INNOCENZO

GASPARINI
INSTITUTE
FOR
ECONOMIC
RESEARCH

Institutional Members: CEPR, NBER and Universita Bocconi

WORKING PAPER SERIES

Unique Tarski Fixed Points
Massimo Marinacci and Luigi Montrucchio

Working Paper n. 604

This Version: July, 2017

IGIER — Universita Bocconi, Via Guglielmo Réntgen 1, 20136 Milano —ltaly
http://www.igier.unibocconi.it

The opinions expressed in the working papers are those of the authors alone, and not those of the Institute,
which takes non institutional policy position, nor those of CEPR, NBER or Universita Bocconi.



Unique Tarski Fixed Points*

Massimo Marinacci® and Luigi Montrucchio®
%Department of Decision Sciences and IGIER, Universita Bocconi

bCollegio Carlo Alberto, Universita di Torino

July 2017

Abstract

We establish sufficient conditions that ensure the uniqueness of Tarski-type fixed points of
monotone operators. Several applications are presented.

1 Introduction

In this paper we establish sufficient conditions that ensure in ordered vector spaces the uniqueness of
fixed points a la Tarski [36], often a highly desirable property in the many applications in economics
and operations research in which such fixed points appear (cf. Topkis [38]).

More specifically, our results establish the existence and uniqueness of fixed points of monotone
operators that are either order concave or subhomogenous. Their common feature is to require that
no fixed points belong to the lower perimeter of the domain. This novel notion, which we introduce
in Section 3, is thus a keystone of our analysis.

We establish our main results in Sections 4 and 5. The results of the latter section rely on a
close relation between the subhomogeneous case and the contractive property according to a metric
introduced by Thompson [37]. This novel connection, elaborated in the Appendix, permits to prove
the uniqueness and global attractiveness of fixed points of subhomogeneous operators. Besides the
role of lower perimeters, this connection is the other main contribution of this paper.

We illustrate our uniqueness results with some applications on recursive utilities, integral equa-
tions, complementary problems, variational inequalities, and operator equations in Section 6. We
conclude by discussing the related literature in Section 7.

2 Preliminaries

In this introductory section we briefly present a few basic notions that we use in the paper (we refer
to [11], [24] and [31] for comprehensive studies).

Posets A poset (A,>) is chain complete (resp., o-complete) if it has a minimum element and if
every (resp., countable) chain has a supremum.! A lattice is complete when every nonempty subset
has an infimum and supremum element. A lattice is complete if and only if is chain complete.

If a < b are two elements of a poset A, then [a,b] = {z € A:a < x < b} is an order interval. A
poset is Dedekind (o-complete) complete if every order interval is (countably) chain complete.

An element a € A is: (i) dominated if there is b € B such that a < b, (ii) minimal if there is no
b € A such that b < a, (iii) a minimum if ¢ < b for all b € A.

*We wish to thank Gaetano Bloise and Efe Ok for some very helpful comments. The financial support of ERC
(grant INDIMACRO) is gratefully acknowledged.
IThe minimum can be actually regarded as the supremum of the empty chain.



Spaces Throughout the paper V is a (partially) ordered vector space with order relation > and K
will always denote its positive cone. If V' is Dedekind o-complete, then it is Archimedean.? When V
is a lattice, it is called Riesz space. In this case, to be Dedekind complete amounts to say that the
order intervals [a,b] C V' are complete lattices.

Fixed points A self-map T : A — A is monotone (or order preserving) if a < bimplies T (a) < T ()
for all a,b € A.

A fixed point theorem due to Tarski [36] p. 286 says that the set of fixed points of a monotone
self-map defined on a complete lattice is a nonempty complete lattice. A generalized version of this
result says that set of fixed points of a monotone self-map defined on a chain complete poset is a
nonempty chain complete poset.?

A selfmap T : A — A is order continuous if, given any countable chain {a,} C A for which
sup a,, exists, we have T (supa,) = supT (a,). Clearly, order continuous self-maps are monotone. A
fixed point theorem, essentially due to Kantorovich [17] p. 68, says that the set of fixed points of a
order continuous self-map defined on a chain og-complete poset has a least fixed point.

Concavity A subset A of an V' is order convex if a < ¢ < band a,b € A imply ¢ € A. This amounts
to say that A contains all order intervals (and so all segments) determined by its elements.
A self-map T : A — A defined on an order convex subset is order concave if

T (ta+ (1 —t)b) > tT (a) + (1 —t) T (b)

for all t € [0,1] and all a,b € A with a < b. Order concave and order convex operators are studied in
Amann [3, Chapter V], along with their differential characterizations.

Subhomogeneity The study of subhomogeneity for operators was pioneered by Krasnoselskii [19].
An operator T : K — K is called:*

(i) subhomogeneous if T (ax) > oT (z) for all x € K and all « € [0,1];°
(i) strictly subhomogeneous if the inequality is strict when « € (0,1) and z # 0;
(iii) strongly subhomogeneous if
T (az) > ¢ (x,0)T (x) V0 #£x € K,Va € (0,1) (1)
with a < ¢ (z,a) < 1;°
(iv) subhomogeneous of order p € (0,1) if T (ax) > oPT (x) for all x € K and all a € [0, 1].

Note that for a subhomogeneous operator we have T' (0) > 0. Subhomogeneous operators of order p
are strongly subhomogeneous with ¢ (z, ) = o (they are, actually, the most convenient class of such
operators). For brevity, throughout the paper operators in (iv) will be called p-subhomogeneous.”

2That is, if > 0 and na < y for every n € N, then # = 0. In fact, the countable chain --- > nz > --- > z has a
supremum supnz in the order interval [0,y]. But 27! sup (2n) 2 = supnz = sup (2n) z, so 0 < = < supnz = 0.

3This result, as stated, can be found in Markowsky [27] p. 65. The existence of a least fixed point is due to Abian
and Brown [1] p. 80.

4Though for simplicity we consider a cone domain, we can actually consider any star-shaped subset A of K, i.e.,
azr € Aif x € A and « € [0,1]. Throughout the paper, we consider these more general domains whenever needed.

5Different authors use different terminologies. Subhomogeneous operators are called concave by [19] and sublinear
by [3]. For a class of subhomogeneous operators, [9] coined the term “pseudoconcave operators”.

6Under mild assumptions, ¢ (z, ) can be chosen to be monotone and continuous in . See the proof of Proposition
36.

"They are also called p-concave operators by some authors. Strongly subhomogeneous operators are also called
p-concave (see [22]).



Norms and units A positive element e € V is an order unit for V if the interval [—e,e] is
absorbing, that is, V' = (Jy.qA[—e,e]. More in general, for every nonzero element v € K the
set Vi = Uy A[—u,u] is a nontrivial vector subspace of V' that has u as an order unit. If V is
Archimedean, then V,, can be equipped with an order unit norm (see [19] and [3]):

[zll, =inf {A>0: —Au <z < Au}.

This norm is simply called the u-norm. The cone K, = K NV, is a closed cone in (V,, ||-||,,) with
nonempty interior consisting of the order units of V.

Links and the Thompson metric Two elements x,y € K are linked (see [37]), written = ~ y, if
there exist scalars a, 5 > 0 such that
ay <z < By.

The binary relation ~ is an equivalence relation that partitions the positive cone K in disjoint
components, which form the quotient set K/ ~. We denote by @ (z) the equivalence class with
representative x € K, ie., Q (z) ={ye K :x ~ y}.
If  ~ y define
d(m,y)zinf{/\EO:e_AxSySe)‘x}. (2)

The binary relation d defines a distance, the so-called Thompson metric, on each component @ of K
provided V is Archimedean (see [37] and [30]). Note that if 2 and y are comparable, say x < y, then
(2) reduces to d (z,y) =inf {A > 0:y < e*z}.

The positive cone K in a normed ordered space is called normal if 0 < < y implies ||z|| <7 ||y||
for some v > 1.

Theorem 1 (Thompson) Let V' be a normed ordered space. If K is normal, then convergence in
the Thompson metric implies convergence in norm. If, in addition, V is Banach, then each metric
space (Q,d) is complete.

3 Lower perimeter

3.1 Definition and characterizations

Let A be a set in an ordered vector space V. The lower perimeter 0,A of A is defined by
O A={recA:JyeAjy>zandte+ (1—t)y¢ Aforallt>1}.

In words, 0, A consists of the dominated elements a of A such that the segments that join them with
a dominant element b of A cannot be prolonged beyond a without exiting A. In contrast, an element
a € A does not belong to 0,A if it is either undominated (i.e., it is maximal) or ta + (1 —¢)b € A
holds for some ¢ > 1 whenever a < b € A.

Proposition 2 A dominated and minimal element of a convex set A belongs to 0,A.

