
literature and we regard one period in this model as 20 years. In the deterministic version of
the model, we assume the total endowment is 1. The labor’s share of the total endowment, w,
is 2 and the ratio of labor income between the young and the middle-aged Z—Z = 2. Hence,

o = %, wy = }L and w,; = % The total asset quantity is assumed to be 1. We introduce shocks
on the dividend and the total asset quantity which follow a symmetric L.I.D. Bernoulli process
with two states. The realizations on the two stochastic parts are perfectly correlated as next:
{o!,6"} ={0.99,1.01} and {d,a"} = {0.99,1.01}5.

Proposition 2 and Figure 1 imply that the invariant Markov distribution can be generated

8 These shocks are multiplicative. For example, the realized total dividend is 1.01 x % = 0.3367 in the high state.
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by a LIFS under a small shock and it should be singular under these parameter values. Figure
2 graphically shows that the LIFS is indeed the equilibrium mapping under the small shock we
set above. Its slope in this example is less than 1/2. Therefore, the ergodic distribution of this
numerical model is a Cantor-like distribution as seen in Figure 3.

FIGURE 2. The equity policy function in the three-period SOLG economy with a single asset
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FIGURE 3. The invariant measure of the three-period SOLG economy with a single asset
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Finally, it is natural to ask if there is an intuitive reason why the ME should be imple-
mentable via a LIFS. From the mathematics of the model, it is clear that the LIFS gives us enough
variables to solve the model’s equilibrium equations. It is also clear that the LIFS will generate
the correct equilibrium relationships between the history of shocks and prices/allocations. Fur-
thermore, any equivalent (possibly non-linear) policy functions would necessarily have to de-
liver the same relationships, since the results in Woodford (1986) imply that equilibrium prices
as functions of the histories of shocks are locally unique for small shocks around the steady
state. Thus, in this sense, the linear system is the simplest mechanism for allowing the lagged
endogenous state variables to act as sufficient statistics for the infinite histories. In the simple
exchange setting, the perturbations of asset holdings generated by the equilibrium will have no
effect on the overall resources of the economy given the state, and so will only have an impact
on welfare via allocative effects. Since we already know that the competitive equilibria in these

18



models are not Pareto optimal (see Henriksen and Spear 2012), there would seem to be nothing
to be gained by working with more general policy functions. This is indeed what comes out of
the simulations of the model when we allow for flexible functional forms.

4 Generalized Model

In this section, we extend the model to be more realistic by allowing an arbitrary lifetime, het-
erogeneity, and a general shock process. The goal of this section is to show the existence of a
simple but high dimensional LIFS and then study the invariant Markov measure in the compli-
cated model with the help of the LIFS.

Agents live L-period lives (say L = 70 as in Rios-Rull (1996)) from the youngest age 1 to
the oldest age L, with M > 1 different types of agents born each period who differ in terms of
preferences and endowments. We assume there is a continuum of each type of agent, and thus
they take prices as given.

For generality, there are S > 1 states of exogenous shocks, s; € {z1,...,zs}. The aggregate
shock follows the first-order Markov process with a stationary Markov chain [ with support
s € {z,...,2g} under which 7 (s' | s) > 0 for (s,s') € {z1,...,zs}°and ¥ 7(s'|s)=1

s'e{z1,...25}
for Vs € {z1,...,2z5}. m(s'|s) denotes the probability that state s’ occurs given state s in the
previous time. 7t (ST | S*) implies the probability that the node ST occurs in time T conditional
on the node S in time .

We maintain the assumption that there is only one asset, either money or a tree asset. Indi-
viduals consume a single good, and can save via accumulations of the single asset. The total
asset quantity varies stochastically in the amount 3% fors; € {z1,...,zg}. The single asset deliv-
ers dividends stochastically in the amount §* fors; € {z1,...,zg} if the single asset is the Lucas
tree. Note that both the total asset quantity and the dividend depend only on the realization of
the current shock.

The single asset delivers dividends stochastically in the amount 6% for s; € {z1,...,zg} if
the single asset is the Lucas tree.

Type-j agents born in time t are endowed with stochastic consumption goods in the amounts

R Sti—1 Styi—1 = . . .. . :
wj = {wi,j }izl where w; ;18 the endowment of the type-j agent in age i in time t +i — 1

which depends only on the current shock realization s;,; ;1. The consumption stream of a
L

type-j agent born in time ¢ and history S’ is denoted by ¢; (S) = { (c,',j (St, S:fl_1> ) it }

t+1 i=1

where ¢; ; (St, St+i_1> is the consumption of a type-j agent in age i given a path of shocks for

t+1
(i — 1) periods after the history S, Siﬂ_l = (S¢41,--.,5t4i—1) fori > 1. When i = 1, we define

c1, (5%, S},1) = c1,j(S"). Similarly, the lifetime portfolio of a type-j household is denoted by

L-1
ej (S') = { (ei,]- (St, Siffl>> t+i_1} where ¢; ; (St, S;ifl) is the equity holding of a type-j
75 )iz
agent in age i in node S"*'~1. As above, we define e;; (S, S! ;) = €1, (S"). Note that house-
holds do not save in the last age, L.
The lifetime expected utility for a type-j individual is given by a von Neumann-Morgenstern
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L_ _
utility function U : IRELS 1)/ — R:

@1 B (¢ (51)) = B, ({ CHCE ) })

t+1

where the certainty utility function satisfies the following regularity conditions, LI]’() > 0,
U](’ () <0, and U]’() = +oo for all arguments.

