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Abstract

This paper develops a cash-in-advance model for persistent habits of consumption. With a binding cash-
in-advance constraint, the economic transition can be represented by a one-dimensional or two-dimensional
dynamical system, depending on persistent habits of only cash-goods consumption or both cash-goods and
credit-goods consumption, respectively. We verify the existence of entropic chaos and ergodic chaos for the
former case and identify the presence of entropic chaos for the latter.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, economists have realized that rational expectation models can have more than
one equilibrium; they have also encountered the complicated problem of analyzing qualitative
behavior for equilibrium paths. The chaotic equilibrium has the most complicated dynamics
among all kinds of equilibria.” In this case, a small difference in initial conditions or a slight
perturbation of parameter values may result in an extremely different dynamical process for
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1 Tel.: +886 3 5712121x56463; fax: +886 3 5131223.
2 There are bubbles, sunspots, cycles, and chaotic equilibria; refer to Barnett et al. (1989) and Benhabib (1992).

0167-2681/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jebo.2005.09.005


mailto:hjc@ntu.edu.tw
mailto:mcli@math.nctu.edu.tw
dx.doi.org/10.1016/j.jebo.2005.09.005

246 H.-J. Chen, M.-C. Li/ J. of Economic Behavior & Org. 65 (2008) 245-260

an economy over time. These phenomena have led researchers to investigate the possibility of
endogenous fluctuations in economic models, while traditional macroeconomic models still use
unexpected shocks to explain fluctuations in outputs and prices within the economy.

In the literature on monetary economics, money has been introduced in several models through
a cash-in-advance constraint. Assuming that households can consume cash goods and credit
goods, Michener and Ravikumar (1998) extended the work of Woodford (1994) and provided
examples of chaotic motions in a cash-in-advance environment. The study by Auray et al. (2002)
incorporated habit persistence in a monetary economic model. They showed that under a simple
cash-in-advance economy, habit persistence can cause endogenous oscillations and chaotic
equilibria.

In this paper, we develop a cash-in-advance model with consumptions of both cash goods and
credit goods in the economy, and prove the existence of chaotic dynamics. Different from Michener
and Ravikumar, our model allows that agents have persistent consumption behavior habits. We
join the literature of “catching up with the Joneses” formation by assuming that each individual
compares the current consumption with past average consumption.> Moreover, households can
consume both cash goods and credit goods in our model while households consume only cash
goods in Auray et al.

For our model with the binding cash-in-advance constraint and households having only the
persistent habit of cash-goods consumption, we derive a one-dimensional dynamical system,
representing the economic transition from a first-order difference in real money balance. We then
verify the existence of chaos in the sense of positive topological entropy (entropic chaos) and the
presence of a unique ergodic invariant measure absolutely continuous with respect to the Lebesgue
measure (ergodic chaos), while the previous studies analyzing the complicated dynamics of
economic models focused on the chaos in the sense of Li and Yorke (1975). On the other hand,
assuming that agents had persistent habits of both cash-goods and credit-goods consumption,
we obtain a second-order difference in real money balance that induces a two-dimensional
dynamical system for the economic model, and we identify the presence of entropic chaos.

The remainder of this paper is organized as follows. In the next section, we develop a cash-in-
advance economy with the habit persistence of cash goods and show that this exhibits entropic
chaos as well as ergodic chaos. In the subsequent section, we extend the model by allowing
agents to have persistent habits of both cash-goods consumption and credit-goods consumption,
and show the existence of entropic chaos. The final section presents the conclusion of our study
and suggestions for future projects.

2. The model

We consider an economy with infinitely living identical agents. Following Lucas and Stokey
(1987), we assume that agents consume cash goods (¢;) and credit goods (d;). We use p; to denote
the common price of these two goods and M; to denote the nominal money balance in period
t. Households are composed of shoppers and workers. The details of the trading scenario and
the sequence of events are described in Lucas and Stokey and in Michener and Ravikumar. In
period ¢, individuals use the real money balance M,/ p; brought forward from the previous period

3 For studies applying habit formation to growth models, see Alvarez-Cuadrado et al. (2004) and Ryder and Heal (1973).
For papers exploiting habit persistence in asset pricing models to resolve equity premium puzzles and to explain several
asset pricing phenomena, see Abel (1990) and Campbell and Cochrane (1999).
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t — 1 to buy cash goods. Hence, agents face the following cash-in-advance constraint of the cash
goods:
M;
< —. (1
Pt
Households are endowed with constant v in every period. Cash goods and credit goods are
produced by the production function, Y; = f(v) = v. Assuming that both cash goods and credit
goods will perish after one period, we have

¢ +d < v )

In period ¢, the government injects money into the economy by giving a nominal lump-sum
transfer T; to households. We assume that the nominal money supply M grows at the rate of 6, that
is, M,y 1 = (1 + 0)M,. Thus, T, = M, — M,. Households allocate the transfer, the real money
balance carried from the last period, and the value of output on the cash goods, the credit goods
and the money balance they plan to carry to the next period. Therefore, the budget constraint for
households can be written as

M M T,
t+1§v+7t+7t. 3)
Pt Pt Pt
Agents have the persistent habit of cash-goods consumption and will compare their current
consumption of cash goods with the average cash-goods consumption of the previous period. This
preference is separable in cash goods and credit goods, and is represented as