Proof Let x € A be dominated, with x < z € A, and minimal. Suppose by contradiction that
x ¢ O,A. Then, there exists t > 1 such that tz 4 (1 —¢) z € A, which contradicts minimality because
tr+(1—t)z <z |

Of course, 0,A may contain non-minimal elements, as the characterizations of lower perimeters
that we are about to establish will show. We first characterize lower perimeters of intervals via the
link equivalence relation ~.

Proposition 3 Let I = [a,b] CV, with a < b. An element x € I does not belong to 9,1 if and only
ifr—a~b—a.



Proof Let z € I\O,I. If & = b, the result is obvious. Thus, suppose a < z < b. By definition,
(1 —=t)b+tx > a for some t > 1. Setting ¢ = 1 + ¢, this is equivalent to (1 + 0) z — 6b > a for some
d > 0. Namely, (14 §)x > a + db. By subtracting (1 + J) a from both sides, we get

1+ (x—a)>d(b—a).

Hence,
]
b—a>z—a>——(b—
02s-a2 (b—a)
So, x — a and b — a are linked. Conversely, suppose a < x < b and x —a ~ b — a. Given that
& —a < b— a, this means that A (x —a) > b — a and that A > 1. Otherwise, z — a > b — a which
implies 2 = b. As A > 1, we can set § = (A — 1)~ " > 0, that is, 1/A\ = §/ (1 + 6). Consequently,

] 0

= (b— >_ " (Y =
e AU wry A )

1
—a> = (b—
T-azy (b—a)
for every b’ < b. So, (14 0)z — b’ > a. By the substitution ¢t = 1 + 4, it becomes tx + (1 —t)b > a
for some ¢t > 1. This suffices to conclude that z € I\0,I. |

Next we characterize the lower perimeters of the positive cone.

Proposition 4 Let V' be Archimedean V, with order units. An element x € K does not belong to
0. K if and only if x ~ e for some order unit e € K.

Namely, K\O0,K is the set of the all order units of V' which, indeed, is easily seen to be the
component Q (e¢) ={z € K : x ~ e}.

Proof Let x € K\0,K. We have Ae > x for some A, as e is an order unit. In view of the previous
proof (14 6)z > dAe for some § > 0. Hence,

Ae>x > ie

- T 1496
and so & ~ e. Conversely, let x ~ e and b > z. Then, Ae > b for some A and = > pe because x ~ e.
Hence,

b> x> Hp,

A

It follows that w/A < 1. Therefore, u/A = §/(1+ ) for some § > 0. Namely, (1+d)z —db >0
which means z € K\0,K. [ ]

This proposition establishes a sharp topological characterization of the lower perimeter of K.
Indeed, the space V' can be equipped with the order unit norm ||-||,, where e is an order unit of V.
Hence, by Proposition 4 we have

K\O,K =int K

according to the topology induced by ||-||,. So, 0,K is the boundary of K.
In a similar vein, we have the following geometric version of Proposition 3.

Proposition 5 Let I = [a,b] C V, with a < b and V' Archimedean. An element x € I does not
belong to 0,1 if and only if it belongs to a + int Kp_,.



Here, int K;,_, denotes the interior of the cone K;_, = KNV,_, in the normed space (V},,a, H~||b7a)
generated by the vector b — a > 0.

Proof By Proposition 3, I\O,I = a + J\O,J where J = [0,b —a]. Moreover, x € J\0J if and
only if # ~ b—a and @ € [0,b—a]. On the other hand, b — a is an order unit of (Vy—q, [|[l,_,)-
Consequently, the elements of J\0,J are the order unit of (Vy—q, ||[|,_,) contained in [0,b — a]. It

is well known that the set of order unit of (V},_a, ||-||b7a) agrees with the interior of the cone Kj_,.
Hence, J\0sJ = int Kp_, N [0,b — a], as desired. [ |

Finally, a dual notion of upper perimeter 9°A can be defined, for which dual results hold. For
instance, in the dual version of Proposition 3 we have

x e\l <= b—xz~b—a. (3)

In what follows, whenever needed we take for granted such dual results for upper perimeters.

3.2 Examples

We now present a few examples of lower perimeters that will be useful in the rest of the paper. We
consider the space RX of the real-valued functions f : X — R defined on a set X, endowed with
the pointwise order between functions. A piece of notation: if f, g € RX, we write f < g when

infzex [g(z) — f ()] > 0.°
Proposition 6 Let V be a vector subspace of RX. Consider an interval I = [f,g] C V, with f < g.

Then,”
_ nf @ = F@)
801_{h61'xe)f(g(m)f(x) 0}. (4)

In particular, if f < g and supgcx [9 (z) — f (x)] < o0, then

zeX

801_{h61: inf [h(z)—f(x)]—O}. (5)

Proof By Proposition 3, we have h € 1\0,I if and only if h — f > e (g — f) for some € > 0. Note
that if g () — f () = 0 then h (z) — f (x) = 0. Therefore, we have h € I\0,! if and only if

o h@) — 1 @)
2 g (@)~ [ (@)

and so (4) holds. The two conditions f < g and sup,cx [¢ (z) — f (z)] < co mean that M > g— f >
€ > 0. Hence, in this case

>0

h —

~

1
Zﬂ(h_f)y

which shows the equivalence of (4) and (5). |

(h=1f)=

kS
~

1
€
)

By similar methods one can show that the lower perimeter of the positive cone By (X) of the
space of bounded functions B (X),

0B, (X) = {h € By (X): inf h(z) = o} .

as well as the following characterization for the space L* (X, X, ) — whose points are, as usual,
classes of functions. For simplicity, we consider only the counterpart of (5).

8This notation is consistent with the familiar relation z < y between vectors = and y of R™.
9In (4) we adopt the convention 0/0 = 0.



Proposition 7 Let I = [f,g] C L™ (X, 3, u), with essinfzex [g (z) — f (x)] > 0. Then

Dol = {he]:ess inf [h(z) — f (2)] :o}.

zeX

We turn now to a real (or complex) Hilbert space H with inner product (-,-). Let £4 (H) be the
real Banach space of all linear self-adjoint operators on H, endowed with the usual operator norm
[I-ll. Endow L (H) with the Loewner order, with positive cone

L (H)={A€ L, (H): (Az,z) > 0}.

It is known that £ (H) is not a lattice, unless dim H = 1 (see [24, Ch. 8]). However, bounded order
intervals of L4 (H) are chain complete.!”

The Loewner order is just the pointwise order of quadratic functions on the unit sphere S of H,
ie., forall A,Be L, (H),

A> B <= (Az,z) > (Bz,x) Vo € S.

So, Proposition 6 applies and leads to the next result, where we set [A] = inf,cg (Az,x) for all

Ae L, (H).
Proposition 8 Let I = [A,B] C L, (H), with [B — A]_ > ¢ > 0. Then

O] ={X el:][X—A]_=0}.

4 Existence and uniqueness: order concavity
Throughout this section, V' denotes a Dedekind o-complete ordered vector space.

Lemma 9 Let T : A — A be a monotone and order concave self-map defined on an order conver
subset A of V.. Assume that either A is Dedekind complete or T is order continuous. Suppose that:

(i) for each b € A\O, A, there isb > a € A such that T (a) > a;
(i1) T (a) # a for all a € O, A.
Then, T has a least fized point in A if and only if it has a unique fixed point in A.

Observe that 0, A might be empty. A dual result holds for order convex operators by considering
the upper perimeter 9°A. It actually suffices to consider the conjugate map T : —A — —A defined

by T'(z) = -T (—z).

Proof Let £ be the least fixed point in A. Suppose, per contra, that it is not unique. Let ( be
another fixed point. Clearly, £ < ¢ (so £ is a dominated element of A). By (ii), £ ¢ d,A. By (i), there
exists a < & such that T'(a) > a. This implies that a < £. For each n € N, set

tn=E- 2 (-8,

ie.,
1 n n~!
= T
IL+n- 17" 14n-!

10An earlier result is due to Vigier (see [24, Th. 53.4]). See also [16].

§
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Clearly, z,, < £ for each n € N, and so z,, # T (x,) for all n € N. Since £ ¢ 0, A, there exists ng € N
such that x,, € A for all n > ng. Hence, by order concavity of T', for all n > ng we have

1 n~! 1 n-!

- — > - -
ot = E=T () T () + 17

“1+4nt ¢

Hence,
Tn > T (x) Vn > ng (6)

As V is Dedekind o-complete, the sup,, ,, exists. Let us show that sup,, z,, = . Suppose not. Then,
there exists an element 7 such that

- (- <0<t

Hence n (£ —n) < ¢ — € for every n € N. Since a Dedekind o-complete ordered vector space is
Archimedean, we have the contradiction £ < 7. We conclude that sup,, , = &. In turn, this implies
x7 > a for some 7 € N. Since A is order convex, [a,z5;] C A. By (6), T maps the interval [a, z5] into
itself because T (a) > a. The set [a,x5] is countably chain complete. Consider two cases.