Type-j agents maximize the lifetime expected utility subject to a sequence of budget con-
straints as follows:

(32) (8 = wi;—p(5)e,(S)
Ci,j (St’ Siillfl) — wzr]fri—l + <p (St, S;illfl> + 5St+i71) 3(1‘71),]' (St, S:izle)

—p (S s ey (84, 8107") forwsifi T and i€ {2, L1}

e (SSTY) = w4 (p (88T o) ey (8812 for vsfit!

where p (St, Sfii”) = p (S'771) is the price of the equity in terms of the single good in node
gt+i—1

Solving the optimization problem for type-j agents yields asset demand functions:

(3 iy (8SIET) = ey (PEH (1) 5810

for VSi*1 and i € {1,...,L — 1} where Pi*1-1 () = {p ("), (p (5% Sfif1>>st%_1}-

1
The equity demand functions are indexed by the history of shocks realized after the first t};eriod
in the lifetime, S:ﬁfl fori > 1. When i = 1, we define e, j (S') = ey <P§+L*1 (St)).

For the extended model, the asset market-clearing at time ¢ and node S requires that:’
ek tL—i [ ot+1-i) . ot
(34) . )¢ (Ptil:; (5 i 71) ;StJeri) =a
i=1 j=1

With the notations above, we define two equilibrium concepts as in models above.

Definition 5. The competitive equilibrium in the generalized model is a sequence of the as-
set holdings and consumptions for all types and asset prices in all nodes starting in time 0,

{{ej (St) /1 Cj (St) }j’ p (St)} for VS' and t > 0, satisfying:

¢ Individuals maximize their expected utility under budget constraints given the sequence
of asset prices.

e The asset market clears and the aggregate resource constraint holds.

9 By Walras’s law, we ignore the market clearing for the consumption good here as well.
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We can show the existence of a competitive equilibrium for this generalized model using a
standard truncation method as well.

For the recursive ME that we will define below, we take all but one of the asset demand
quantities as the lagged endogenous state variables via the asset market clearing condition. For
specificity, we exclude the asset demand of the type-M agent in the second oldest cohort with
age L — 1 and let the set of the lagged state variables in time ¢:

(35) Gr—1 = {{ei,j,t1}]-_1/_“’M}1._1,“.,L1 \ {e(L—l),M,t—l}

With an abuse of notation, we also denote ¢;_1 as the ((L — 1) M — 1) vector of the lagged
endogenous state variables in time t.
Definition 6. The recursive ME is defined by time-homogeneous policy functions for the asset
holdings, consumptions and asset prices: {{e]- (x) ¢ (x) }]. P ( X)} which solve the household

problem and clear both the asset and consumption markets. x = [¢_1,5] € £ C R(E"DM repre-
sents the minimal state variables: the lagged asset holdings distribution and the realization of
the current aggregate uncertainty.

For the recursive ME, we re-write the equilibrium conditions as follows:

(36) E(S") =& (&-1,51)
2 = 1"E(Eo1,80) T e -1)m (Piﬂﬁz (St_HZ) ;SLL+3)

where ¢ is an ((L — 1) M — 1) vector of ones to sum the asset holdings distribution except for
the demand by the type-M and age-(L — 1) agent and

[ {ew o (PR (S72)581 1) |

(pt+2 t—L+3) .t
(37) E(S') = e (P (7079580 10) j=1,..M

s (P E0) Ly

is the ((L —1) M — 1) vector of demand functions for all but the second oldest type-M agents
in node S'.

Aswe did in Section 3, we show the existence of a LIFS as the ME mapping around the deter-
ministic steady-states under small aggregate shocks in this generalized model via a functional
application of the IFT.

For this analysis, we specify the law of motion for the endogenous state variables as:

(38) & (Gr1,5t) =+ T (&1 — &) = G (Er-1,51)

for sy € {z1,...,z¢} whereI'**isa ((L—1)M —1) x ((L—1) M — 1) coefficient matrix given
state s; in time t with p (") — the spectral radius of I'** — less than one by focusing on either
determinate or indeterminate case as discussed later.

Next, we let the law of motion for prices be:

(39) p(Er,s) =P + (A (G — &) = H(G-1,51)

=1,.,.M-1
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for sy € {z1,...,z5} where A* isa ((L —1) M — 1) coefficient vector given state s; in time t.
Note that we allow the affine matrices, I'** and A%, to vary over the state since we allow an
arbitrary number of states which can be more than two in this generalized model.