Ct+dt+

> UV (et 1), Gdr)), ©)

t=0

where 1 € (0, 1) is the discount factor, and ¢;_; is the average consumption of cash goods in
period ¢t — 1. We make the following assumptions about the utility function:

Assumption 1. The utility function is strictly increasing in ¢; and d;. That is,
au
— V(e ¢-1), Gdy) > 0
BC,
and
oU _
—(V(er, ¢-1), Gdp) > 0.
ad;

Assumption 2. The utility function is twice differentiable and strictly concave in ¢; and d;. That
is,

*U }
— (V(er, €-1), G(d) <0
acy
and

*U _

—5 (V(er, €-1), G(dy)) < 0.

ad;

Assumption 3. The utility function is decreasing in ¢;—1. That is,

U
—(V(cr, ¢-1), G(dy)) < 0.
0¢,—1
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Assumption 1 demonstrates that by holding past average cash-goods consumption constant,
an increase in current consumption will not reduce the utility. Assumption 2 indicates that the
marginal utility of the cash/credit-goods consumption decreases with an increase in the cash/credit-
goods consumption. Assumption 3 states that by holding current consumptions unchanged, an
increase in the past average consumption of cash goods will not enlarge the utility.

In order to study the dynamics of the economy over time, we set the real balance m; = M,/ p;.
Money market clearing implies that M; = M,. Given the growth rate of money supply, the per-
fect foresight equilibrium comprises the sequences of prices, transfers, and individual decisions
{c:, di, m;} such that (i) the household maximization problem will be solved for {c;, d;, m;} by
maximizing the utility function subject to Egs. (1) and (3) and the non-negativity constraints of
¢t, dy and my; (ii) the equilibrium in the goods market implies that Eq. (2) holds with equality;
and (iii) money market clears.

Using A; and p; to represent the associated Kuhn-Tucker multipliers of the constraints Egs.
(1) and (3) respectively, the first-order conditions are

(V(Ct, Cr-1), G(dt)) (Ct, Ci—1) = (A + 1o pr, (5)
oUu
7(V(Ct, Ci—1), G(dt))a(dt) Mt Dty (6)
t
NArr1 + Met1) = M. @)

Notice that constraints bind at household’s optimal decisions due to the monotonicity of the utility
function. Combining Eqgs. (5)—(7) and the clearing condition of the goods market, we get

U aVv
W(V(Cwl ,C1), G(v —cry1)) o, (Ccr+1,C1)
+
1 + 6 niy
= P—— E(V(C ¢r-1), G(v — Ct)) (V — ). ()
t

Unlike Michener and Ravikumar who needed the unbinding cash-in-advance constraint to
generate chaos, here we focus on the case when the cash-in-advance constraint always binds
and will show the existence of chaos. We consider a separable utility function that satisfies
Assumptions 1-3:

U(V(ct, Ci-1), G(dy)) = V(cy, ¢—1) + kG(dy), (©)]
where
l—p
1
- (ct> —1|, if p#1,
1—p |\ &
_ -1
Vier, ¢i—1) = (10)
1%(§> it p=1,
€1
and
I-y
d, " —
—, if 1,
Gdy={ 1=, T 7% (11)

log(dy), if y=1,
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with p > 0, £ > 0 and y > 0. The parameter value x > 0 measures, given the same utility, how
many units of cash goods are needed to substitute for one unit of credit goods. The parameter
& measures the degree of habit persistence of cash-goods consumption. As indicated by Abel,
if & = 0 then households do not compare their current cash-goods consumptions with their past
average cash-goods consumption within the economy and Eq. (4) is the time-separable utility
function as usual.

Because the dynamics of the real money balance will disappear provided p = 1, we make the
following assumption in order to avoid this situation.

Assumption 4. p # 1.

One-dimensional dynamical systems
Using the utility function form in Eq. (9), we derive a first-order difference equation for the
real money balance from Eq. (8):

146 3 1/(1=p)
M = {"(:)m}*s“ v —m»—y} . (12)

For the rest of this section, we study the dynamical behavior of Eq. (12). Without loss of
generality, we assume that v = 1. For simplicity, let o = (k(1 + )/ 1=P o =(1/1— p)+ &,
B = —(y/1 — p), and x = m;. For searching chaotic behavior, we focus on the case when o > 0
and $ > 0. Then the dynamics of Eq. (12) with m; > m;4 is equivalent to the dynamics of the
family of functions x > fy, o g(x), where fy, o5 : 1 — R™ is defined by

forap(¥) = 0x*(1 — x)P, (13)

where w, «, and $ are positive real parameters, and I = R+ if Bis an even integer and I = [0, 1]
if B is not even. The restriction of the domain / depending on f is necessary in order to focus
our interests on the points whose images are still positive. For simplicity, we write f = f, . 8
denote the identity function by £, and inductively define f" = f o f"~! for positive integer n.
The restriction of fon a subset J of  is denoted by f|J.

For the case when B is not an even integer, Chen and Li (2006) proved that under certain
conditions the family Eq. (13) has chaotic dynamics in the sense of Li and Yorke, Devaney
(1989), and Smale (1965). In this section, we study the case when 8 is even and will prove that
Eq. (13) has entropic chaos and ergodic chaos.

First, we recall the definition of topological entropy and entropic chaos; refer to Robinson
(1999).

