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1 Introduction

Traditionally, the functional relation between current utility and future utility has
been considered additively separable over time. It is well known that this assump-
tion is restrictive since in risk environment models the consideration of expected
additively separable utility makes the isolation of both effects, risk aversion and
marginal substitution rate, impossible. Recursive utility remedies this drawback
assuming that agents’ current utility of a consumption stream is expressed as a
function (the aggregator) of current consumption and the utility of the future con-
sumption stream. In this fashion, recursive utility is adequate in models where the
marginal substitution rates are different across agents, and depend on consumption.

An extensive economic literature starting with Koopmans (1960), who stated
a set of axioms guaranteeing the representation of the utility function by means
of an aggregator, has generalized the additively separable models to the case of
recursive utility models in which the marginal substitution rate is allowed to vary
with the agents’ consumption streams.

The approach initiated by Lucas and Stokey (1984) is different, as these authors
suppose that the aggregator is given, and then they impose conditions assuring the
existence of an utility function associated to the aggregator. The method is based on
contraction mapping techniques and is limited to bounded aggregators. Along this
line, Boyd (1990) and Becker and Boyd (1997) consider unbounded aggregators
by means of the introduction of a weighted norm on a certain space of contin-
uous functions obeying an adequate growth condition. Such a condition on the
aggregator, together with some assumptions linking this growth condition and the
discounting rate, assure the existence of a unique recursive utility in the prescribed
class of functions, via contraction mapping arguments as well. The approach we
follow in this paper is related with contraction mapping techniques, but it differs in
that we consider the whole space of continuous functions. Since this space is not
normable, we need to introduce a suitable metric. This apparently slight general-
ization allows us to improve the results obtained in Becker and Boyd (1997) and
Boyd (1990) in the following directions:

1. To obtain existence and uniqueness of the recursive utility function with respect
to the whole class of continuous utility functions when the aggregator is bounded
below and the consumptions streams are bounded sequences;

2. To strength the continuity properties of the utility function in regions where it is
not identically —oo, from weighted-norm continuity to weak—star continuity.
Weak-star continuity of the recursive utility function is a property with major
implications in optimal growth theory, in cases where agents have recursive
preferences. This result immediately implies that the recursive utility function
achieves its maximum value on any weak-star compact subset of the given
commaodity space;

3. To provide a simple way to check the fulfillment of the sufficient conditions
assuring the existence of the utility function. The condition is based in the
application of the root test to the appropriate power series.

A different framework has been developed in Streufert (1990, 1993) by
introducing the notions of lower and upper convergence, leading to the concept
of biconvergence. In the more recent paper of Le Van and Vailakis (2005) the
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convergence properties of the sequence of utility functions obtained from succes-
sive iteration of the Koopmans’ operator is analyzed.

Ma (1993) studies the existence of equilibrium in an exchange economy with
heterogeneous agents and recursive preferences. In Becker and Boyd (1992) several
properties of continuous-time optimal capital accumulation models with recursive
utility are considered.

2 Definitions and preliminary results

In this section we establish some definitions and results that will be used in the
study of the Koopmans’ equation. We follow the approach introduced by the au-
thors in Rincdn-Zapatero and Rodriguez-Palmero (2003) in the context of dynamic
programming.

2.1 Local contractions

Let ¢/ be an arbitrary set in which a countable family of semidistances {d;}7Z,

is defined so that dj(U,V) =0 forall j € N implies U =V forall U,V e U.
It is then straightforward to check that

dju,Vv)

14+djU,V) &)

dU.v)=>27
j=1

defines a metric on 2. We are also interested in defining other metric on some sub-
sets of U, as follows: given a fixed element Ug € U/, and strictly positive constants
c and M, let the metric be

o0
de(U, Ug) = > ¢l dj(U, Up). )
j=1
and the set be
Ueuy =1{U €U : de(U, Up) < M}. 3)

We shall now define two local contraction concepts for operators defined on /.
Definition 1 Let .7 : U/ —> U be an operator.

(i) 7 is a0-local contraction if and only if dj(7U, 7V) < B;j dj(U, V) for
all jeN andforall U,V €U/, where 0 < gj <1.

(i) .7 isa1-local contraction if and only if dj (77U, V) < B dj;1(U, V) for
all jeNandforall U,V €U, where g >0.

The two following theorems are the main tools for existence and uniqueness
of the recursive utility in a fairly general context.