As the analysis in the three-period SOLG model above, we first show in Lemma 2 that
when the shocks are zero, the linear forecast functions satisfy the equilibrium conditions for the
extended model at the steady states.

Lemma 2. In a general deterministic OLG model with a single long-lived asset, the linear forecast
functions will be the steady-state values of & and p when _q = ¢, i.e. G({_1) =¢+T ({1 —¢&) =¢

and H(—1) =p+ A" (E1-§) =pati =0
Proof. See Appendix A

With Lemma 2, we apply the functional version of the IFT to show the existence of a high-
dimensional LIFS in this extended SOLG model in a neighborhood of the deterministic steady
state under a small aggregate shock. This is the main content of the following proposition.

Proposition 4. In a general SOLG model with a single long-lived asset, there will be ME generated by
a LIFS given by (38) and (39) in a neighborhood of the deterministic steady state for sufficiently small
shocks.

Proof. See Appendix A

As in the three-period model, we do not specify the deterministic steady states to prove
Proposition 4. Thus, there exists a LIFS around all possible deterministic steady states. Propo-
sition 4 also does not require any specific assumptions on structural parameters other than the
size of the shock.!? Therefore, the results in Proposition 4 apply to an extensive set of economies
in a general SOLG model with a single long-lived asset.

We now numerically check the assertion of Proposition 4. For this analysis, we simulate four
different multi-period SOLG models with high-degree Chebyshev polynomials: four-period
lived agents model, five-period lived agents model, six-period lived agents model and four-
period lived and two types of agents model. These four different models have two, three, four
and five lagged endogenous state variables, respectively.

In these simulations, we keep using the CRRA preference. ¢ = 5 and g = 0.97°/L for
one period. There is an LI.D. imperfectly correlated multiplicative shock between endowment
and dividend as follows: {6*,w*} = {0.95,0.95}, {6*2, w*2} = {1.05,0.95}, {6*,w™} =
{0.95,1.05}, {0*,w*} = {1.05,1.05} where the probability 7° = 0.25 for s € {z1,22,23,24}.
Since each model has a different number of overlapping generations and types within a cohort,
we set a different distribution of endowment shares across ages and types for each model. The
endowment distributions are summarized in Table 1.

It is worth noting that for the four-period lived and two types of agents model, we let the
endowment ratio between types in a cohort changes as the cohort ages to reflect the kind of
income mobility observed in data. Otherwise, a constant endowment ratio between types over
ages gives rise to linear dependence between the asset holdings of heterogeneous agents in
each generation because of the inter-temporally homothetic utility function. Under this type
of preference, consumption allocations are proportional to the agents” endowment shares, and
thus excess good demands as well. Since excess good supplies imply the agents’ saving via
holding assets, the agents” asset holdings are also in proportion to their endowment shares.

zs %
wi,]. (Ui,]-

10 The size of a shock is measured by max(s ) [{ }({ ) |67 — 63|, |a%s — a>'||.
L]
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Table 1. Distributions of endowment shares in simulated models

1) (2) ) (4)
4pdltype 5pdltype 6pdltype 4pd2type
age age age age type
w1 0.1833 0.1487 0.1233  0.1833 (0.5609,0.4391)
wy 0.2400 0.1753 0.1493  0.2400 (0.5716,0.4284)
w3 0.2433 0.1847 0.1560  0.2433 (0.5363,0.4637)

Wy 0 0.1580 0.1253 0 -
ws - 0 0.1127 - -
W - - 0 - -
2 2 2 2
Sum 5 5 5 5

- The subscript numbers in the leftmost column indicate age.
- The endowment profiles set for each model to be hump-shaped following data.
- The parentheses denote the endowment ratio between types in each age.

- The endowments across ages sum up to the labor’s share of the total endowment, 2.

Therefore, the asset holdings as lagged endogenous state variables are linearly dependent on
each other under the constant endowment ratio between types across ages if preferences are
described by the CRRA utility function.

To check the linearity property of the equilibrium laws of motion, we run a standard ordi-
nary least square (OLS) regression on the simulated data from the four different models. For
each model, we simulate the economy for 21,000 periods and ignore the first 1000 periods to
avoid the effect of initial conditions on the results and make sure the data used in the regression
analysis lies on the equilibrium attractor. Tables 2 — 5 summarize the results by regressing the
equilibrium allocations on the lagged endogenous state variables for each state of nature in the
four distinct models with the corresponding simulated data. Tables 2 and 3 show respectively
the R-squared value and the standard deviation of the error from the regression of the equity
holdings of the age-2 group on the lagged endogenous state variables.!! Tables 4 and 5 display
R? and ¢ respectively from the regression of the equity price on the lagged state variables. In
the four tables, rows and columns represent states and models, respectively. As Proposition
4 indicates, these numerical results show that the LIFS can represent the recursive ME in a
neighborhood of a deterministic steady state because R? and ¢ are almost 1 and 0, respectively.