Definition 1. Let g : X — X be a continuous map on the space X with metric d. For n € N and
€ > 0,aset S C X iscalled an (n, €)-separated set for g if for every pair of points x, y € § with
x # y, there exists an integer k with 0 < k < n such that d(g*(x), g“()) > €. The topological
entropy of g is defined to be

. . log(max{#(S) : § C Xis an (n, €)-separated set for g})
hop(glX) = lim limsup ,
e—>0,e>0 3500 n
where #(S) is the cardinality of elements of S.
We say that g has entropic chaos on X if hp(g|X) > 0.

Topological entropy has played a fundamental role in the theory of chaos. Its concept is a
mathematical formulation of exponential divergence of nearby initial conditions. It describes the
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total exponential complexity of the orbit structure with a single number in a rough but expressive
way. The topological entropy is positive for chaotic systems and is zero for non-chaotic systems.

It is also possible to define a measure theoretic entropy /,(g) for an invariant measure (.
Then the Variational Principle says that topological entropy is the supremum of metric theo-
retic entropies; more precisely, if g : X — X is a homeomorphism of a compact metric space
(X, d) then hyop(g) = sup{h,(g) : pis an f-invariant Borel probability measures on X}; refer to
Theorem 4.5.3 of Katok and Hasselblatt (1995).

Back to the family Eq. (13); f'has critical points at 0, /(o + f) and 1. Consider the case when
o < lora=1and w > 1. Then f has three fixed points, namely, 0, g, p, with0 < g < 1 < p;
see Fig. 1(a). We prove the existence of entropic chaos.

Theorem 1. Let f = fi, op be the family Eq. (13) with 0 < o < 1 and B > 0 even. Then we
have the following properties:

L if f(a/(a+ B) =1, then hyop(f1[0, 1]) > log(2) and hence f has entropic chaos on [0, 1];

2. 0f fla/(a+ B)) > 1, then hop(f1A) = log(2) and hence f has entropic chaos on A, where
A={x: f"(x) € [0, 1]for alln > 0}; and

3. if f(a/(a+ B)) = p, then hyop(f|A) > 1og(3) and hence f has entropic chaos on A, where
A ={x: f"(x) €0, plforalln > 0}.

Proof. We prove item 1 by adapting the method of Robinson for the first part and the method

of Katok and Hasselblatt for the second part. Let I} = [0, o%i—ﬂ] and I, = [aaTﬂ’ 1]. Then
7110, 11) N [0,1] = [0, 1] = I; U Ir. For n > 1 and for ig, iy, ..., in—1 € {1, 2}, let

n—1
Ligironiny = [ ) £ 75U = {x €10, 1] : f5x) € I for0 <k <n —1}.

k=0
Let So = [0, 1] and forn > 1, let
n n—1
Se=(rra0.m=r*nv= U Tpiinr
k=0 k=0 i04i1 5 sin—1€{1,2}

Then S, = [0, 1] for all n > 0. Moreover, we claim for all n > 1, the following properties:

(a) ifig,i1,...,in—2 € {1,2},then iy ;i = Tigiy,..in_2,1 Y Lig iy,....in_n,2 1S the union of two
nonempty closed intervals with disjoint interiors;
(b) %f 10,01, ..., in_l,.ié), i/l’ R i;hl e {1, 2} with (i(.)’ i1,... a.in—l) #* (i6, i/l’ oo i;171)’ th.en
int(lg iy, i) N 1nt(1i6 ! l) =@ and so S, is the union of 2" closed intervals with
il

pairwise disjoint interiors; and
(c) the map f takes the component ; ;.
Iil,---yin—l of Sn—l-

of S, homeomorphically onto the component

coln—1

The claim is true by induction on n. For n = 1, then S; = [0, 11N f_l([O, 1D=LUIL is
the union of two nonempty closed intervals with disjoint interiors. The map f is monotoni-
cally increasing on /; and hence f maps I; homeomorphically onto [0, 1] = Sp. Similarly, f
is monotonically decreasing on I, and hence f also maps /> homeomorphically onto [0, 1] = Sp.
The set S1 = I1 U I, = [0, 1]. Assume the claim is true for n and we verify it for n + 1. Let
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I, ...i,_, be a component of S,. Then f([;, i ,)=1;,. i, , is a component of S,_1, and

.....

Iil .... iy = Iilv‘“’i)lflsl U ]l'ls-win—l,z' Therefore,
Ligsooiny = F NSO N gy iy = FN S0 N Ly i) OV
= iy DY T i D10

is the union of two nonempty closed intervals with pairwise disjoint interiors, so (a) holds. Since
there are 2" choices of the index for I, ; ,, the set S,4 is the union of 27+1 intervals, so (b)
holds. The map fis monotone on the component ;. ;,_,, i of S,41, so it maps homeomorphically
onto I;;, .. i,_,,j of Sy, so (c) holds. This completes the verification of the claim.

For n>2, let Erll be the one-sided sequence space {i= (ig,i1,...):Ix €
{1,2,...,n}forallk > 0} with the metric d(i, j) = Z/fio 8(ix, jr)/3%, where 8(s, 1) is zero if
s =t and is one if s # . The shift map o on Eé is defined by o(i) = j where ji = iy for all
k> 0. Let E‘% be the space obtained from Eé by identifying (ig, i1, . ..) and (jo, ji, .. .) if there
exists n > O such that iy = jy for0 <k <n—1,i, =1, j, =2 and iy =2 and ji = 1 for all
k > n. Define g : [0, 1] — X} by g(x) = (io, i1, ...) where f¥(x) € I;, forall k > 0.