3



Theorem 1 Suppose that (U4, d) is a complete metric space. Let 7 : U — U
be a 0-local contraction. Then, for every Ug € U, the operator .7~ maps the closed
and bounded subset!
dj(ZUp, U .
V= (U cU : djU, Up < BT% D0 g eN]

1-Bj
into itself. Furthermore,

(a) 7 isacontractionon V and admits a fixed point U* on V, that is unique on
U.
(b) Forany U €4, Z"U converges to U* in the metric d as n — oo.

Theorem 2 Let .7 : U/ — U be a 1-local contraction. Then, for every Ug € U
satisfying dc(7Up, Ug) < oo for some ¢ > g, the operator .7 maps the closed
and bounded subset
de.(FUp, U
Ueuy = lu €U : de(U. Up) < (0,,0)}

c

into itself. Furthermore, if (U y,, dc) is complete, then

(@ 7 isacontraction on U u, and admits a unique fixed point U* on U u,.
(b) Forany U € U y,, 7"U convergesto U* in the metric dc as n — oo.

2.2 Recursive utility

Consumption streams are elements of R, that is, sequences ¢ = (€j)§2, of
non-negative real numbers. On this space we consider two linear operators: the
projection, mc¢ = c1, and the shift operator, cc = (c2, C3,...). In some eco-
nomic models it is usual to consider a context in which agents’ preferences on
a given consumption path ¢ depend both on current consumption, sc, and on
the utility of future consumption, oc. This idea of aggregation can be represented
by means of a function W : X x Y — Y U {—o0}, called aggregator, where
XCRy={xeR:x>0}and Y CR.

The following hypotheses on the aggregator W are standard in the litera-
ture (see Becker and Boyd 1997; Lucas and Stokey 1984), and will be also used
throughout this paper.

(W1) W iscontinuouson X x Y.
(W2) W obeys a Lipschitz condition with respect to y

W, y) =W, y) = BOO Iy =Y, VxeX, Vy,y €Y,

where B : X — [0, o0) is a continuous function.

1 The set V is closed and bounded, with respect to the topology generated by the metric d.
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In the seminal paper by Lucas and Stokey (1984), it is supposed that the aggre-
gator is bounded. We eliminate this restriction from the assumptions.
Consider a subset X C I[@ satisfying

o0
ocXCX and 7 UUjX c X, (4)
j=0

where olc = (Cj41,Cj42,...) forall j € N. Then, the aggregator W defines
a recursive operator %  acting over the space of utility functions defined on X
via #U(c) = W(mc, U(oc)). A real function U defined on X C R§ is called
recursive if it verifies the Koopmans’ equation

U) =#2U(c) =W(rc,U(o0)),

that is to say, if U is a fixed point for the Koopmans’s operator % .

Given X C RE with a topology 7, let C(X) be the space of t-continuous
real functions and let C¢ u,(X) be the subset of C(X) satisfying (3) for some
Up € C(X) and ¢ > 0. In order to find a countable family of semimetrics {dj}j?‘”:1
onboth U = C(X) and U u, = Cc,u,(X) insuchaway that the metrics d and d
(defined in (1) and (2) respectively) are complete, the set X must satisfy in addition
to (4) some other properties, and the topology t must be carefully selected. We
suppose in the following that X C RT is a subset of the norm dual of a Banach
space and that 7 is the weak-star topology.? The justification for this selection will
be shown in Remark 1 below.

For general unbounded aggregators the existence of a recursive utility func-
tion on the whole RIE cannot be expected, thus we consider commaodity spaces X
where consumption streams are bounded above and below in their growth rate, as
Becker and Boyd (1997) and Boyd (1990).

Given a consumption stream w > 1, consider the Riesz ideal

Aw) ={c e RN . Ict] < Awy forsome A > 0, forall t > 1}.

Consider the norm |[cllw = supje [Cj/wjl. Notice that (A(w), || - [lw) is the
norm dual of the separable Banach space of sequences g € RE satisfying [|q|l, =

2 1 1gjlwj < oo. We take as natural candidates for commodity spaces the non-
j=11MJ1%)
negative cones

X=Arw) ={ceR : c<aw forsome 1 > 0}, (5)
with w increasing, or the sets

X=A (v,w)={ce ]RT : AV <C < Xiw forsome 0 <A1 < A2}, (6)

2 For a Banach space E, the weak-star topology on the norm dual E* is the weakest topology
so that E is the topological dual of E*. Notable properties of the weak-star topology are that
every weak-star closed and norm-bounded set of E* (in the dual norm defined on E*) is compact
by Alaoglu’s Theorem, and that every weak-star compact subset is norm-bounded. All these facts
can be found in, e.g., Willard (1970).