Table 2. R? from equity holdings of age-2 group on endogenous state variables

(1) (2) ) (4)
{6,w} 4pdltype b5pdltype 6pdltype 4pd2type
{0.95,0.95}  1.0000 1.0000 1.0000 1.0000
{1.05,0.95}  1.0000 1.0000 1.0000 1.0000
{0.95,1.05}  1.0000 1.0000 1.0000 1.0000
{1.05,1.05}  1.0000 1.0000 1.0000 1.0000

Endogenous variables are all significant with the p value of 0.001.

1 One can get similar regression results for the equity holdings of other age groups in all models examined here.
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Table 3. ¢ from equity holdings of age-2 group on endogenous state variables

(1) (2) (3) (4)

{0, w} 4pdltype b5pdltype 6pdltype 4pd2type
{0.95,0.95}  0.0000 0.0000 0.0000 0.0000
{1.05,0.95}  0.0001 0.0000 0.0000 0.0000
{0.95,1.05}  0.0000 0.0000 0.0000 0.0000
{1.05,1.05}  0.0000 0.0000 0.0000 0.0000

Endogenous variables are all significant with the p value of 0.001.

Table 4. R? from equity price on endogenous state variables

(1) (2) ) (4)
{6,w} 4pdltype b5pdltype 6pdltype 4pd2type
{0.95,0.95}  0.9997 0.9996 0.9995 0.9997
{1.05,0.95}  0.9997 0.9996 0.9995 0.9997
{0.95,1.05}  0.9997 0.9996 0.9995 0.9997
{1.05,1.05}  0.9997 0.9996 0.9994 0.9997

Endogenous variables are all significant with the p value of 0.001.

Table 5. ¢ from equity price on endogenous state variables

(1) (2) (3) (4)

{6, w} 4pdltype b5pdltype 6pdltype 4pd2type
{0.95,0.95}  0.0001 0.0001 0.0001 0.0001
{1.05,0.95}  0.0001 0.0001 0.0001 0.0001
{0.95,1.05}  0.0001 0.0001 0.0001 0.0001
{1.05,1.05}  0.0001 0.0001 0.0002 0.0001

Endogenous variables are all significant with the p value of 0.001.

Another purpose of the numerical analysis is to check the extent of an aggregate shock under
which an economy can have a system of linear functions as the equilibrating process. We stress
that structural parameters can affect the bounds of the shock support needed to achieve the
linearity result. A higher o generates a smaller R? fixing the size of the shock due to imposing
more curvatures in the problem. In other words, a smaller size of shock is required for a model
with a high ¢ to achieve the same level of R? in a model with a low ¢. Similarly, a lower
generates a smaller R? fixing the shock size. These results imply that the extent of an aggregate
shock enlarges in models with a lower ¢ and a higher B.

Our numerical results indicate that we can observe an acceptable linear law of motion de-
termined by an OLS regression in all the four different models with a high relative risk aversion
— 0 = 5 —and a moderate size of imperfectly correlated shock. In the applied macro literature,
widely used values of the relative risk aversion are between 1 and 5. Existing estimates using
micro-level data support this range since they report the elasticity of intertemporal substitution
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lies between 0.2 and 2 which implies the relative risk aversion is between 0.5 and 5 assuming
the CRRA utility function (see Havranek 2013). We indeed find many examples adopting a
small aggregate shock and ¢ < 5 for calibration in the macro literature (see Krusell and Smith
1998; Storesletten et al. 2007; Hasanhodzic and Kotlikoff 2013).

Thus, one can adopt the algorithm based on the structure of the LIFS to compute equilibria
in a broad set of SOLG models with an aggregate shock with a finite support.'? The algorithm
has some important advantages. First, it will generate small approximation errors under a
moderate size of imperfectly correlated shock between labor and capital incomes as the linearity
results hold under this type of shock. Moreover, the algorithm will make computing a very
long-period lived SOLG model with heterogeneity feasible since it needs to include only the
tirst-order term for each endogenous state variable in approximating functions, not any higher
orders or interaction terms between endogenous variables.!?

Therefore, this algorithm will resolve the issue that arises in applying the algorithm of
Krusell and Smith (1998) to the long-period lived SOLG models with heterogeneity where gen-
erations are affected disparately by an imperfectly correlated shock. Their algorithm exploits
low-order moments including aggregate wealth or the mean of wealth distribution over age
and type to predict future prices. However, the low-order moments are not the sufficient statis-
tics to summarize agents’ choice when marginal propensities to save are distinct across gen-
erations and types due to different effects on labor and capital incomes from the imperfectly
correlated shock. Thus, the forecasts based on the low-order moments deviate substantially
from the actual equilibrium in this case so that the Krusell and Smith algorithm might generate
relatively large approximation errors (see Krueger and Kubler (2004)).