We prove that g is a semi-conjugacy from fon [0, 1] to o on E‘%. First we check the condition
thatgo f = o o g.Letx € [0, 11, (io, i1, ...) = g(x)and (jo, ji, ...) = g(f(x)). Then f*t1(x) €
I, and fA1(x) = fX(f(x)) € I),. Hence, ix1 = jk s0 g(f(x)) = o(g(x)). Next we check that
g is surjective. Let (ig, i1,...) € 2‘%. By the above claim, {I;, . ; }1°° is a nested sequence of
nonempty closed intervals. Thus, there exists xg € ﬂ;’;o Lig,...iy = ﬂ/?io f _k(lik). Therefore,
fr(xo) € I;, forall k > 0 and hence g(xo) = (io, i1, . . .). Last we must check that g is continuous.
Letx € [0, 1]and (ig, i1, ...) = g(x). Lete > 0. Pick an integer n such that 37" < €. Consider the
interval [; . ;, . Take § > 0 so small thatif y € [0, 1] with |y — x| < §,theny € [;,, _; .Fory e
[0, 1] with |y — x| < 8, let (jo, ji,--.) = g(y). Then ji = s for0 < k < n.Thus, d(g(x), g(y)) <
)y 41 37k =27137" < ¢. This proves the continuity of g. We conclude that g is a semi-
conjugacy from fto o.

The space Z‘% is obtained from Eé by identifying two sequences if they are itineraries of the
same point in S. Thus, the shift map o on Z‘i and f|[0, 1] both naturally project to the shift
map o on E‘%. Notice that the semi-conjugacy g : ZJ% — E‘% is injective outside a countable set,
namely, the itineraries of points in the backward orbits of turning points. Notice further that by the
Variational Principle it suffices to consider non-atomic measures, since purely atomic measures
have zero entropy. Consider a non-atomic o-invariant measure ¢ on 2; and pull it back via
the semi-conjugacy g to a measure g2.¢ on ZVJ%. Thus, g establishes a bijective corresponding
between ¢ and g, ¢ so the measure theoretic entropies coincide. By the Variational Principle, we
have hip(o]Z)) = supgh;(o|i‘%) > sup, hg,o(0]%3) = sup_ho(0] Z3) = hiop(a| £}). Since g
is a semi-conjugacy from £1[0, 1] to 0|2}, hiop(f1[0, 11) > hiop(0] £1) = hiop(0] Z}) = log(2).
We have finished the proof of item 1.

We prove item 2 by making a slight modification from the proof of item 1. Since f(a/(c + B)) >
1, there exists pp, po such that 0 < p; < p» <1 and f(p1) = f(p2) = 1. Let I} = [0, p1]
and I, = [p2, 1]. Then f~'([0, 1)) N[0,1] =1 U L. Forn > 1 and iy, ..., i,_1 € {1,2}, let
Lig...oinr = iZo £ (T, Let So =10, 11 and for n > 1, let Sy =Uj, i e(1.2) Liowin_-
Then A = nf;io S,,. Moreover, for all n > 1, we have

(a) if dp,...,ip—2 € {1,2}, then I i, NSy =Uje(1,244i,....i,_p,j 15 the union of three
nonempty closed intervals with pairwise disjoint interiors, which are subsets of /;; .

N
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(b) the set S, is the union of 2" closed intervals; and
(c) themap ftakesthe component /;, . ; , of S, homeomorphically onto the component [;, _; ,
of S,_1.

Define g : A — Z‘% by g(x) = (ip, i1, . . .) where fk(x) € I;, forall k > 0. Then g is a semi-
conjugacy from fon A to o on Z‘%. Therefore, we have hp(f|A) > hmp(a|2%) > log(2).

We prove item 3 by using the same argument as above. Since f(«/(x + B)) > p, there exists
pP1, p2 such that 0 < p; < p» < 1 and f(p1) = f(p2) = p. Note that p; = p; if and only if
fla/(a+B) = p.Let Iy = [0, p1], I, = [p2, 1] and I3 = [1, p]. Then f~'([0, p)) N [0, p] =
LULUIz. Forn>1 and i, ...,i,—1 €{1,2,3}, let I;, _; , = ﬂz;é f_k(lik). Let So =
[0, pl and forn > 1, 1let S, = Uio,...,in,le{l,z,S} Lig....i,_,- Then A =72 Su. Moreover, for all
n > 1, we have

(a) if i, ..., 12 € {1,2,3}, then Ij; _ ;,_, NSy = Uje1,2,311ig,...,i,_n,j 15 the union of three
nonempty closed interval with pairwise disjoint interiors, which are subsets of I;; .

(b) the set S, is the union of 3" closed intervals; and

(c) themap ftakesthe component /;, . ; , of S, homeomorphically onto the component /;, _; ,
of S,_1.

cip—2>

Let E’% be the space obtained from Z‘% by identifying (i, i1, . . .) and (jo, j1, . . .) if there exists
n > 0suchthatiy = jyforO0 <k <n-—1,i, =2, j, =3and iy =3 and jy =2 forallk > n or
if p = g and there exists n > O such that iy = jy forO <k <n—1,i, =1, jy=2and iy =2
and jiy = 1 forall k > n.