5



where v and w are consumption streams in ]RT such that v is decreasing, w is
increasing,and 0 <v <1 <w.

The sets given in (6) work well in cases of aggregators for which it is necessary
to keep ¢ away from the null consumption stream 0 (typically, when W (0, y) =
—00). Note that A (0,w) = A, (w), so we refer in the following analysis to
A, (w) or AL (0, w), indistinctly.

Commodity spaces X of the sort given in (5) and (6) are subsets of the dual of a
Banach space and satisfy (4): If c € X = A (v, w), theni1vj < ¢j < dowj forall
j € N,forsome0 < A1 < Ap.Define A1 = Ay v|jov| and Xy = A2|[oW|w, Where
vVl denotes infjcy vjy1/vj. Then Aivj < cji1 < Aowj forevery j € N, so
that oc € A (v, w). Thus, X C X. On the other hand, n(Uj?O:OalX) c X is
clear.

In the following lemma it is supposed that if v is not the null sequence, then
vlilov| < 1 and also that |jow]|w > 1. Obviously, these inequalities always can
be obtained.

Lemmal Let X givenasin (5)or (6) with the weak-star topology. Then, (C(X),d)
and (Ce,u, (X), dc) are complete metric spaces.

Proof Consider the sets K;j defined as

Ki={ce Acvow) : GloviDl <vlcl, lichw < (lowlw)}, ¥jen.

7

Itis readily seen that each K is weak-star closed and norm bounded, thus WeaEk2

star compact by Alaoglu’s Theorem. The family {KJ-}‘J?O:l satisfies Kj C Kji1

and Ay (V,w) = U?ilKj . The first property is obvious. To show the latter, let ¢ €

AL (v,w). Then, A1vj < cj < Apwj forall j e N, forsome0 < A1 < i,. By the

hypotheses imposed, it is then possible to choose j € Nsatisfying (lloviDd < aq

and ([low|lw)! > X2. Thus, ¢ € Kj.

Consider now the countable family of seminorms {pj }j—";1 given by

pj(U) =sup{lu(©)]:c € Kj} = [Ullk;, VjeN,

and the corresponding countable family of semidistances, {dj}j2,, defined, as
usual, by dj(U, V) = pj(U —V) forall j € N. The metrics d and d appearing
in (1) and (2) transform into

U =V,

o0
—— 9 and deU,V)=> ¢l U-V]k.,
T+ IU= Vi cU.V)=>¢cl| Ik

i=1

dU.v)=>27
j=1

respectively. We prove the lemma only for (C(X), d), since for (Cc u,(X), dc) the
proof is similar.

3 When v and w are of the type vj = 81 and wj = o) for 0 < 8 < 1 < «, for all

j € N, then the sets A (w) and A, (v,w) are the weighted spaces £5°(ax) = {C € I@ :

supjen Cj /el < oo} and €°(8, @) = {c € RY : infjencj/sl > 0, supjeycj/al < oo},
respectively.
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First note that, for each j € N, dj satisfies all the axioms in order to be a
distance except that dj(U, V) = 0 does not imply U = V. However, whenever
dj(U,V) =0 forevery j e N, thenclearly U =V because the family of com-
pacts subsets {K 1721 is increasing and their union fill C(X). With this property
at hand, and the fact that the map x — x/(1 + X) is increasing, it is obvious that
d is a distance. To prove that it is complete, let {Un}o° ; be a Cauchy sequence in
the metric d. Then Uy — Um|lk; — O forevery j € Nasn,m — oo, so that
{Un}52, converges uniformly on every compact K; to a continuous function Uj.
Then define the function U = Uj onevery Kj. To show that U is continuous, let
{catae1 be anetof elements of X converging in the weak-star topology to a limit
¢ € X, which is unique since this topology is Hausdorff. Weak-star convergent
nets are norm bounded, thus the set K = {Ca}aci U {c} is norm bounded and in
consequence there exists j € N such that K € K. Now, since U is continuous
on Kj, U(ca) — U(c). In consequence, U is weak-star continuous and d is
complete. |

Notice that convergence in distance d means uniform convergence on the
compact subsets of X, and the same property is true for the metric dc.