(i) If A is Dedekind complete, then [a, z5] is chain complete, so by the generalized Tarski’s Theorem
there is a fixed point of T that belongs to [a, z5];

(ii) if T is order continuous, the same is true by Kantorovich’s Theorem. In both cases, since &
is the least fixed point in A, we then have { € [a, 2], which contradicts z; < £. We conclude that

¢=¢. |

In view of the generalized Tarski’s Theorem and of Kantorovich’s Theorem, we have the following
existence and uniqueness result for fixed points.

Theorem 10 Let T : A — A be a monotone and order concave self-map defined on an order convex
and chain o-complete subset A of V. Assume that either A is chain complete or T is order continuous.
If T (x) # x for all x € O, A, then T has a unique fized point.

Proof (i) Assume that A is chain complete. Then, the existence of a least fixed point is guaranteed
by the generalized Tarski’s Theorem. As A is chain complete, it has a minimum element a. In view
of Proposition 2 a € 9,A and so a < T (a). The hypotheses of Lemma 9 are then satisfied, so the
fixed point is unique.

(ii) Assume that T is order continuous. The existence of a least fixed point is then ensured by
Kantorovich’s Theorem. Since A is chain o-complete, it has a minimum element a. Since a € 0, A,
we have a < T (a). The hypotheses of Lemma 9 are then satisfied, so the fixed point is unique. W

In Riesz spaces, order convex and chain complete subsets are order intervals. Therefore, the
previous theorem is usually applicable to self-maps defined on order intervals, as some examples will
show later in the paper. The following result deals, instead, with self-maps defined on positive cones
of o-chain complete ordered vector spaces, a case not covered by the previous theorem.

Theorem 11 Let T : K — K be a monotone and order concave self-map. Let e € K be an order
unit of V.. Then, T has a unique fived point on K provided:

(i) T (x) # x for all x € 0. K;
(i) T (Xe) < Xe for all X > 0 sufficiently large;

(#ii) the intervals [0, Xe] are chain complete or T is order continuous.



Proof By (ii), there is A9 > 0 such that T is a monotone self-map on the intervals [0, \e] if A > A.
By (iii), there is a least fixed point & € [0, Age]. For the same reason, there is a least fixed point ¢ in
the interval [0, Ae]. Hence, ¢ < £ that in turn implies £ > (. So, £ is the least fixed point for every
interval [0, Ae] . If now 7 is any fixed point of T': K — K, we have n € [0, Ae] for some A because e is
an order unit. Therefore, £ < 7 and so £ is the least fixed point in K. By (i), being 7" (0) > 0, Lemma
9 guarantees the existence of the unique fixed point £ in K. |

The lower perimeter plays a key role in the previous results. Indeed, the requirement that there
are no fixed points on the lower perimeter is needed. For instance, consider the self-map T (21, x2) =
(1/2,\/x2) defined on the cone R3. It is monotone and concave, with 7'(0,0) > (0,0), but it has the
two fixed points (1/2,0) and (1/2,1). Clearly, (1/2,0) € 0.R3.

Example 12 Define T : RZ — R% by
T(z1,22) = (Nlm?l F TS e1, 1pa? + Apah? + 52)

where all parameters are positive and €; 4+ €9 > 0. Clearly, T is monotone. It is also concave when
a1, s, By, By € [0,1]. By Proposition 4,
aoRf_ = {(.131,(1?2) € Ri TXy Xy = O} .
Observe that
Ti(z) To(z) >0=m1 32  V(0,0) #x € IR

and that T (0,0) > (0,0) provided &1 + &3 > 0. Consequently, T' (z) # z for every z € d,R3.
Now set @ = max {1, s, 81,05}, 0 = max {A; + pq, A2 + o} and € = max {e1,e2}. There exists
a scalar L such that, for every t > L > 1, we have ot® +¢ < t. Accordingly, if z1, 2o < L with L > L,
then
A +uiaﬁ§i +ei <N+ p) L +e<ol%4e< L.

In turn, this implies 7' ([0, Le]) C [0, Le] if L > L and e = (1, 1), which is an order unit of R?. By
Theorem 11, we conclude that T has a unique fixed point £ € Ri. Since T is order continuous, £ can
be then obtained by iterating the map from (0,0), i.e., 7™ (0,0) 1 &. A

Example 13 Define 7" : [0,1]" — [0,1]" by

n ) n
T(ml,xg,..,xn) = (/\11_[1‘(;" +Ei> .
k=1 i=1
Ife; >0, \; +& <1 and o) > 0 for each i and k, then 7" maps monotonically [0,1]" into itself.
Assume now:
(i) o >1 for every i,k =1,...,n;
(ii) A\; +e&; <1 for somei=1,...,n.
From (i) it follows that 7" is order convex, though it is not convex.!'! Clearly, the upper perimeter

of [0,1]" is:
0°00,1]" ={z € [0,1]" : 21 Vaa V- Va, =1}.

Therefore, if x € 8°[0,1]" and x # 1, then \; H mg;“ +¢&; < 1 for all i.'2 Hence, T (z) # z in these

k=1
cases. On the other hand, by (ii) we have T'(1) < 1. So, Theorem 10 guarantees the existence of a
unique fixed point ¢ in [0, 1]", which can be computed recursively as 7™ (1) | €. A
1 The functions ¢ (z1,z2,..,2n) = 27 252 - - 2n™ with a; > 1 are ultramodular (see [25]), so order convex.

12Throughout by boldface k we mean the constant vector or function that assumes value k € R.



5 Existence and uniqueness: subhomogeneity

5.1 Subhomogeneity and order concavity

In this section we consider versions of the previous uniqueness results for subhomogeneous operators.
The techniques that we use here are altogether different from those of the previous section and rely
on a connection with the Thompson metric that will be fully developed in the Appendix. Note that
the fixed point problems based on subhomogeneous operators are often defined on cones, while those
based on order concave operators are often defined on bounded intervals.

To best appreciate the scope of these results, it is important to understand first the relations
between order concavity and subhomogeneity.

Proposition 14 An order concave operator T : K — K is subhomogeneous if and only if T (0) > 0.

Proof Let T be order concave. If T'(0) > 0, then T (az) > oT (z) + (1 — ) T (0) > oT (x) for all
x € K. So, T is subhomogeneous. The converse is trivially true since for a 7' subhomogeneous it
holds 7' (0) > 0. |

A weak notion of concavity at 0 is relevant for subhomogeneity. Say that an operator 7' : K — K
is subconcave at 0 if, for a fixed element u € K, we have

T(az) > ol (z)+(1—a)u  Vze K,Vaec|0,1].

This definition implies that T (0) > u. So, order concave operators T' : K — K are subconcave at
0 provided T (0) > 0. In turn, operators T : K — K that are subconcave at 0 are easily seen to be
subhomogeneous (strictly if u > 0).

Proposition 15 Let T : K — K be subconcave at 0.

(i) If T ([0,y]) C [0,y] for some y € K with u ~y, then T is p-subhomogeneous on [0,y] for some
pe(0,1).

(it) If T ([0, Moe]) C [0, Xoe] for some Ao > 0 and an order unit e ~ u, then T is strongly subhomo-
geneous on K.

(iii) If ImT C Q (u) for some 0 < u € K, then T is strongly subhomogeneous.

Proof (i) By hypothesis, there is a positive scalar A < 1 for which u > Ay (note that v < T (0) < y).
We can assume A < 1 (the case A =1 is trivial). Hence, if 2 € [0, y] we have

T(ax) > aT'(z)+(1—-a)u>al (z)+(1—a) y>al (z)+ (1 —a) T (z) (7)
= [a+(1—-a)AT(x).

On the other hand, the property of superdifferentiability at o = 1 of the concave function @ — o'~

defined on R, with A € [0, 1], yields the inequality
AdAA<I+HA-N(a-1)=a+(1—a) (8)

In view of (7), we get T (ax) > o'=*T (z) for all x € [0,y] and o € [0,1]. Hence, T is (1 — \)-
subhomogeneous.

(ii) As T is subconcave, it is subhomogeneous. Hence, if © > 1 then T (uXoe) < uT (Moe) < plge.
Namely, T ([0, Ae]) C [0, Ae] holds for every A > Ag. Now, given a vector z € K, we have = € [0, \e]
and T ([0, Ae]) C [0, Ae], as long as A is large enough. Point (i) provides the desired result.



(iii) This points follows from point (ii) but here we prove it directly. By hypothesis, T (az) =
T(ax+(1—a)0) > oT (x) + (1 — a) T (0), and both T (z) and T (0) lie in @ (u). Hence, T (0) >
A(x) T (x), with A (z) € (0,1). Therefore,

T(ax) > ozT(m)—i—(l—oz) (

) (1) A (@) T (x)
= a[ll+(l-a)a 'A(z

> («
]Ta?

as desired. [ |

By Proposition 14, order concave operators T' cannot be subhomogeneous as soon as T (0) < 0.
On the other hand, the next example shows that subhomogeneous operators might well be convex, a
further stark illustration that order concavity and subhomogeneity are only partially related.