Define g : A — X1 by g(x) = (o, i1, . ..) where f*(x) € I, for all k > 0. Then g is a semi-
conjugacy from fon A to o on E‘%. By using the Variational Principle as in the proof of item 1,
we have hiop(f14) = hiop(0]Z3) = hiop(a| Z3) = log(3). O

Next, we consider the family Eq. (13) with « > 1; see Fig. 1(b). Suppose that f(«/(e + B)) >
/(o + B). Then fhas four fixed points, namely, 0, r, ¢, pwithO < r < a/(¢+ B) <g < 1 < p.
Moreover, r has a preimage in (g, 1), namely, r4 with f(r4) = r. We prove that the topological
entropy is positive.

1.6
1.4
1.4
12
1.2
1
1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
(@ 020400608 1 1.21.4 = (b 0.2 0.4 0.6 0.8 1 1.2°

Fig. 1. The graphs of (a) fio,1,2 and (b) f35,3,2.
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Theorem 2. Let f = fi, 4, p be the family Eq. (13) with a > 1 and p > 0 even. Then we have the
following properties:

L. if f(a/(a+ B) = ry, then hyop(f1A) > log(2) and hence f has entropic chaos on A, where
= {x: f"(x) € [r, r+]for alln > 0}; and

2. if fla/(a+ B)) = p, then hip(f1A) > log(3) and hence f has entropic chaos on A, where
= {x: f"(x) € [r, p]for alln > 0}.

Proof. First we prove item 1. Since fis monotonically increasing on [r, aLJrﬁ] and is monotoni-
cally decreasing on [a+ , r+], the assumption f(«/(a 4+ B)) > ry implies that [r, -] N f([r, r+])
consists of two nonempty closed intervals, say /; and I, such that f(I1) = f(l2) = [r,r+]. By
using the same argument as in the proof of Theorem 1, the desued result follows.

Next, we prove item 2. Since f is monotone on [r, < ﬁ ] [—/3 1] and [1, p], respectively,
the assumption f(«/(o + B)) > p implies that [, p] N f([r, p]) consists of three empty closed
intervals, say I, I> and I3, such that f(I1) = f(I2) = f(I3) = [r, p]. Again, by using the same
argument as in the proof of Theorem 1, we have the desired result. ]

Next, we give the definitions of ergodic invariant measure and ergodic chaos; refer to Robinson.

Definition 2. Let / be a bounded closed interval and g : I/ — [ be a continuous map. A measure
¢ is said to be g-invariant if c(g~'(A)) = c(A) for all measurable set A. A g-invariant measure
¢ is said to be ergodic if ¢(I\ A) = 0 for any measurable set A with g(A) = A and ¢(A) > 0. We
say such a map g has ergodic chaos on I if there exists a unique ergodic g-invariant measure that
is absolutely continuous with respect to the Lebesgue measure.

The concept of ergodicity indicates that almost all orbits are dense in the support of the
measure because for any set of positive measure A, the orbit of A has full measure. Alternatively,
the Birkhoff Ergodic Theorem [refer to Theorem 4.1.2 of Katok and Hasselblatt] implies that if
g has an ergodic invariant measure ¢ on I, then for any ¢-integrable real-valued function ¢ on 7,
lim;,— o Z:'l:_()l o(g'(x) = f ;1 9(x) dg(x) holds for g-almost all x € /. That is, ergodicity reveals
that for any integrable function, the time average along almost all orbits is equal to the space
average of the function. A dynamical system may have many ergodic invariant measures. The one
that is absolutely continuous with respect to the Lebesgue measure is the most interesting and
important.

In Boldrin et al. (2001), it is shown that the family Eq. (13) with « = 1 exhibits ergodic chaos
under certain conditions. Here, we prove the existence of ergodic chaos for Eq. (13) with integers
o> land 8> 1.

Theorem 3. Let f = fi, op be the family Eq. (13) with o > 1 and B > 1 both integers, and
fla/(a+PB) >af(a+ B). Let 0 < r < g < ry < 1 be as mentioned above. If f(a/(x + B)) <
re, f(q) < =1 and f¥a/(a + B)) = q for some k > 2, then f has ergodic chaos on [r, ry].

Proof. By Proposition 1 of Boldrin et al. [originally due to Misiurewicz (1980)], it is sufficient

to show that the Schwarzian derivative of f is negative, that is, Sy(x) = % — 7(/},((;‘)) )2

for all x € [r, r+\{O, 1, ai—ﬂ}. For convenience, let A = (—1)Pw(a + B) and a; = a/(a + B),

and leta; be O for2 <i<wandbelfora+1<i<a+p—1 Then f'(x) = AJ[;(x —a)
') =A% Tl jx —an), and f""(x) = A3 7,54 []izj4(x — ai). Here both the product
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and the summation are taken over all integers between 1 and o + 8 — 1. Thus,

1 3 1
S/ =22 wmaemm ~ 3 g

Jok#Ej

- _Z(x—lu_,-)z - %(Zj x,laj)2 <0 forx#aj.
J

This completes the proof of the theorem. (]
At the end of this section, we conclude the result of simple dynamics.

Theorem 4. Let f = f,ap be the family Eq. (13) with a>0,8>0 and 0 <w <
(o 4+ B)*P=1 ) (=1 BP)). Let J be the interval [0, p) if B is an even integer and be [0, 1] if
B is not even. Then for every x € J, f"(x) converges to zero as n tends to infinity.