Remark 1 The commodity space A (w) endowed with the topology derived from
the norm | - |lw cannot be covered with a countable family of compact sets, since
the unit ball is not compact in the topology generated by the norm. In consequence,
is not possible to define on the space of norm-continuous functions a countable
family of seminorms with the properties described in the proof of Lemma 1 and
C(X) is not metrizable. On the other hand, a weaker topology such as the prod-
uct topology is not suitable either: consider for instance that A, (w) = ﬁ is the
space of all bounded consumption streams, and take an arbitrary increasing fam-
ily of compact subsets {K,—}?"Z1 covering EE. Then, 7'(Kj) € Ry is compact
for all t € N, since the projection 7 is continuous in the product topology, so
atj = max n‘(KJ-) is well defined. It is obvious, however, that the compact set
K = {C}Cj’ozlu {0}, where ¢; = (0,...,0,1+«;jj,0,...), forall j €N, is not
contained in any element of the countable family {Kj }?il- Thus the space of con-
tinuous functions with respect to the product topology is metrizable, but C(X, d)
is not complete.

Remark 2 The compactsubsets K justdefined in (7) satisfy o Kj € K41, forall
j € N. To show this, notice the following properties: |oc|lw < ||CllwlloW]|w, and
vllocl = vlcll viiov]. Then,for ¢ € Kj, itfollows [loclw < ([low[w)! [low|lw=
(Jlow|lw)I T2, and a similar argument shows y[loc|| > (v[loVv])i*L, which proves
the statement. On the other hand, in cases where w is a bounded consumption

stream, and v = 0, we can consider the compact subsets defined as

oo
Kj=]]wo. 1", vien, ®)

j=1
selection which permits to trivially obtain A, (v) = UjZ;Kj, and oK < Kj.
This last property is important for proving that the Koopmans’ operator ¢ is

a O-local contraction, a case for which global uniqueness of the recursive utility
function can be obtained.
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3 Main results

Our first result in this section shows that 7" is a 0-local contraction on C(X),
whenever X = A, (w) and w is a bounded consumption stream. Therefore, the
conclusions of Theorem 1 are applicable to the operator .#. In consequence,
the utility function whose existence is asserted is the unique weak-star continuous
function satisfying the Koopmans’ equation.

Theorem 3 Let W be an aggregator satisfying (W1) and (W2). Let w € RIE be
a bounded consumption stream and consider Bj = maxcek; B((c)) < 1, for all
j € N, where Kj = []52410, i1V, Then,

(a) The Koopmans’ equation has a unique solution U* on C(Ay(w)). Further-
more, U* satisfies

% 0llk;
IIU*IIKJ- <—71
1-8;j
(b) Forany U € C(AL(w)), #"U convergesto U* inthe metric d as n — oc.

Vj e N.

Proof According to Lemma 1 and Theorem 1, we only need to prove that 7 is
a O-local contraction on C(AL(w)). Given a function U € C(AL(w)), #'U is
weak-star continuous from (W1), and because 7 and o are weak-star continuous
linear operators. Let U,V e C(A(w)) and let ¢ € Kj, where Kj is defined as
in (8). Then,
|#U () — V()| =|W(rc,U(oc)) — W(rc, V(o0))|

< B(zc) |U(oc) — V(o0)| (from (W2))

< max B(xc) |U(ac) — V(oC)|

ceKj

< Bj maKx lU(c) — V(o) (since o Kj € Kj)
ce j
=Bj IV = Vlk;-
Thus, we have || #U -2V llk; < BjIU=V]k; and % isa0-local contraction.
]

Now, we establish the corresponding result for the commodity spaces appear-
ing in Lemma X = A, (v,w). The result, which permits to cover aggregators
unbounded below, W (0, y) = —o0o, and undiscounted or even upcounted mod-
els, states some joint restrictions on the preferences and the rate of growth of the
consumption streams. Such joint restrictions are unavoidable whether another tech-
niques are used, as those derived in Boyd (1990), Streufert (1990), or Le Van and
Vailakis (2005).

Theorem 4. Let W be an aggregator satisfying (W1) and (W2). Let Ug € C(A+
(v, w)) be such that the series

o0
de(#'Ug. Ug) = > ¢l || £ Ug — Up |k,
j=1

converges for some ¢ > B with 8 = sup,.x B(X). Then,



(a) The Koopmans operator has a unique solution U* on the set

de(#F'Up, U
Co. U (A+ (v, W) = [u € CCAL(V, W) © de(U, Up) < M]

1-pJc

(b) Forany U € Cc u,(A+(v,w)), £"U converges to U* in the metric d¢c as
n — oo.