Our findings show that very accurate forecasts might require information about the wealth
for each age and type since different generations and types exhibit heterogeneous saving be-
haviors under the imperfectly correlated shock. Tracing the asset holdings of all ages and types
seems to resurrect the curse of dimensionality issue. However, this issue can be partly avoided
by the fact that the ME can be generated by the simple LIFS, and thus it is enough to per-
form the first-order approximation in the projection method. We stress that our results do not
contradict the Krusell and Smith method, but rather complement their work by providing a
possible alternative in certain circumstances under which their algorithm does not provide a
good approximation.

We now analyze the condition under which there exists a homogeneous LIFS as seen in the
three-period model with the Lucas-tree. This is the main argument of the following proposition.

Corollary 2. In a general SOLG model with a single long-lived asset, there will be ME generated by a
homogeneous LIFS with A° = A and I =T for Vs in a neighborhood of the deterministic steady state
for sufficiently small shocks, if S < (L—1)M((L—1)M—1)+1.

Proof. See Appendix A

12 Note that there are many papers in the insurance, asset pricing, and social security literature which use SOLG
models with a discrete shock (see Rios-Rull 1994; Rios-Rull 1996; Storesletten et al. 2007; Krueger and Kubler 2006
and others).

13 To show this point, one would examine how the projection method based on the structure of the LIFS reduces
the number of unknown polynomial coefficients compared to the standard one with tensor products. The standard
projection method requires (L —1) MS ((L—1) M — l)dJrl unknowns where d is the degree of the approximating
polynomials, whereas the LIFS structure requires only ((L — 1) M)? S number of unknowns. As an example, think
about a SOLG model where a representative agent lives10 periods and there are two states. In this case, the LIFS
algorithm and the standard one yield 162 and 9216 numbers of unknowns respectively, assuming d = 2.
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According to Corollary 2, one can find a LIFS having constant affine matrices over states
ifS <(L-1)M((L-1)M —1)+ 1. In the three-period lived SOLG model with s € {h,[}
above, L=3and M = 1,and thus S =2 < (L—1)M((L—1)M —1) +1 = 3. Hence, there
exists a homogeneous LIFS in this model.

Next, we study the continuity property of an invariant Markov measure in this generalized
model. We first examine the characteristics of reduced form parameters in the linear law of
motion. As we did for the three-period model, we restrict our attention to the case where
a homogeneous LIFS exists. By the IFT results in Proposition 4 and Corollary 2, the affine
matrices of a LIFS in a stochastic model are close to the corresponding ones in a deterministic
model by continuity if the size of an aggregate shock is sufficiently small. In the deterministic
model, we show that the affine matrices take a subset of the stable eigenvalues of the Jacobian
matrix of the price dynamics at the steady state as their own.

As with the three-period model, the key to showing the dynamic consistency of the ME is
the construction of a forecast function which is lower order than the full price dynamic forecast.
We first obtain the full price dynamic system by applying the IFT to the asset market clearing
conditions in a neighborhood of the steady state for the generalized deterministic OLG model:

(40) Prv1 =z (qt)

where l’]} = (Pt, ceey Pt—2L+4)-
Then, we can write this as the first-order vector system:

(41) 1 =2(G:) =
Pt—2L+5

where 2 : R23 — R23,
We consider general forecasts which depend on the (L — 2) predetermined price variables
attimet+1,q: = (pt, ..., pr—1+3). We denote these forecast functions as:

(42) pre1 = f(q1)

These forecasts restrict the forward dynamics of the prices to the stable manifold of the
steady state as we will show later. Similar to Z (4;), we define:

f(q1)

A Pt

(43) Grv1 = f(qt) = :
Pt—L+4
where f : IRijrz — IRif.
Let Z and F be given by:
Dz Df

44 7 = dF =
4 L(zL—s) } " [I(L—z> ]

where Z is the Jacobian matrix of 2 (4;) with respect to 47 and F is the Jacobian matrix of f (g;)

with respect to g/ evaluated at the steady state. Dz = %ﬁ{) and Df = % at the steady
t t
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state. J, = [ I,_1 0 | where I,_; is a (n — 1) dimensional identity matrix and 0 is a (n — 1)
dimensional zero column vector.

For the model without heterogeneity, let the vector of the asset holdings for ages from 1 to
(L —2) in time t + 1 be:

(45) C(PraL, - s Prats Prre s Pr—1+4) = G (Gi41)

Given the general forecast function, one can write this asset holdings vector as:

(46) E(@i1) = (f @err—1) - f (1) 1 Gr1)

We define the derivative of (46) with respect to q] 41 evaluated at the steady state:

_ 08 (qi41) _ 98 (qren) 0eir _ oy

athJrl antT+L ath-i-l

[z

(47)

where E is the derivative of & (g;;1) with respect to g7 11, 2 is the derivative of ¢ (4;41) with
respect to ﬁtTJr 1, and K is the derivative of §; with respect to th+1 evaluated at the steady state.
These matrices are given by:

I RN SR " DfFL2 ]
agt+L PriL-1 P14
§) 9 ... _962 :
(48) " 8Pf+L 8Pt+.L71 . E)PtiL+4 and K = DfF
3&—2 aCL—z L. aéi—z IDf
| OPrrL OPrrL1 Opt—1+4 | 4L-2)

(see Kim and Spear (2017) for the derivation of the matrix K in detail.)