Example 16 The monotone convex functions ¢ : Ry — Ry defined by ¢ () = (1 +t”)1/n are
strongly subhomogeneous on R, and p-subhomogeneous on each bounded interval of Ry. Since
O () t/p(t) =t"/ (1 +1t") < 1, this assertion will be a consequence of Corollary 34 (see Appendix).
A

A more interesting example is the Bellman operator T': B (X) — B (X) defined by

T (v)(z) = sup wu(z,y)+Bv(y) 9)
yED(x)

where D : X = X is a nonempty valued correspondence on some set X, u: Gr D — R is a bounded
(short-run) objective function and § € (0,1) is a discount factor.

Though the Bellman operator is convex, it is subhomogeneous when it is positive. Set @ =
inf,ex infyep) u(z,y).

Proposition 17 If a > 0, the Bellman operator T : By (X) — By (X) is subhomogeneous (strongly
ifu>0).

Proof Let u > 0. Then,

T (awv)(z) = Esgl())u(w,y)Jraﬁv(y): :gl())au(x’y)+a6v(y)+(1—a)U(w,y)
> a Es}gr;)[U(w,y)Jrﬁv(y)]+(1—a)ﬂ:aT(v)(x)+(1—a)ﬂ-

Thus, T is subconcave at 0 if @ > 0 (though it is not concave at 0). This, in turn, implies that T is
subhomogeneous. Now, let @ > 0. The function uly is trivially linked to 1x. Therefore, the result is
a consequence of Proposition 15-(ii) because T : [~L, L] — [~L, L] whenever L > (1 — )" N, with
u(z,y)| <N u

Remark Though we considered the bounded case, most of the properties that we established continue
to hold in more general dynamic programming formulations.'?

5.2 [Existence and uniqueness

We can now establish the subhomogeneous counterparts of the order concave existence and uniqueness
results for fixed points of Section 4. Throughout this subsection, V' denotes an Archimedean ordered
vector space.

We begin with the counterpart of Theorem 10. Here d is the Thompson metric.

3 For instance (see [32]), we can define T: V — V as T (v) = maxrer [ur + L], where £ is a set of linear operators
mapping V onto V (the policies) and such that for each L € L, the inverse operator of I — L exists and is positive. We
do not pursue further this line because we will be interested in nonadditive temporal utilities.
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Theorem 18 Let T : [0,a] — [0, a] be a monotone and strongly subhomogeneous self-map defined on
a chain o-complete interval of V. Assume that either [0, a] is chain complete or T is order continuous.
If T (x) # x for all x € 0, [0,a], then T has a unique fixed point T. Moreover, for every initial point
xo € [0, a] we have

d(T" (z9),x) — 0 (10)

provided zg ¢ O, [0, a).

Note that the order interval [0, a] is star-shaped in K, a property that we need in the subhomo-
geneous case (so we cannot consider generic order intervals, as we did in the order concave case).
The global attracting property (10) is remarkable. In particular, when V' is normed with a normal
positive cone, then this property actually holds with respect to norm convergence (cf. Theorem 1).

Next we state the subhomogeneous counterpart of Theorem 11.

Theorem 19 Let T : K — K be monotone and strongly subhomogeneous and e € K an order unit
of V. Then, T has a unique fixed point on K provided:

(i) T (z) # x for each x € 0K ;
(i) T (Ae) < Ae for some X > 0;
(#ii) [0, Ne] is chain complete or T is order continuous.

The proofs of these two results require a non-trivial analysis that we conduct later in the paper
in Section A, after some applications are presented. Such analysis relies on a connection between
subhomogeneity and the Thompson metric (Proposition 31), which is a main contribution of this

paper.

6 Applications

6.1 Recursive utilities

Though the study of recursive utilities dates back to Koopmans [18], the idea of using intertemporal
aggregators to generate recursive utilities is due to Lucas and Stokey [23] and [35]. Specifically, an
aggregator is a function W : Ry x Ry — R that satisfies the following properties:

(i) W is positive and monotone;

(ii) the equation W (¢, () = ¢ has at least a positive solution for each ¢ > 0.

A recursive utility U : 13° — R generated by an aggregator W is a solution U : I3 — R to the
Koopmans equation, i.e.,
U(CQ,Cl,CQ,....) :W(Co,U(Cl,Cg,....)). (11)

More concisely,
U(()C) = W(CO7U(1C))

where g¢ = (co, ¢1,¢2,....) and 1¢ = (c1,¢2,....) denotes the shift operator. For instance, standard
time-additively separable U are generated by the aggregators W (¢, () = u (¢) + 5¢.

A key issue is whether an aggregator determines a unique recursive utility. The next proposi-
tion addresses this issue for a class of aggregators, introduced in [26] under the name of Thompson
aggregators, that cannot be treated by the standard contraction methods employed by [23].

For simplicity, we restrict the analysis to utility functions U (c¢) defined over bounded consumption
streams ¢ = (co, c1, C2,....) € 15°. The result is similar to the one proved in [26], the novelty being
here the use of the techniques developed in this paper to prove it.'*

14We refer to [26] for extensions to unbounded and to stochastic streams of consumption.
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Proposition 20 Suppose the aggregator W : Ry x Ry — R satisfies the conditions:

(a) ¢ — W (¢, () is concave at 0;
(b) W(c,0) >0 for each ¢ > 0.

Then, W generates a unique recursive utility function on int[5°. Moreover, we can replace int [5°
with the entire cone 15° if (b) is replaced by the stronger condition:

(b") W(0,0) > 0.

Proof Under assumptions (a) and (b), it easy to prove that the function { — W (¢, () /¢ is strictly
decreasing in (0, c0) for all ¢ > 0.1 This implies, in turn, that the equation W (c, ¢) = ¢ has a unique
solution ¢, for every ¢ > 0 and, moreover, W (¢,({) < ¢ if ¢ > (..

Fix now any two numbers 0 < ¢ < L and consider the interval [e, L] C intI3® where, with abuse
of notation, we set ¢ = (e,¢,...) and the same for L. Consider the space B ([, L]) of the bounded
functions on [, L]. Elements U € By ([, L]) are regarded as utility functions, and the recursive
utilities will be fixed points of the operator T : By ([, L]) — By ([e, L]) defined by

T (U) (oc) =W (co,U (10)) .

By assumption (ii), there is a positive scalar ¢; such that W (L,{;) = (. If we take any arbitrary
u > (r, the operator T" maps the interval [0,u] C By ([e, L]) into itself. Actually, if 0 < U (¢) < u,
then by the monotonicity condition (i) we have:

0<T((U)(c) =W (co,U (1¢)) W (L,u) < u.
Clearly T is monotone and let us show that it is subconcave at 0. Actually, thanks to (a),

T (aU) (oc) = W (co,aU (1¢)) = aW (co,U (1¢)) + (1 — o) W (o, 0)
> aW (e, U (1¢)) + (1 — ) W (¢,0) .

As W (g,0) > 0, the constant function W (g, 0) is linked to the function 1 and so Proposition 15-(ii)
implies that T": By ([e, L]) — B4 ([g, L]) is strongly subhomogeneous.

In view of Theorem 19, to conclude that 7" has a unique fixed point in By ([e, L]) it is sufficient
to show that 9, B, ([e, L]) does not contain any recursive utility. Let [U] , = inf.cfc ) U (c). If U is
recursive, then

Ul = inf U(c)= inf W U = inf inf W U
Ve cele,L © cele.L (0. U (1)) e<eo<L recle, L] (e, U Gae))

>  inf W (co, inf U(lc)) = inf W(co,[Ul) =W (e [U]l,) = W(e,0)>0.

~ e<co<L 1¢€[e,L] e<co<L °°)
By Proposition 6, U ¢ 0,B+ ([, L]). Thus, T has a unique fixed point in B ([e, L]).
Since the two numbers 0 < ¢ < L are arbitrary, we conclude the existence and uniqueness of the
recursive function defined on | J,. ;< €, L] = int [5°.

If assumption (b") holds, we can then replicate the proof by replacing the interval [e, L] with
[0, L]. In this case,

Ul 2 dnt W (c0, [U]0) = W (0,[U].) = W (0,0) > 0

The previous arguments now establish the uniqueness of the fixed point of T': B (lf) — By (lj’ro)
||

15Gee [26, Lemma 1] for this and other related properties.
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Remarks 1) By Tarski’s Theorem, under the only assumptions (i) and (ii) the map T : B, (I°) —
By (lj’ro) has fixed points. Specifically, there is the least U and the greatest U recursive functionals
in B (I5°) — see [26] and [7] for details. Therefore, our result implies that U = U on int[$°. That is,
all the recursive preferences coincide over int [5°.