Proof. Since f(o/(ox + B)) is the unique local maximum of f on J, the assumption implies that
f(x) < x for all x # 0 in J. Fix x € J not equal to 0. Then { f"(x)}>2, is a strictly decreasing
sequence bounded below by 0, and hence there exists X > 0 in J such that lim,_, » f"(x) = X.
By the continuity of f, we have f(%) = f(limy— oo f"(x)) = lim,— o f"T1(x) = %, that is, %
is a fixed point of f. Since 0 is the unique fixed point of f on J, X = 0, so the desired result
follows. O

Note thatsince w = ((1 + 6)/1)!/1=P, the above condition 0 < w < ((o + B)*F~1/(*~1 PY))
is equivalent to 6> —1 4 n((a + B)*TF~1 /(@ 18F))!=P > 0 (respectively 0 <6 < —1 +
n((a + B TP=1 /(a1 BPY)1=P) if p > 0 (respectively 0 < p < 1). Therefore, with the persis-
tence of the cash goods habit, the dynamics of our model will eliminate chaotic behavior and
become simple convergence when the money supply growth rate is sufficiently large (respec-
tively small) provided p > 1 (respectively O < p < 1). This result of bifurcating at the critical
value p = 1 is different from the earlier ones. Woodford argued that an increase of money supply
growth can eliminate multiple equilibria. Matsuyama (1991) demonstrated that a high money
supply growth rate can cause instability in the price levels and showed the result is also robust
with respect to different settings of a money-in-the-utility model. The numerical examination by
Michener and Ravikumar demonstrated that the multiplicity of equilibria cannot be eliminated,
regardless of whether the money supply growth rate is high or low in a cash-in-advance economy.

3. Habit persistence in both cash-goods and credit-goods

In this section, we assume that agents have persistent habits for both cash-goods and credit-
goods consumptions. With a slight modification of Eq. (4), the preference is now represented
as

o0
> UV (e, &-1). G(dr, di1)),
t=0

where d,_| is the average consumption of credit goods in period ¢ — 1. Note that here G is a
function of two variables instead of one variable, as in Eq. (4). In an analogy to Assumption 3, we
assume that an increase in the past average consumption of credit goods will magnify the utility
while keeping current consumptions fixed.
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Assumption 5. The utility function is decreasing in d;_;. That is,

U

o (V(er, &-1), Gy, di-1)) < 0.

The specific function form of G(d;, d;_1) is given as

(dr —tdi)'77 =1,
_ , if 1,
Gld,d-1) = -y r7
log(d; — tdi_1), if y=1.

(14)

The parameter 7 € (0, 1) indicates the degree of habit persistence of average credit-goods con-
sumption. We assume y # 1.

Here the setting of the persistent habit of credit-goods consumption in Eq. (14) is different
from that of cash-goods consumption in Eq. (11) in order to simplify the analysis of the economic
dynamics with habit persistence for both goods. Both forms have been used to describe the
persistence of consumption habit in the previous studies. The former function form was adopted
by de la Croix (1996) and Auray et al. while the latter one was utilized by Abel.
Two-dimensional dynamical systems

Given the utility function of G(d;, di—1) asin Eq. (14), we find that Eq. (8) reduces to

1/1=p)
Mgy = {Af(l:e)miif“”)[u — Oy —mi + rm,]V} . (15)
Hence, the economic dynamics is represented by a second-order difference equation.

For the dynamics of Eq. (15), without loss of generality, we assume that v = 1. For describing
chaotic behaviors, we assume 1/(1 — p) + & = —(y/(1 — p)) = 1. Let w = (x(1 + 6)/n)1/1=P),
x = my, and y = my41. Then the dynamics of Eq. (15) with (m;, ms41) > (my1, msy2) i equiv-
alent to the dynamics of the family of maps (x, y) = F,, -(x, ), where

Foo(x,y) = (3, 0oy(1 — y) + twy(x — 1)). (16)

Numerical simulations indicate that the dynamics of F,, ; vary from simple to chaotic as param-
eters change; see Fig. 2.

First, following the pioneer article of Smale in the theory of chaotic dynamical systems, we
show that F,, ; has entropic chaos due to the existence of a so-called Smale horseshoe; see Fig. 3.

Fig. 2. The x-coordinate orbit diagram of F,, ¢.05(x, ¥) in w.
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-0.5

Fig. 3. The set [0, 1] x [0, 1] and its image Fg 0.5([0, 1] x [0, 1]) form a *“horseshoe”.

Theorem 5. Let F, ; be the family Eq. (16) with > 4 and 0 <7 < 1 — (2/s/w). Then
hiop(Fo,z|A) > 1og(2) and hence F,, ¢ has entropic chaos on A, where

A={(xy): F, (x,y) €[0,1] x [0, 1]forall n € Z}.

Proof. Let S = [0, 1] x [0, 1] be the unit square, and let g(y) = wy(l — y) — twy for y € [0, 1].
Then g([0, 1]) is the bottom boundary of the image F,, -(S); refer to Fig. 3. The maximum of
gon [0, 1]is g((1 — 1)/2) = w((1 — r)/2)2, which is greater than 1 since 0 < 7 < 1 — (2//w).
Thus, Fy, -(S) N S has two vertical strips, namely, V; on the left and V; on the right. Similarly,
F, IT(S) N S has two horizontal strips, namely, H; on the bottom and H, on the top. We have
Fo(Hy) = Vi fork=1,2.

For simplicity, we write F for F,, . Forintegersm < Oandn > 0,let S, = ﬂ;;m Fi(S). Then
S& = V1 U V3 is a union of two vertical strips in S. As in the one dimensional case, forn > 1,

SE=FSgHNS=[FSHNVITULFSE nv)l=FSg~ n H) U FSE~' 0 Hy).