Proof According to Lemma 1 and Theorem 2 we only need to prove that 7" is a
1-local contraction on C¢ u, (AL (v, w)). Given a function U € C¢ y, (A4 (V, W)),
U is weak-star continuous from (W1), and because 7 and o are weak-star
continuous linear operators. Let U,V e Cc u, (A (v, w)) and let ¢ € Kj, where
K is defined in (7). Then,

| #U(c) — #V ()| = |W(ITc, U(ac)) — W(ITc, V (oc))]
< BIU(oc) — V(oc)| (from (W2))
< EnaKX B IU(ac) — V(o0
€K

<BIU —Vlk;,, (sinceoKj < Kji).

Thus, we have [[#U — #V|k; < B U — Vlk;,, and # is a 1-local
contraction. O

Remark 3 In applications, it is important to determine the range of values of ¢
for which the series Zj-x’:l ¢l || Ug— U |l K; converges. Here is a well-known

result: let Z]?o:l cjaj be a power series of real (or complex) numbers and let

A =Ilimsup;j_, ., 12 |%. If ci < 1,then the series converges uniformly. If cA > 1,
then the series diverges.

Notice that in this context, where aj = || #"Ug — U ||k;, the limit always
exists (it can be 400), since a; is an increasing sequence of real numbers. When
Ug = 0 we can summarise the conditions established in Theorem 4 as follows:

limsup [|W (¢, 0)||f</jj =i, and pBr<1.

j—>oo

This is a joint restriction in the growth of W (x, 0), the rate of growth of consump-
tion, and the size of the implicit discount factor.

4 Examples

The following examples illustrates the applicability of Theorems 3 and 4. In the
first model the case where %" is a 0-local contraction is studied, obtaining unique-
ness of the utility function. It also shows how our techniques can be applied to
undiscounted models with 8 = 1. The second example illustrate the case of an
unbounded below aggreagator, W (0, y) = —oo. We improve the analysis with
respect to previous results on the statement of the weak-star continuity of the util-
ity function.
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Example 1 (Uzawa—Epstein—Hynes) Let W (x, y) = (u(x) + y)e ™, intro-
duced in Uzawa (1968) and also studied in Epstein and Hynes (1983), where it is
supposed that u, v are continuous and strictly increasing on X = [0, c0), with
u < 0 and v(0) > 0. Assumption (W1) holds as well as (W2) for g = e ?(©@,
Suppose first that v(0) > 0. Let w be a bounded consumption stream, and con-
sider the space Ay (w) = Zﬁ. Since g =e7v® < 1, Theorem 3 applies assuring
the existence of a unique fixed point U* on C(A4(w)). On the other hand, let
w be a consumption stream satisfying 1 < [[ow]|w < oo. Now, let Uy be the

null function. Since u is strictly increasing, it follows limsup;_, ., ||%0||1K/jj <

lim supj-ﬂ,o(,3|u(0)|)1/j = A = 1. Thus, Theorem 4 and Remark 3 assure the
existence of a fixed point U* on C(A+(w)). Furthermore, uniqueness of the fixed
point is verified on the sets of the form C¢ o(A+(w)), forall ¢ € (8, 1).

When v(0) = 0 Theorem 3 is not applicable on C(AL(w)), as 8 = 1. How-
ever, Theorem 4 again applies on the commodity space Cc (AL (v, w)), for all
consumption streams v, w satisfying 0 < € < yllov] < 1 < [low|w < o0,
where now X = [e, oo) (the reason is that, for such a selection, 8 = e~ < 1).
Hence, Theorem 4 guaranties the existence and uniqueness of a fixed point U* on
Ce.o(AL(v,w)), forall c € (8, 1).

Example 2 (Logarithmic case) Suppose that W satisfies (W1), (W2) and is such
that a+blInx <W(x,0) < A+BlInx forall x > 0, for some non-negative con-
stants a, b, and A, B > 0. Obviously, W(0, y) = —oo, so that W is unbounded
below. Take then consumption streams v = {v,—}]?":1 and w = {wj}‘j";1 satisfying
‘1/1'

the hypotheses of Theorem 2, and define A1 = limsup;_, o ]A + BlInwj and

Az = limsup;j_, o, [a+blInv; |l/j. Then, for any ¢ € Kj, it follows
J#0()>=a+blnrc=a+blncy >a+blnvj,
and, in the same way,

Z0(C)<A+Blnmrc=A+BlIncy < A+ Blnwj.

Hence, limsup;_, ., ||J£/O||f</jj < min{A1, A2}. Therefore, Theorem 4 and Remark

3 show that, forall B < min{x1, A2}, a unique recursive utility function U* exists
on Ceo(A4(v,w)), forall c € (8,1).
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