2) Though the condition T (0,0) = 0 holds for several aggregators, condition (b") is still of some
interest. On one hand, it encompasses aggregators of the type W (¢,¢) = W (u (c),{) where u (c) is
the short-run utility of consumption: the hypothesis u (0) > 1 > 0 is then acceptable. On the other
hand, aggregators satisfying condition (b") come up when we consider perturbed utility aggregators
Wy (¢,¢) = W (e, ¢) +n for small > 0. This approach may be employed to study the behavior of
the unique fixed point as 7 | 0 (see [7]).

3) If the aggregator W is continuous, it is easy to show that the least recursive function U is
lower semicontinuous in the relative product topology of [$°, while U is upper semicontinuous on
the bounded sets of [3° (see [26, Theorem 4]). Consequently, under (a) and (b) the unique recursive
preference on int [° are continuous in the relative product topology on the bounded sets of int I5°.

Rather than solving directly the Koopmans equation (11), it is often useful to analyze an auxiliary
“parametric” problem.!'® Specifically, for a given consumption plan ¢ = (¢t)y>o € 1, we introduce
the operator T : [?° — [5° defined, at every time ¢, by

Te (v), = W (¢, ve41) Yo e I, (12)

Clearly, the sequence v; = U (;¢) is a fixed point of T, if U is a solution of (11). Conversely, the
utility U may be recovered by the fixed point of T, as the sequence c¢ varies.
The following is a uniqueness result that parallels Proposition 20.

Proposition 21 Let W satisfy (a) and (b). The operator T, : 1° — I° has a unique fized point
provided liminf; .., ¢; > 0.

Proof Suppose first that ¢, > n > 0 for all ¢. In this case the proof follows the same lines of that
of Proposition 20. The operator is strongly subhomogeneous and Theorem 11 provides the desired
result.

In the more general case, we have ¢; > n > 0 for all ¢ > N. Let v and v be the greatest and the
least fixed points of T, respectively. Obviously, we have y© = nyv because both are fixed points of
T, ¢, which has a unique fixed point thanks to the first part of the proof. By induction, we have

On-—1 =W (en-1,98) = W (en-1,05) = Un_

and so on. Therefore, 7 = v. |

6.2 Bellman equations

We turn briefly to the Bellman equations associated with utilities that are recursively generated by
aggregators. Now, the Bellman operator T : B4 (X) — By (X) is defined by

T(v)(z) = sup W(u(z,y),v(y)). (13)
yE€D(x)

We get back to (9) when W (¢,{) = u(c) + f¢. Under mild assumptions — e.g., the continuity of
W (c,-) — for any recursive utility function U : [S° — Ry generated by W, the associated value

function v € By (X) is a fixed point of the Bellman operator (see [7]). In principle, its Bellman
equation may admit multiple fixed points. Next we formulate a basic uniqueness result.

16 This approach, used in [26], is especially useful in the stochastic case as well as in studying the associated Bellman
equations.
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Proposition 22 Let W satisfy (a) and (b). If either (b") or @ > 0 holds (see Example 16), then the
Bellman operator has a unique fized point in By (X).

Proof Let u(x,y) < N. Then, by (a) and (b) there is a scalar ¢ such that W (N, () < ¢. This implies
that T ([0,¢1x]) C [0,{lx]. Like in Proposition 17 we can easily show that T is subconcave at 0.
More specifically, T (af) > oT (f) + (1 — ) ¢ where ¢ (z) = inf e p) W (u (2,y),0).

Under (b"), we have ¢ (z) > W (0,0). While in the case @ > 0, we have ¢ (x) > W (@,0) > 0. In
both cases we can invoke Proposition 15-(ii) and infer that T is strongly subhomogeneous. For the
same reason, if v is a fixed point then either v (x) > W (0,0) or v (x) > W (@, 0). Hence v ¢ 9,81 (X).
Theorem 19 then implies the existence of a unique solution of the Bellman equation. |

Following [7], we can provide milder assumptions than those of the last proposition that still
make the value function unique. Here we will use a method that fits well our theory and which
differs partially from that of [7]. In the next result, besides standard convexity conditions, we add the
crucial assumption on the existence of a feasible plan generating strictly positively utility along the
path. Here ¥ and v denote the greatest and the least fixed point of T, respectively (their existence is
ensured by Tarski’s Theorem).

Proposition 23 Suppose that:

(i) X is a convex set, the correspondence D : X = X has a convex graph, and v : GrD — R is
bounded and concave;

(i) W satisfies (a) and (b) and W (-,¢) is concave.

If for every x € X the supremum in (13) is attained, then v (x) = v (x) for all x € X such that
either D (x) = {z} or there is a feasible path (z}),», with x5 =z and

lim tglgou (zf,27y1) > 0. (14)

We refer to [7] for more comments about the interiority assumption (14). It is, however, fairly mild
and so this result guarantees the uniqueness of the fixed point of (13) for standard problems, avoiding
cake-like models. Actually, it suffices to postulate the existence of a sustainable state z*, with strictly
positive utility w («*,z*) > 0, which may be reached from any state x for which D (z) # {z}.

Proof The case D (x) = {z} is trivial since @ () = v (). Fix then an initial vector z¢ for which the
condition (14) holds. By (iii), there exists a sequence T = (Z;) such that

0(Z) = W (u(Zt, Ze41) , 0 (Te41))
For sake of simplicity, by setting v (Z;) = 0; and & = u (T4, Ty1), it becomes

Uy = W (&, Ugy1) - (15)

Consider now the existing plan (14), z* = (z}), with xf = Zo = xo postulated by our hypothesis.
Define the feasible perturbed plan z = (1 — @) T + az™ with a € (0,1). Since v is also a fixed point,

we have
vy > W (Qt)yt+1) (16)

where, accordingly, we have set v, = v (z;) and ¢, = u (gt,gt +1). Observe further that by construction

lim inf ¢, >0if a >0 (17)

and that (16) is equivalent to the condition T.v < v by using the auxiliary operator (12). Proposition
21 implies that T; has a unique fixed point w* in I3°. More precisely, w* € [0, ] .
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Now by the concavity of u, we have ¢, > (1 — @) & + ac}, where ¢; = u (z},2},,). So,
Wi(cy, Uig1) = (1= ) W (e, Upg1) + aW (¢, 0r41) = (1= a) W (€, Deg) -

In view of (15), it follows that (1 — a) v, < W (¢;, Uys1), namely, T, > (1 — a) 0.

Let us first assume that ¢, > n > 0 for every ¢t > 0, in place of (17). Then T, turns out to be
p-subhomogeneous for some p € (0,1), i.e., T, (cw) > aPw if o € [0, 1].

Set 1y = (1 — )"/ < 1. We have

Te (100) > p1oTe (0) > prg (1 — @) T = 0.

Consequently, 1,0 < w* <wv. As o — 07, we have that yy — 1 and so v < v. That is, v (z¢) = v (zo).
If now it holds condition (17), then ¢, > n > 0 for every ¢ > N. In this case we can use the above
argument for the operator T', . and so concluding that 7 (zn) = v (zn). Then

V(@n-1) =W (u(@n-1,2n),0(2N)) = W (u(Zn-1,ZN) 0 (ZN)) S v(Tn-1)-

Therefore, T (Ty-1) = v (Tn—1) and recursively we get again T (xzg) = v (zo). |

6.3 Implicit utilities and integral equations

Implicit utilities Dekel [13]’s implicit utilities are fixed points of problems like:

/0 k(z,y,0(y)de=¢(y)  Yye[0,1]

where ¢ € B = B([0,1]) is the unknown bounded function and the kernel & : [0,1]* — [0,1] is such
that:
(i) k (-, y, 2) is continuous on [0, 1] for every y,z > 0,
(ii) k (z, vy, -) is increasing and concave for every z,y > 0.

Denote by 0 and 1 the functions constant to 0 and 1 for all y € [0, 1], respectively. Let us consider
the self-map 7 : [0,1] — [0, 1] defined by'”

T (o) (y) = / k(9,0 (1)) de

Under our assumptions on the kernel k, the integral operator 7' is monotone and order concave. By
Proposition 6, we have

80[0,1]:{4,063: inf @(y):(]}.

y€[0,1]

So, adding the assumption

1
inf / k(x,y,0)dz =n >0,
y€[0,1] Jo

we have T (p) # ¢ for all ¢ € 9, [0,1] because T (p) > T (0) > n > 0.

By Theorem 10, the self-map 7" has then a unique fixed point. More is true, however. Observe
that T is subconcave at 0 and T (0) ~ 1. Hence, by Proposition 15-(i), T' is p-subhomogeneous. The
positive cone of B ([0,1]), equipped with the supnorm, is normal. So, by Theorem 18 the iterates
T™ (py) converge uniformly to the unique fixed point from any initial function ¢, € [0, 1] such that

infyef0,179 (y) > 0.