In particular, forn = 2, S5 = F(S} N H)) U F(S{ N Hy) = F([V; U Va1 N H) U F([V; U Vo] N
H>) is the union of 22 vertical strips in Sé. By induction, Sj is the union of 2" vertical strips.
Takingn — oo, we have S3° = No2, S§ is the union of infinitely many vertical strips or segments
(occurring while the widths of strips converges to zero as n — o0). If z € §3°, then z € F'(S)
and F~'(z) € Sforalli > 0. Thus, S§° is the set of points whose backward iterates stay in S.

Considering the sets S%, we have Sgl = H; U H; is the union of two horizontal strips in S.
Then ng is the union of four horizontal strips in 391 . Continuing by induction, we have that for
m <0, 8 is the union of 2~ horizontal strips and S ., = (’,__. 89 is the union of infinitely
many horizontal strips or segments (occurring while the heights of strips converges to zero as
m — —00). If 7€ 8, then z € F7(S) and Fi(z) € S for all i > 0. Thus, S° _ is the set of
points whose forward iterates stay in S.

By the definition of A, we have that A = S°N SO_Oo is the intersection of infinitely many
vertical strips (or segments) and infinitely many horizontal strips (or segments), and A is the set
of points such that both the forward and backward iterates stay in S.

Let Z‘% ={i=(..,i-1,00,11,...):ix € {1,2}for all k € Z}be the two-sided sequence space
with the metric d(i, j) = Z,fi_oo S(Z’j;c{") , where (s, t)is O if s = r and is 1 if s # ¢. The shift map
o on Z‘% is defined by o(i) = j where ji; = ix+1 forall k € Z. Let 2‘% be the space obtained form
2% by identifying (..., i_1, o, i1,...)and (..., j_1, jo, j1,...) ifix = j,, = 1l forall k € Z and
allm < 1, thatis, by identifying two sequences if they are itineraries of the same point in S. Define
h:A— E‘% by h(z) =(...,i—-1,10,11,...) Where Fk(7) e H;, for all k € Z. We prove that h is
a semi-conjugacy from F|A to G|2§.
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First we prove that coh=hoF on A. Let h(z) =(...,i_1,ip,i1,...) and h(F(z)) =
(.. j1, jos j1,---)- Then F*l(z) € H; | butalso F**1(z) = FX(F(z)) € Hj,. Thus, ix41 =
Jjk and o(h(2)) = h(F(2)).

Next we prove the continuity of A. Let h(z) =(...,i_1, o, i1,...). A neighborhood of
(-o.,iz1,dg,11,...) s given by U ={(..., j—1, jo, J1,--.) & Jx = iy for — ko < k < ko}. With
ko fixed, the continuity of F insures that there is a § > 0 such thatif w € A with |w — z| < §, then
Fk(w) € H;, for —ko < k < ko. Thus, if w € A with |w — z| < § then h(w) € U.

Last we check that  is surjective. We apply induction on n to show that ();_, F k(H,-fk) isa
vertical strip for all strings of symbols (..., i_1, ig, i1, ...) € 2‘%. Let(...,i_1,i0,i1,...) € E‘%.
For n = 1, this set is just F(H;_,) = V;_,, which is a vertical strip. Then

() FiHi_) =F (ﬂ Fk—l(Hik)> N F(H;_,)

k=1 k=2

k+1

is a vertical strip. Letting n go to infinity, (o, F k(Hi_k) is a vertical strip or segment. Similarly,
ﬂgz_oo Fk(Hi_k) is a horizontal strip or segment. Thus, (7= _ Fk(Hi_k) is nonempty; say z is
in this intersection. Therefore, h(z) = (..., i_1, o, i1, - . .) and & is surjective. This completes the
proof that £ is a semi-conjugacy from F|A to a|f)§.

By using the Variational Principle as in the proof of Theorem 1, we have that hyp(F|A) >
htop(o|2_7%) = htop(alz']%) = log(2). The proof of the theorem is complete. O

Using the method of Yokoo (2000), we show the existence of entropic chaos for the family Eq.
(16) with w slightly less than 4.

Theorem 6. Let F,, 1 be the family Eq. (16) with3.7 < w < 4 and © > 0 sufficiently small. Then
there exists a set A C (0, 1) x (0, 1) such that F,, {(A) = A and F,, ¢ has entropic chaos on A.

Proof. Let g(y) = wy(1 — y),a = gz(%) and b = g(1/2). Since 3.7 < w < 4,wehave 0 < a <
(@—1D/o<b<1, g®@—1)/o)=(®—1)/o, and g(a,b]) = [a,b]. Let p= (21, 21
then Fy, 0(p) = p.

We first claim that there exist a compact region M C (0, 1) x (0, 1) and a number 7y > 0 such
that for every t € (0, 19), the following assertions hold:

(@) F, (M) C int(M) and p € int(M);

(b) FpIM:M— MisaC I_diffeomorphism onto its image; and

(c) the Jacobian matrix evaluated at p, D, F,, ;, has two real eigenvalues vi(7) and vp(7) with
0 < |ui(t)] < 1 < |ua(7)| and v (T)va(T)| < 1.