For the model with heterogeneity, one can define Z similar with the one without hetero-
geneity but itis a ((L —1) M —1) x (L —2) matrix in the heterogeneity case since there are
((L—1) M — 1) lagged asset holdings as the endoegenous state variables.

With these notations, we can examine a relationship between the eigenvalues of I' and Z
matrices for both the determinate and indeterminate cases in the general model. We also find
a functional relationship between I' and A. These results are summarized in the following
proposition.

Proposition 5. In a general deterministic OLG model with a single long-lived asset with and without
cohort heterogeneity, I' takes a subset of the stable eigenvalues for the Z matrix as a part of its eigenvalues.
There is a functional relationship between I and Aas:

(49) AT =DfF1a-1r
for the model without heterogeneity and
(50) DfF = ATT&

for the model with heterogeneity.
Proof. See Appendix A
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As we noted in the three-period model, we can also classify the general model as locally
determinate, indeterminate and explosive cases based on the Blanchard and Kahn condition.
In the determinate case, there are the same number of stable eigenvalues for Z with the pre-
determined variables. One can find stable eigenvalues for Z more than the number of the
predetermined variables in the indeterminate case. Lastly, the explosive case lacks the stable
eigenvalues and thus its number is less than the number of the predetermined variables.

For the model without heterogeneity, the eigenvalues of I can exactly match the stable eigen-
values of Z in the determinate case since I'is a (L —2) x (L — 2) matrix and there are (L — 2)
stable eigenvalues for Z. Thus, there is one contractive LIFS which generates a unique invariant
measure around the deterministic steady states by the contraction mapping theorem as long as
the size of a shock is small.

For the indeterminate case in the model without heterogeneity, the number of the stable
eigenvalues of Z is more than (L — 2). I can take a subset of the stable eigenvalues as its own.
Thus, one can construct multiple contractive LIFSs. This result indicates there are possibly
multiple invariant measures for an indeterminate steady state under a small shock.

Finally, in the explosive case, there are fewer than (L —2) stable eigenvalues for Z. One
cannot find a LIFS of which I has all eigenvalues inside the unit circle. In this case, one can
tind a stable equilibrium trajectory by working in the backward dynamics of the model, as we
noted in the three-period model.

For the model with heterogeneity, the stable eigenvalues of Z determine only a subset of the
eigenvalues of I' in all cases since the cohort heterogeneity expands the dimension of I'.

A strong sufficient condition for a high-dimensional LIFS in a general model to generate
a singular invariant distribution is that the spectral radii of the affine matrices {I"*}, are suf-
ticiently close to zero. Figure 2 provides an intuition behind how the no-overlap property
can be satisfied when the spectral radius or the Lipschitz constant is small enough in a one-
dimensional LIFS. As the spectral radius goes to zero, the linear maps in Figure 2 become
flatter and the images of the LIFS are less likely to be overlapped. Analogously, for the high-
dimensional LIFS, as the spectral radiuses of {I*}  converge to zero, open sets containing the
images of individual functions in the LIFS shrink and degenerate to {°} in the limit case.
Therefore, the high-dimensional LIFS will be non-overlapped.

However, although the images of individual functions in the high-dimensional LIFS have
both overlap and gaps, its attractor can be a Lebesgue measure zero set as long as there are gaps
in the images of the LIFS when first iterating on an open set containing its attractor. Through
iterations, the gaps fill out the open set and thus, the attractor of the LIFS will be a Lebesgue
measure zero set and its invariant measure will be singular in the limit (see Jorgensen et al.
2007).

Based on this result, we study a relatively weak sufficient condition for a high-dimensional
LIFS to generate a singular invariant measure. For this analysis, we assume that I"® is diagonal-

izable with linearly independent eigenvectors, {¢ }Ei;l)Mfl, for Vs. With this assumption, we

can transform the high-dimensional LIFS, G; : RIL-DM-1 _y REL-DM-1 {50 g {z1,...,25},
into the following system:

(L—1)M—1 (L—1)M—1 i (L-1)M-1 _
(51) Y, Oei= ) (0-i—0)Aeg+ ) O
i=1 i=1 i=1

where A? is the i-th eigenvalue of I fori € {1,..., (L —1) M — 1}.
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Since we focus on the set of orthogonal eigenvectors, the coefficients of each eigenvector in
both sides of (51) should be equivalent. Thus, the system in (51) reduces to:

(52) 0=A"[0_1—6]+6
6, 011 01
where 0 = 6:2 L0, = 6__1'2 ,0° = 9; and A° is a diagonal
G(L—l‘)M—l 0_1,L-1)M-1 gELfl)Mfl

matrix with eigenvalues as entries. For the homogeneous LIFS, I'* = T for Vs and thus, the
superscript for the eigenvalues drops out, i.e. A} = A; for Vs and Vi.