17The example can be generalized to integrals with respect to finitely additive Borel probability measures defined on
the unit interval.
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Finally, note that assumption (ii) can be replaced by the elasticity condition

D3k t)t
Dsk (2,90t _ V0 <,y < 1,Vt € (0,1]
k(z,y,t)
provided k (x,y, ) is increasing and differentiable. Indeed, by Corollary 34 in Appendix the function
k(x,y,-) is p-subhomogeneous. In turn, this implies that T is p-subhomogeneous as well.

Integral operators An interesting class of integral operators is

w<w>=/k<x,y,¢<y>>w<dw> Vo e X (18)

where ¢ € C (X), 7 is a transition function on the compact metric space X and k: X x X xR, — R4
is continuous and bounded (with other additional suitable conditions).

Equations like (18) arise in economics for instance in Markov equilibria (see for instance [35, Ch.
17]). They may be handled in different ways. For brevity, we just outline two possible routes. A first
method circumvents the unpleasant fact that the space C' (X) is not a o- Dedekind complete lattice.
Therefore, the operator T is replaced with the operator T : By (X) — By (X) defined by

(@ = [ Ko fa)ryls)  veex

where the symbol [* denotes the outer integral of a function ¢ € B (X) (see [6, Appendix A])

We can easily give conditions to apply Theorem 19 and to get a unique fixed point f* in B (X).
Note incidentally that f* attracts all the initial functions of B (X) according to the supnorm (thanks
to the normality of the positive cone; c¢f. Theorem 1). Then, under a Feller property that guarantees
the continuity of 7™ (f) when f is continuous, the fixed point f* will be continuous — being the
uniform limit of continuous functions. Hence, f* solves (18).

A second method is to study directly the operator T : C'(X) — C(X) which is well-defined
under a Feller property. The space C (X) is Banach space under the supnorm and its positive cone
is normal. So, the component int C'(X) is a complete metric space with respect to the Thompson
metric (Theorem 1). Consequently, if T' is p-subhomogeneous we get the fixed point by the Banach
fixed point principle.

6.4 Complementary problems and variational inequalities

Let V be a vector lattice. The complementary problem, associated with a map F : K — V, asks for
a point #* € K that satisfies the orthogonality condition'®
F(z*)Anz" =0.
For all A > 0 we have:
Fx)Ahz = 0= F@)AX=0<[F(z)—Az]AN0=-)x
— [PMz-F@))Vvi= <= A —-F()] ==z
So, the complementary problem amounts to finding the fixed points of the self-map Ty : K — K

defined b
' Ty (z) = A" e — F ()" (19)

where A > 0 is an arbitrarily fixed parameter. The next result, which involves the upper perimeter,
provides conditions that ensure the existence and uniqueness of complementary problem through the
fixed point of T).

18In R™ this complementary problem reduces to familiar problem of finding a vector #* > 0 for which F (xz*) > 0
and z* - F (z*) = 0 hold. This finite dimensional problem has two distinct extensions in infinite dimensional settings:
the topological complementary problem and the order complementary problem. For the latter, we refer readers to [14]
and [8].
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Proposition 24 Let V be a Dedekind complete vector lattice. Consider the following assumptions:
(i) \x — Fx is \-weakly order-Lipschitz,'® i.e., there exists X > 0 such that

F(IEQ) - F (1’1) S A (1‘2 - Il) YO0 S T S Zo, (20)

(ii) F is order concave on K,
(#ii) there exists T € K such that F (Z) > 0,
(i) Tx () # x for all x € 0° [0, Z].

Under (i) and (iii), there exists a vector £ € [0,Z] such that F (§) A& = 0. Under (i)-(iv), such
a vector £ is unique. Moreover, (iv) holds if (iii) is replaced by the stronger assumption: o >
0,F(z) > ox.

The linear case F' () = Lz +¢q, where L : V' — V is a linear operator and ¢ € V', has been studied
by [8]. The existence part of this theorem is, essentially, a nonlinear version of [8, Theorem 3.4] (note
that (ii) trivially holds in such a case).

Proof Clearly, the operator  — x* of V into V is monotone and convex. Therefore, by (i) it follows
that 2 — [z — F (2)]" is monotone. Likewise, (i) and (ii) imply that  — [Az — F ()]" is order
convex.

Note that the (iii) means that Az — F (Z) < AZ. Hence, Ty (Z) = A" ' [\Z — F (Z)]VO < ZV0 = Z.
Namely, Ty (z) < Z. Consequently, the first claim follows from Tarski’s Theorem applied to the
self-map Ty : [0,z] — [0,Z]. Theorem 10 provides the uniqueness result.

Regarding the last statement, if F'(Z) > oZ then
<(1-0/N)zwith0<1-—0/A<1. By

Az —F(z (
/\
Therefore, for sufficiently large values of A\, we have T (Z

monotonicity property of Ty we have that Ty [0,Z] C [0, pZ]|, where p = 1 — o/A. Hence, the fixed
points of T} lie into [0, pZ]. Let T) (z) = z. From the condition 0 < z < pZ it follows that

v y\q

8l

(l-plz<z-2<

Consequently, T — z is linked to Z. In view of (3), we have that necessarily the fixed point z €
[0,Z]\0° [0, Z]. Therefore, condition (iv) holds. [ ]

Example 25 This example, an elaboration of [8, Example 3.10], shows inter alia that the condition
on the upper perimeter is needed. Let B = B ([—1,1]) and F : B — B be given by

F(f)y=i"f—i

where i € B is the identity function ¢ (¢) = ¢. In view of (19), the associated fixed point problem is
1
Tnf =5 Nf—itf4i]"

Since iT f < f, the linear operator f —— i f is \-weakly order-Lipschitz. Specifically, T is monotone
for any A > 1. Thus, set A = 1. Namely, consider the monotone and convex operator T': B, — By
given by
. A+
T(f) = [/ -7 +i]

19Gee [29], who study the close relation with the notion of Z-map in [34] and of A\I map in [8].
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It is easy to check that T maps the interval [0,L] into itself, where L is the constant functions
L(t) = L > 1. Moreover, T (L) < L. Nevertheless, the uniqueness part of Proposition 24 fails.
Actually it is easy to see that T has the continuum of fixed points

0 ifte[-1,0)

f@®=<¢ k ift=0
1 ifte(0,1]
for each k > 0. Consequently, the fixed point f1 belongs to 9° [0, L] for every interval [0, L]. A

Observe that to get the uniqueness of the fixed point in the last example, it is sufficient to consider
the space L™ ([—1,1],dz). Clearly, essup [fi] = 1 and so [fx] ¢ 0°[0,L] for L > 1.

Example 26 A slight modification of the above example, in which we set
F(fy=itf—i+e (21)

with € > 0, leads to uniquely solvable operators. Actually, if we consider the constant functions
L(t) =L > 1, we have F'(L) > oL for 0 < ¢ < ¢/L. Therefore, the complementary problem has a
unique solution in B ([—1,1]) thanks to Proposition 24. A

The last example leads to some interesting considerations on how uniqueness may imply continuity.
The fixed points of the maps
) . +
T.(f)=[f—i"f+i—¢]
associated with (21), for A = 1, are indeed continuous functions, i.e., fo € C([—1,1]). A direct check
is hard because we cannot replace the space B [—1,1] with the incomplete vector lattice C ([—1,1]).
However, as T* (L) | fe, the function f. is upper semicontinuous. By the uniqueness of the fixed
point, T/ (0) 1 f. holds as well, and so f. is also lower semicontinuous.?’

As well known, the complementary problem is closely related with the solvability of variational
inequalities. Specifically, let C be a nonempty closed and convex subset of an Hilbert lattice H and
let F: C — H. The variational problem associated with the pair (C,F') is to find an z* € C such
that

(F(z*),z—2")>0 Vzxel. (22)

The variational property of the metric projection w7 : H — C entails the equivalence of (22) with
the fixed point problem
' =7e (x" = AF (z¥))

where A > 0 is a given parameter.

An order-theoretic approach to the variational problem (22) is studied by [21] and [29]. The
solvability of (22) in such approach is based on the fact that 7w¢ is order-preserving if and only if C'
is a sublattice of H (see [29, Lemma 2.4]). Here, without any pretense to be exhaustive, we establish
a uniqueness result in order to further illustrate our approach.

Proposition 27 Let F: C = {x < b} — H be A-weakly order-Lipschitz and order convex. If
(i) there is a < b such that F (a) <0,
(ii) x # 7o (x — AF (x)) for all x € O, [a,b],

then there is a unique vector =* € [a,b] that solves the variational problem (22).