The proof of the claimis as follows. Givena; € (0, a), there exists b; € (b, 1) suchthat g(by) >
ar. Then g([a1, b1]) C (a1, by). Similarly, given ay € (0, ay), there exists by € (b1, 1) such that
g(by) > ap. Then[ay, b1] C (a2, by) and g([az, by]) C (az, by).Let M = [aa, by] X [a1, b1], then
M C (0,1) x (0, 1) and F,, o(M) = [a1, b1] x g(la1, b1]) C (a2, b2) x (a1, b1) = int(M). Since
the map (x, y) — y(x — 1) is continuous on the compact set M, we have that for any sufficiently
small T > 0, F,, (M) C int(M), so item 1 follows. It is easy to see that F,, ; is one to one on M.
On the other hand, the Jacobian matrix of F,, ; at point z = (x, y) is given by

0 1

D.F, = .
cent wy —2wy+t(x—1)

7)
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Hence, we have det(D;F,, ;) = —twy < 0 for all z = (x, y) € M and t > 0. Therefore, item 2
follows. Let v1(7) and vz (1) with |u1(7)| < |v2(7)| be the two eigenvalues of Eq. (17) evaluated at
p= (21, 2=1) Then lim,_.q vi(r) = 0 and lim;_,o v2(t) = 2 — @ > —1.7. By the continuity
of v;(r) with i = 1, 2 with respect to T and by |vi(v)va2(7)| = det|DpF, | > 0 for T > 0, item 3
follows.

The rest of the proof involves basic terminologies in the theory of dynamical systems; refer
to Katok and Hasselblatt and Robinson for definitions. Since 3.7 < w < 4, gz(%) < (1/w), and
hence there exists yg € (%, “’T_l) such that gz(yo) =1/w and g3(yo) = (w — 1)/w. Moreover,
there exists a sequence {y_;}?°, such that g(y_;) = y_;y in the interval (%, gz(%)) foralli > 1
and lim;_, oo y—; = (w — 1)/w. Therefore, yy is a transverse homoclinic point with respect to the
fixed point (w — 1)/w for g. Let g = (yo, g(30)), then g € M is a transverse homoclinic point with
respect to the fixed point p for F, o. Let £* be the horizontal line segment in M passing through
p, thatis, £° = {(x, y) € M : y = (v — 1)/w}. Since every point in £° is mapped onto p by F, o,
£ is a part of the stable manifold of p for F, o. Let £ = {(x, y) € M : y = g(x)}, an arc on the
graph of g. Since each point on £ has a backward orbit converging to p, £" is a part of the unstable
manifold of p for F,, . Clearly, £° and £“ have a transverse intersection at F 5,0(‘1) eM.

By the perturbation argument of invariant manifolds [see Appendices 1 and 4 of Palis and
Takens (1993)], for t > 0 small, the c! diffeomorphism F,, ;|M has a saddle point p; € M near
p. The stable and unstable manifolds of p for Fy, -, W¥(p+, F, ;) and W*(p., F, 1), contain arcs
£ and €% which are C I close to £* and £“, respectively. Since transverse intersections are persistent
in the C! sense, ¢ and £% have a transverse intersection g, € M near q. Thus, for all sufficiently
small T > 0, the diffeomorphism F,, ;|M has a transverse homoclinic point for the hyperbolic
fixed point p-.

By the Transverse Homoclinic Point Theorem [see Theorem VIIL.4.5 of Robinson], there
exist k € N and a set A; C M such that f¥(A;) = A; and Ff,’T|A1 is topologically conjugate
to the shift map o|X3. Let A = U2 _ o F), (A then A C M C (0,1) x (0, 1), Fpr(A) = A
and hyop(Fop z|4) = thiop(FE | A1) = Lhiop(o]23) = +1log(2) > 0. The proof of the theorem is
complete. g

Theorems 5 and 6 demonstrate that under certain conditions, chaos will emerge when house-
holds have persistent habits of both cash-goods and credit-goods. Similar to the case when agents
have the persistent habit of only the cash goods, the money supply growth rate also plays a
significant role in determining the possibility of chaotic motion.

4. Conclusions

In this paper, we have shown the existence of chaotic behavior in a monetary economy with habit
persistence in consumption of cash goods and credit goods, and focusing on entropic and ergodic
chaos. The economic transition can be represented by a one-dimensional or two-dimensional
dynamical system depending on the persistent habit of only cash-goods consumption or both
cash-goods and credit-goods consumptions, respectively. We investigated the presence of chaotic
motion under these two situations when the cash-in-advance constraint was always binding. We
also showed that the money supply growth rate is an important determinant of the possibility of
chaotic motion.

The dynamics of a cash-in-advance model become complicated when agents have persistent
habits of both goods; thus future studies of the model are warranted. Some of the parameter
values were restricted to simplify the two-dimensional dynamical system in the model. It would
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be interesting to examine the possibility of chaotic dynamics when these restricted parameters
are relaxed. Our two-dynamical system can be regarded as a perturbation of the one-dimensional
dynamical system y — wy(1 — y). Following the monograph of Palis and Takens, the striking
phenomena caused by unfolding a homoclinic tangency may be further investigated; also refer to
Li (2003).

Our results show that endogenous fluctuations of the real money balance are easily generated
in a cash-in-advance economy with habit persistence. Because the economic performance over
time will be very different, depending on whether the dynamical system is stochastic or chaotic,
econometric studies to detect what the time series data stands for is an important task for the
future. Our model here is a step forward in seeking the most appropriate dynamical systems.
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