Lastly, let us define S; as the number of distinct i-th row elements in {és}s. For example,
6 = ( 8 >,97‘2 = < (1) ),923 = ( ; ) when S = 3. In this case, Sy = 2-{0,1} -and S, = 3 -
{0,1,2}.

With these notations, we can define a weak sufficient condition for the system of maps
{Gs}, to generate a singular invariant measure. We summarize this condition in the following
proposition.

Proposition 6. The attractor of a high-dimensional LIFS is a Lebesgue measure zero set and its corre-
sponding invariant measure is singular with respect to the Lebesgue measure if the following conditions
are satisfied: i) S < (L —1) M —1orii) if S > (L — 1) M — 1, there exists i such that maxs {A} < sl,
for the heterogeneous LIFS and there exists i such thatA; < sl, for the homogeneous LIFS.

Proof. See Appendix A

As for the three-period model, we analyze a relationship between the structural parameters
and the existence of a singular invariant measure in this general model via the weak sufficient
condition in Proposition 6. The weak sufficient condition also implies that the spectral radii of
the affine matrices are the single most important measure for determining singularity, as the
affine coefficient is in the three-period model. Thus, we examine the effects of the structural pa-
rameters on the spectral radiuses which we can find by rather calculating the stable eigenvalue
of Z in the general model due to the result in Proposition 5.

In this general model, it is hard to classify entire economies into having singular or abso-
lutely continuous measures even when assuming the CRRA preference since a longer lifetime
increases the number of endowment parameters which enlarges the dimension of the parame-
ters to be analyzed. Instead, we select a subset of economies enough to check the relationship
between the structural parameters and the spectral radii.

Via the numerical analysis of this sample, we find a similar relationship as in the three-
period model. Specifically, an increase in ¢ increases the spectral radius. The spectral radius is
small under a hump-shaped endowment profile no matter what the lifetime length is. A lower
o leads to a smaller maximal eigenvalue. Hence, a singular measure will arise in a general
model with a low é and ¢ under a hump-shaped endowment because the LIFS in the model can
satisfy the weak sufficient condition in Proposition 6 which needs small spectral radii.

We provide an intuition for how a high J leads to a large maximal eigenvalue as follows.
One can find similar intuitions for how other parameters affect the spectral radius. Addi-
tional lagged equity holdings for other ages reduce an individual’s current asset holdings more
sharply under a higher J since other ages become wealthier and can purchase more assets. On
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the other hand, additional lagged equity holdings for an agent rather raises her current asset
holdings more sharply in this case because she now gets wealthier and can buy more assets.
Thus, a high J increases the absolute values of all elements in the affine matrices which makes
the spectral radius larger.

Now, we study invariant measures in two four-period lived representative agent models
with the CRRA utility functions to illustrate the results in Proposition 6. The first model has
two states of nature whereas the second one has four states of nature. Both models satisfy the
condition in Corollary 2 because (L—1)M ((L—1)M —1) +1 = 7. Thus, there exists a ho-
mogenous LIFS in all these models. The first model has a singular invariant measure since the
number of states is two which is equal to the dimension of the affine matrix. We call this mea-
sure a trivial singular measure. On the other hand, the second model has a singular measure by
satisfying the eigenvalues condition in Proposition 6 given that the number of states is greater
than the dimension of the affine matrix. We call this measure a non-trivial singular measure.

For the model generating a trivial singular measure, we set ¢ = 2, B = 0.9700/4 § = %
111l
24
For this model, we assume an LI.D. shock with two states having an equal probability. This
multiplicative shock affects the dividend and total asset quantity and its realizations in each
state are given by {6*1,a%} = {0.95,0.95} and {¢%2,4*2} = {1.05,1.05}.

For the model generating a non-trivial singular measure, we use the logarithmic preference,
set the dividend share very small - § = {5 — and make the endowment profile quite hump-

shaped - {w1, wy, w3, ws} = w X {%, %, 15—6,0} — to obtain a low spectral radius which can

and w = % The lifetime endowment stream is denoted by {w, wy, w3, ws} = w X

satisfy the eigenvalues condition in Proposition 6. We maintain the same time discount factor
with the first model. In this model, we introduce an L.1.D. shock with four states having an equal
probability. This shock is also multiplicative and affects the dividend and total asset quantity.
Its realizations in each state are defined by {6*1,4*1} = {0.95,0.95}, {6*2,a*2} = {1.05,0.95},
{6%,a%} = {0.95,1.05}, {0%,a*} = {1.05,1.05}.

Figures 4a and 4b show the attractor set for each trivial and non-trivial singular measure in
the two four period-lived SOLG models.!* The attractor sets in these figures are sparse in the
two-dimensional state space for the lagged asset holdings because the attractor of any singular
measures is a Lebesgue measure zero set. As seen in the three-period model, the attractors in
these models also exhibit fractal self-affinity.