20Note, in passing, that by Dini’s Theorem the two sequences of continuous functions T (L) and T!* (0) approach
the continuous function f. uniformly.
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Proof Define @ : C — C by @, (z) = 7¢ (x — AF (z)). Then
Dy () =[x — AF (@) Ab=b— [A\F (z)+b—x]|". (23)

The vector z* solves (22) if and only if * = ®, (z*). Consider now the interval [a,b]. Clearly,
®, (b) < b. Further, a < a — AF (a) that, in turn, implies a = 7¢ (a) < 7o (@ — AF (a)) = D) (a).
Hence, @, ([a,b]) C [a,b]. By the, by now, usual arguments based on Theorem 10 we get the desired

result because the self-map @, is monotone and, in view of (23), order concave. |

The concavity or convexity of the projections is a key condition to obtain unique solutions to the
variational inequality.?! Unfortunately, this condition can be rather demanding.?? So, we end with a
positive result on cones. Here, C° is the polar cone of a cone C.

Proposition 28 Let C C H be a closed and convexr cone. The projection w¢ is convex (resp.,
concave) if either C' is a lattice and C O K (resp., C O —K) or C° is a lattice and C C K (resp.,
CC-K)

Proof Assume that C' is a lattice with C O K. Let x,y € H. The variational property of the metric
projection for cones implies z — ¢ (z) € C° and y—7¢ (y) € C°. Therefore, z+y—m¢ () —7e (y) €
C° C —K. Hence, z +y < 7¢ (z) + ¢ (y). As C is a lattice, m¢ is monotone. Consequently,

e (z+y) <mo(me (z) + 7o (y) = 7c (x) + 7 (y)

We conclude that m¢ is subadditive. As ¢ is positively homogeneous (see, e.g., [12, Proposition
5.6]), m¢ is convex on H. The concavity of m¢, provided the lattice C O —K is proved similarly.

By the Moreau decomposition (see [12, Proposition 5.6]), for each z € H we have z = n¢ (x) +
meo (x). For instance, if C° be a lattice such that C C K, then C° O —K. By what has been already
proved, moo is concave. Hence, mc = I — w¢o is convex. Similar argument holds when C C —K. R

6.5 Operator equations
Define T : LT (H) — LT (H) by

m

T(X)= Zsﬁk ((Xhg, b)) (X + Ag)"* (24)
k=1
where hi,ho, ... hym € H, A1,...;Am € LT (H), 01,99, 1, P : Riy — Ry, and 9 € (0,1). The
resolution of the existence of fixed points of these operators is closely related to what studied in [16].
It is well known that the operator functions X — (X + Ak)ﬁ’“ are monotone and concave in
LY (H). Moreover, for A > 0 large enough, 7' maps the interval [0, \I] into itself (see [16] for more
details). By the chain completeness of [0, AI], it follows the existence of fixed points in [0, A].
Here, we are interested in the uniqueness of the fixed point. It is a consequence of Theorem 19
by taking the identity operator I € LI (H) as order unit. Formally:

Proposition 29 The operator T : LT (H) — LT (H) has a unique fized point provided:
(i) Ap > ol for some k and o > 0;
(ii) ¢ are increasing, concave and bounded and @, (0) > 0 for all k;

(#i7) I <y, (0) /o, (00) for all k.

21The classical strict monotonicity condition (z —y, F (x) — F (y)) > 0 for all z,y € C also guarantees a unique
solution, but it is not related to order arguments.
22For instance, it easy to see that the projections on intervals [a, b] are neither convex nor concave.
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Proof Let us first show that T is strongly subhomogeneous. Observe that by the same method em-
ployed to prove Proposition 15-(i) implies that the scalar functions ¢, are strongly subhomogeneous,

more specifically,
#k (0)

o (at) > o' T F=T o (1) vVt > 0,Va € [0,1].
By setting ¢t = (Xhg, hi) > 0, we have

_ 2k(0)
o (Xl hy)) > @~ 56 o (Xhi, b)) -

Moreover, by monotonicity,
(X + Ap)"* > a” (X + Ax)"* .

Consequently,
or (X hi, b)) (@X + Ag)” > o' Mgy (X by, hy)) (X + Ag) ™
holds where n;, = ¥ — ¢}, (0) /¢, (00) and, at last,
T (aX)> ol ™ (X)),

Under (iii), minn, > 0 and so T is strongly subhomogeneous.
It remains to show that point (i) of Theorem 19 is fulfilled, that is, that no fixed point lies in
9o LT (H). In view of condition (i),

> on (Xt o)) (X + 4™ > 97 (0) (X + Ap)”™* > 5 (0) 5 1.
k=1

Hence T ([0, M]) C [o11, M] where o1 = ¢ (0) 0V%. It follows that Fiz (T) C [011,A]]. By Proposi-
tion 8, Fixz (T) C [0, AI]\0s [0, AI]. This concludes the proof. |

We end by studying an extension of the discrete algebraic Riccati equation associated with the
operator R: LY (H) — L (H) defined by

R(X)=Y + i ALD (X) Ay, (25)
k=1

where Y € LT (H), A € L(H) and ® is a positive Loewner function defined on R .
Fixed points of (25) have been studied — when dim H < oo — in [33] via a Banach-like contraction
result for posets. We provide here an alternative method based on our approach.

Proposition 30 The operator R : LT (H) — L (H) has a unique fized point X* in LT (H) provided:
(i) Y > ol for some o >0,
(i) R(X) < X for some X € LT (H).
Moreover, in this case the iterates R™ (0) norm converge to the fized point X*.

Proof Clearly, R is monotone. Moreover, it is well known that the monotonicity of X +—— & (X)
implies that it is also concave, because @ is positive. This implies, in turn, that R is concave. As
R(0) >Y > oI, the operator R is also subconcave at 0. Moreover, we have

ol <Y<R(0)<R(X)<X<|X|I

Hence R (0) is linked to X. By Proposition 15-(ii), the operator R is strongly subhomogeneous in
LY (H). Theorem 19 implies the existence and the uniqueness of the fixed point in £} (H), because
there are no fixed point in d,LF (H).

Note that the cone £ (H) is normal, therefore the convergence in norm is a consequence of
Proposition 36. |
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7 Related literature

The starting point of our analysis was a special case of our Theorem 10 proved in Baiocchi and Capelo
[5] p. 224. The results that we proved here are more general, partly because — by leveraging on the
notion of lower perimeter that we introduced — they are able to best exploit the interplay between
order and vector structures. Earlier results on unique fixed points of concave and monotone self-maps
can also be found in Amann [2] and [3]. They are, however, different from ours. For instance, also |2,
p. 372] proves a version of Theorem 10 (see also [3, Theorem 24.4]). However, not relying upon the
results of Kantorovich and Tarski,?? it uses order notions of monotonicity and concavity on a hybrid
structure (ordered topological vector spaces with weak units) that are stronger than the standard
ones. Our analysis takes, in contrast, advantage of the Tarski-type theorems that enable us to use
standard notions of order concavity and monotonicity through the notion of lower perimeter.

The results on subhomogeneous operators offer often a powerful alternative to those related to
the order concavity. The results presented here are inspired to Krasnoselskii’s seminal work, though
the key connection with the Thompson metric that we develop in the Appendix is new.

Similar topological results can be found in [3]. More recently, the uniqueness part of the fixed point
theorem established by [20] is closely related to Proposition 35, though adapted to spaces of functions
(their existence result rests on Kantorovich’s Theorem). We must also mention that many authors
used related similar arguments to establish uniqueness results for equilibria of dynamic economies
determined as fixed points (see [9] and [10]).

Finally, our analysis does not rely on any a priori given metric structure, so it is different from
the recent fixed point literature that combines order and metric structures (see, e.g., [33], [15], and
[28]). It is, instead, closely related to the papers that - like [20] and [7] — study the uniqueness of
solutions of Bellman equations, as it was detailed in the paper.

A Proofs of Section 5.2 and related analysis

A.1 A key connection

There is a close connection between the subhomogeneity property introduced in Section 5 and the
Thompson distance d, as well as with the logarithmic transformation of an operator. Next we explicit
some results along this line. Throughout this section, V' denotes an Archimedean ordered vector space
and @ € K/ ~ is a component of K.

Proposition 31 Let T : Q — K be monotone.
(i) T is subhomogeneous if and only if it is not expansive, i.e.,
d(T(z),T (y) < dlx,y)  Vo,ye@.
(ii) T is strongly subhomogeneous if and only if
d(T(z),T(y) <d(z,y) Ve#yeQ. (26)
(i4i) T is p-subhomogeneous if and only if it is a p-contraction, i.e.,
d(T(z),T (y)) < pd(z,y)  Vo,y€Q. (27)

Moreover, thanks to subhomogeneity, we have T (Q) C Q if and only if T (x9) € Q for some
element xy € Q.

23These authors are not mentioned in Amann [3]. Tarski’s Theorem is discussed in a later paper, [4], whose results
are, however, not related to ours (it proves, inter alia, fixed point results a la Abian and Brown [1]).
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Proof (iii) Let T be p-subhomogeneous. By definition (2) and the fact that the infimum is a minimum,
being V' Archimedean, then e~ %@ ¥y < y < e@¥) g for z,y € Q. It follows that

e PN (1) < T (y) < P¥@IT ().