14 To draw these attractor sets, we plot the simulation data from the two different models into the state space
ignoring the first 1000 periods of observations. Based on the ergodic theorem, the set of time-series data generated
by equilibrium mappings represents their invariant set.
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FIGURE 4. The attractor sets of two four-period lived SOLG models

(a) Trivial singular measure

(b) Non-trivial singular measure
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5 Conclusion

This paper studies the invariant Markov distribution associated with the rational expectations
equilibrium in diverse SOLG models under pure exchange: a log-linear monetary model, a
three-period model with a Lucas tree asset, and a generalized model with cohort heterogene-
ity. We are especially interested in the singular measure in these models since the support of
this distribution exhibits self-affinity which is consistent with the fractal patterns observed in
macro-finance data. We prove that the local ME in all the models of this paper can be gen-
erated by a LIFS under arbitrary shock processes if the aggregate shock is sufficiently small.
Therefore, we examine the continuity property of the invariant measure by characterizing the
sufficient conditions on the LIFS for its distribution to be singular with respect to the Lebesgue
measure.

For the log-linear monetary model, we derive a closed form solution for the slope parame-
ters of the LIFS under a small shock. This form implies that only the endowment ratio between
ages matters and the absolute value of the Lipschitz constant is less than 1/2 for the entire pa-
rameter space. Thus, the LIFS in this model under small aggregate shocks is non-overlapped
and generates a Cantor-like invariant distribution all the times. The attractor of the LIFS is a
Cantor-like invariant set showing fractal self-affinity.

In the three-period model with a long-lived asset and general preferences, we demonstrate
that the slope parameters of the LIFS correspond to the stable eigenvalues of the Jacobian matrix
for the price dynamics evaluated at the deterministic steady state if the aggregate shock is
small. Based on this relationship, we numerically examine how structural parameters affect the
stable eigenvalues of the price system and under what parameters values they have an absolute
value less than 1/2. Assuming a CRR preference, we find that a decrease in risk-aversion and
dividend income share decreases the absolute value of the stable eigenvalues. Thus, the LIFS
will be non-overlapped and its invariant Markov distribution can be a Cantor-like distribution
for a model inhabited by low risk-averse agents with a low dividend share.

We extend the results above to the general model with a longer lifespan and heterogeneity.
Similar to the three-period model, we show that the affine matrices of the LIFS take, as their own
eigenvalues, the stable eigenvalues of the Jacobian matrix for the price dynamics evaluated at
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the steady states under the small aggregate shocks. We provide a sufficient condition for the
high-dimensional LIFS to generate a singular measure which is closely related to the spectral
radius of the affine matrices. Thus, information on the stable eigenvalues of the price systems
can allow one to infer the singularity property of the invariant measures generated by the LIFS.
The sufficient condition implies that we can find a trivial singular measure if the dimension
of the essential state space for policy functions is larger than or equal to the number of states
of nature. To obtain a non-trivial singular measure, the number of the shock states should be
larger than the dimension of the state space and the eigenvalues of the affine matrices should
be small enough. We numerically find a similar relationship between the largest eigenvalue
and structural parameters in this general model as in the three-period model. Thus, it requires
a low risk-aversion and a low dividend share in total income to produce a non-trivial singular
measure in the general model.

The existence of the LIFS implies that an algorithm based on this structure allows com-
puting equilibria in a very long-period SOLG models with heterogeneous agents at least for
small aggregate shocks, thus avoiding the well-known curse of dimensionality. Since we prove
the existence of the LIFS under arbitrary shock processes, an approximation adopting the LIFS
structure might work well under an imperfectly correlated shock between labor and capital
incomes as an alternative to quasi-aggregation methods which might generate large approxi-
mation errors in this case.

Finally, we should note that our results have some limitations that merit further research.
First, we do not provide a necessary and sufficient condition for a singular measure to arise
from a linear stochastic equilibrium mapping. Studying such conditions for a high-dimensional
LIFS is a very difficult problem well-known in the dynamic system literature. As next, the in-
variant Markov measure of interest in this paper is one generated by the models under small
aggregate shocks. To examine the continuity property of the invariant measure under a large
size shock, one should study a possibly non-linear IFS since the existence of a LIFS as the equi-
librium mapping will not hold in this case. We deal with the possibility of multiple solutions
issue given the minimal state variables by restricting to the equilibria around the deterministic
steady state of interest. To avoid such restriction, one can study sunspot-like equilibria where a
sunspot variable picks one of the multiple solutions. Otherwise, one should provide conditions
for the equilibria given the minimal state space to be unique. We also leave the question to de-
velop and test the algorithm based on the implication of the LIFS. Since our analytical findings
hold under small aggregate shocks, it is worth analyzing the size and types of shocks where
algorithms adopting the LIFS structure generate acceptable approximation errors.

A Supplementary Material

One can find the proofs of propositions, lemmas, and corollaries, background on iterated func-
tion system, and numerical algorithm for computing equilibria in the models of this paper in
supplementary material related to this article.
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