In turn, this gives d (T (x),T (y)) < pd(z,y). Conversely, assume that (27) holds. In particular,
d(T (z),T (ax)) < pd(xz,oz) holds for z € K and a € (0,1). Since d(z,azx) = —loga, we get
d(T (z),T (ax)) < —plog a. Moreover,

T (z) < e T@ TN () (28)

which provides T’ (z) < e~ 1°8*" T (ax) = o~ PT (ax), as desired.
(ii) Relation (28) can be interpreted as T (az) > ¢ (z,a) T (x), where ¢ (z, @)

Under condition (26), we have ¢ (z,a) > «, whenever «a € (0,1). This proves (ii). The proof of (i) is
similar. |

— o d(T(x).T(az))

A particularly elegant case is when V is the space of bounded functions B (X) endowed with the
supnorm, and the component @ is that containing a unit vector e, that is, @ (e¢) = intBy (X) =
By (X)\0o B4 (X).

Proposition 32 Let By (X) be the cone of positive functions in B (X). The Thompson metric d on
int By (X) is
d(f,9) = sup Jlog f (z) —log g ()|
e

Moreover, the map L : int By (X) — B(X) defined by L(f)(xz) = logf (z) is an isometry of
(int B, (X),d) onto (B (X), |1

Proof Clearly, for two functions f, ¢ € int By (X), we have
e Mg < f<etge=|logf—logg| <\

which provides the desired result. Moreover, observe that the transformation £ : f — log f is a
bijection with inverse £7! : f —— ef. Therefore,

d(f,9) = llog f —loggll = [£(f) = L(9)I

and so L is an isometry. [ ]

The logarithmic transformation is useful to solve the fixed problem f = T (f) for operators
T :int By (X) — int By (X).2* If £ : int By (X) — B (X) denotes the log transformation f — log f,

the conjugate operator is T = Lo 7 o L' : B(X) — B(X). That is, T (f)=logT (ef). Clearly, f*
is a fixed point of T"if and only if £ (f*) is a fixed point of T.
The following corollaries are straightforward applications of Propositions 31 and 32.

Corollary 33 A monotone T :int By (X) — int B4 (X) is
(i) p-subhomogeneous if and only if T = L oT o L™" is a p-contraction on (B (X),|-||);
(i) strongly subhomogeneous if and only if HTf — TgH < |If = gll for all f # g€ B(X).

When X is a singleton, B (X) = R, and intB, (X) = (0, +00). The previous result has then the
following useful consequence.

24The logarithmic transformation is often used in fixed points problems. See for instance [35, Sect. 17.2] and [20].
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Corollary 34 A monotone and differentiable f : (0,4+00) — (0, +00) is:
(i) p-subhomogeneous if f' (x)x/f (x) <p <1 for all x > 0;

(it) strongly subhomogeneous if f' (x)x/f (z) <1 for all x > 0.

By setting f(t) = log f ('), the derivative is Df (t) = f'(e!)et/f (') = f'(z)z/f (z). So,
‘Df (t)‘ < p implies that f is a contraction.

An operator T : K — K is said to be Q-monotone on a given component @ if
r<y=T(z)+v(z,y) <T(y) Vo,y € Q

for some v (z,y) € Q. The next proposition, which is closely related to [19, Theorems 6.3 and 6.4],
deals with uniqueness (though not existence) of fixed points.?

Proposition 35 Let T : K — K be monotone and strongly subhomogeneous.

(i) There is at most a unique fixed point T on every component Q of K; we have T (y) <y for all
T<yeQ.

(i) The same result holds on every component @ on which T is strictly subhomogeneous and Q-
monotone.

Proof Recall that the Archimedean property of V ensures the well known fact that the interval
{A e R: Az <y} has a greatest element for arbitrarily fixed vectors z,y € V, as long as it is not
empty.

(i) Let T'(x1) = 21, T (z2) = x2 and 1 # x2 € Q where Q C K is a component. It is not
restrictive to assume x1 ﬁ x2 (otherwise, replace 21 by x2). Since 27 and z are comparable, there
is an « > 0 such that axy < xo. Pick the greatest & for which az; < x5 holds. Observe that a < 1,
otherwise, with & > 1, we would have z1 < ax; < x9 which is a contradiction. Hence, axi < x5 with
0 < & < 1. Then,

2o =T (x2) > T (ax1) > p (@, 21) T (x1) = ¢ (&, 21) 1. (29)

As ¢ (@, 1) > @, this contradicts the hypothesis made on &. Hence x; = z5.

Regarding the second point, observe that the chain of inequalities holds true by setting x5 = &
and y = 1 and where T (Z) = T and T (y) > y. Therefore the three relations T'(z) = z, T (y) > vy
and y £ Z must be inconsistent. Hence our claim follows.

(ii) As in point (i), assume the existence of the two fixed points z1 # z2 € Q, with 1 £ x2. Let
azy < xg, where & enjoys the same property like in (i). If @zq = a2, then

o =T (1’2) =T (5[%1) > Qxy.
Hence, az; < xz2. By @Q-monotonicity,
ary <T(ax) < T (v2) —u=12 —u,

with v € Q. Namely, x5 > ax1 + u. Since u,x1 € @, we have u > Az for some A > 0. It follows that
x9 > (@ + A) 21, a contradiction. |

Having dealt with uniqueness, next we consider global attractiveness.?6

25Point (i) could be directly deduced from point (ii) of Proposition 31 because (26) implies the uniqueness of the
fixed point of the operator.

26In the special case in which the operator is p-subhomogeneous, the result easily follows from the contraction
property established in Proposition 31-(iii).
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Proposition 36 Let T : K — K be monotone and strongly subhomogeneous. Let T € Q) be a fixed
point of T. Then T (Q) C Q and, given any initial condition xo € Q, the iterates T™ (zg) order
converge to T, with

d(T" (z9),z) — 0

where d is the Thompson metric defined on Q.

Recall that Thompson convergence implies norm convergence when the space V' is endowed with
a norm and the cone K is normal (Theorem 1).

Proof We begin with the following claim.

Claim There exists a < ¢ (z,a) < 1, for @ € (0,1) and > 0, such that (1) holds and ¢ (z,-) is
continuous and monotone on [0, 1]. Specifically, we can take

¢ (z,a) = e MT@TOD)) — max (8> 0:T (az) > BT (z)}. (30)

Proof of the Claim The relation ¢ (z, o) = e~ ¥T(@).7(22)) has been already observed in the proof
of Proposition 31. The last equality is easily obtained. Also the monotonicity property of ¢ (x,-) is
easy. Let us show the continuity of ¢ (z,-). Let (a,) be an increasing sequence in (0,1) such that
an T a*. Then

T(apz)=T (%a*x) > %T (a¥x) > %g& (x, )T (z).

In view of (30), this implies
ap .
@(maan) > E‘p (1‘7(1 )

By taking limit, this leads to lim, ¢ (z,a,) > ¢ (z,a*). As ¢(x,-) is increasing, we have also
lim,, ¢ (z, o) < ¢ (z,@*). The right limits are proved in the same way. O

We can now prove our proposition. The first statement is easy. Let now zo € @ (). This implies
that there is some to € (0, 1) for which

t0T < x9 < —7. (31)

1
to
As T is strongly subhomogeneous, then there exists a continuous function ¢ for which T (tz) >
¢ (£) T (Z) holds for each t € [0,1] and 0 < ¢ (t) < 1if ¢ € (0,1). By (31) we get

1
(to)

0 (to) T < T (xg) < z

A

and, iterating this procedure, we get the relation

b, <T"(x9) < —Z

1
ln
where ¢, = ¢ (t,—1). Thanks to the continuity of ¢, the increasing trajectory (¢,) must approach a
fixed point of . Hence, ¢, T 1. By definition of Thompson metric (2), it follows that

d(T" (zg) ,z) < —logt, — 0.
On other hand,
1
—(1=t,))Z<T"(x9)—Z < <t1)i

n

where (1 —t,) | 0 and 1/t, — 1 | 0. Therefore, T™ (x¢) order converges to Z. |
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A.2 Proofs of Section 5.2

Theorem 18 By hypothesis, the fixed points must lie in [0, a]\0, [0, a], which agrees with @ (a),
thanks to Proposition 3. By Proposition 35, the fixed point is unique whenever it exists. The rest of
the proof is now obvious. |

Inspection of this proof shows that the condition T (z) # z for all z € 9, [0,a] is enough to
establish that 7" has at most one fixed point.

Theorem 19 If (i) holds, then the fixed points will be located in K\0, K. By Proposition 4, K\0, K =
Q (e). Therefore, Proposition 35 provides the first desired result. As to the last claim, under (ii) we
have that 7" maps monotonically [0, Ae] into itself and thus (iii) implies the existence of fixed points.
|

Inspection of this proof shows that under (i) 7" has at most one fixed point.
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