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I. Introduction

In this paper we give a sufficient and almost necessary condition for the exis-
tence of optimal strategies in linear multisector models when time is continuous,
consumption is limited to one commodity, the instantaneous utility is of the CES
type, largely used in the endogeneous growth literature, and available technology
allows a positive growth rate.

Linear multisector models are largely studied in economic theory. Perhaps
the first of these models was introduced by von Neumann in 1934. Von Neu-
mann [16] proved existence of what could be said today a steady state equilib-
rium when the growth rate is maximazed so that consumption is nought. Later
the model was generalized to introduce consumption and explicit labour growing
at an exogeneous given rate by Kemeny, Morgenstern, and Thompson [12] and
Morishima [14]. The model was generalized also in other directions. Instead of
von Neumann’ objective of a maximal growth rate, turnpike models adopted as
objective the attainment of maximal capital stock of some specified composition
at a given time in the future or the utility function which is defined with regard to
only the stocks of commodities at a given (final) time as its argument (for a sur-
vey, see Takayama [19]). Finally the (multisector) optimal growth literature has
introduced the possibility that the utility function is defined in every intermediate
state as well as in the terminal state: for a survey, see again Takayama [19]).

In this paper we are interested to a formulation of a linear multisector model
related to the recent literature on endogeneous growth. This is the reason why
we do not consider explicit labour inputs and we avoid primary factors in general.
The interpretation of the absence of explicit labour could be the same proposed
in the original von Neumann paper: real wage rate(s) is (are) considered given
and wage payments are included in the processes of production as inputs. Al-
ternatively, the model can be interpreted as considering human capital inputs
instead of labour inputs in the assumption that some of the sectors involved pro-
duce human capital of different qualities. More in general, all technologies which
exibit constant returns in the reproducible factors can be treated, or approxi-
mated at whatever given degree, within the framework here provided. Since we
avoid primary factors we can assume that a positive growth rate is technological
feasible.

In this paper there are two main differences with the original von Neumann
presentation and large part of the literature on it. One difference is connected to
the fact that we consider time as continuous instead of discrete and will be clarified
soon. In a multisector analysis capital stocks do not need to be in the proportions
required and, unless a strong substitutability among factors is assumed, some
commodities need to be disposed. Many linear multisector model, including that
provided by von Neumann, adopt the rule of free disposal. In a discrete time
setting, this means that a commodity non consumed and not used in production
is destroyed in a period. In a continuous time setting a rule like this means
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instantaneous destruction, that is an infinite speed of disposal. This is not very
realistic, since disposal requires time, and, more problematic from a theoretical
point of view, it implies that stocks can vary in a discontinuous way. For this
reason, in this paper we introduce a finite rate of depreciation for commodities
not consumed and not used in production. Such a rate of depreciation may be
higher than the rate of depreciation on the same commodities when they are used
in production. We can also have a rate of depreciation for some commodities
not consumed and not used in production lower than or equal to the rate of
depreciation for commodities used in production when the aim is not the disposal,
but the conservation of those commodities.

The other difference is connected to the fact that we are interested to the
determination of an optimal path starting from an historically given capital stock.
Unless we do not assume that all commodities are available at time 0, we have that
even a commodity which is producible, in the sense that there are known processes
that have it among its outputs, could be reduced to a primary factor since some
of the commodities which are directly or indirectly necessary for its production
are not available at any time. In this paper we introduce this possibility, but
then put it on one side since it would impose that the economy cannot grow at a
positive rate. Another paper will be devoted to this problem.

Whereas the model here presented has a production side close to the von
Neumann model, in which commodities are produced out of each other, it has
also Ramsey-like preferences in the sense that the optimal behavior of a repre-
sentative agent determines the saving behavior of the system. This characteristic
is shared with large part of the literature on optimal growth. In this paper we
want to concentrate on the intertemporal choices instead than the intratemporal
ones. This is the reason why we assume a single consumption good. Further,
even if steady states are not an issue of this paper, we use the usual isoelastic
utility function, which is the only one compatible with the existence of steady
states. This will allow us to clarify the main differences with the single commod-
ity analysis performed in large part of the literature. Therefore the preferences
of the representative agent is characterized by two parameters: the rate of time
discount p and the constant elasticity of substitution o > 0.

In this paper we will prove that an important role for the existence is played
by the upper bound of the uniform over time rates of reproduction of the con-
sumption good I'. In particular if

I'—p

> ,
g

then an optimal strategy exists, whereas if

F_
r<—*~
g

then no optimal strategy exists. This confirms in large part the analysis of the
single commodity model studied in the received literature, where the upper bound
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of the uniform over time rates of reproduction of the consumption good is more
appropriately interpreted as the rate of profit. In this analysis, of course, a
uniform rate of profit does not need to exists. In another unpublished paper
(see [9]) and in [8], however, we have investigated the steady states of this model
and envisaged three possible steady states. In all these steady states a uniform
rate of profit exists and in one of them it equals T'.

Confirmation of existence results which are known to be valid in a single
commodity model to a multisector setting is not the unique motivation of the
paper. On the contrary, we will show that the multisector analysis is able to
show difficulties which cannot be detected in a single commodity model. A simple
example in which the economy can grow at a (non uniform over time) rate larger
than I' shows that if p and o are such that

then an optimal strategy may or may not exist, depending on p (and the corre-
sponding o). From the mathematical point of view the emergence of this complex-
ity in the limiting cases is strictly related with the following two facts (depending
on the structure of the input/output matrices A and B): that the the upper
bound of the uniform over time rates of reproduction of the consumption good
I’ may be a maximum or not, and if it is a maximum, then there may be either
polinomial terms (arising from non simple eigenvalues) that give a correction to
the growth rate, or similar features in the dual space. These facts do not arise
when the matrices have some prescribed structure (see Subsection III.A.). The
study of the limiting cases became then quite complex and we leave it for future
work. Here a couple of examples must suffice.

The plan of the paper is the following: first we describe the model in Section
II., discussing also the main assumption on it. In Section III. we give the main
results and a couple of examples to show the complexity of the limiting cases
(two special cases are also mentioned in Subsection III.A.). The appendices are
devoted to develop the technical part: Appendix A contains some preliminary
estimates and properties of admissible strategies and trajectories; Appendix B is
devoted to the proofs of main results; Appendix C deals with the limiting cases;
Appendix D gives some controllability results that are used in some proofs.

II. The Model

There are n > 1 commodities, but only one of them is consumed, say com-
modity 1. Preferences with respect to consumption over time are such that they
can be described by a single intertemporal utility function U,, which is the usual
C.E.S. (Constant Elasticity of Substitution) function used in this kind of litera-
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ture: for a given consumption path c: [0, +00) — R, (¢; > 0 a.e.), we set

Uy (c() = / " ety (e (1)) db 0

where p € R is the rate of time discount of the representative agent and the
instantaneous utility function u, : [0,+00) — RU{—o00} depends on a single
parameter o > 0 (the elasticity of substitution) and is given by

for o>0,0#1

uy (¢) = loge for o=1

(with the agreement that u,(0) = —oo for ¢ > 1). For the sake of simplicity we
will drop the constant — (1 — ¢)~" in the following since this will not affect the
optimal paths.

Technology is fully described by a pair of nonnegative matrices (the m x n
material input matrix A and the m x n material output matrix B, m > 0) and
by a uniform rate of depreciation dy of capital goods used for production. The
rate of depreciation for goods not employed in production is 6,. If m = 0, we
say that matrices A and B are void. In this degenerate case production does
not hold and the model reduces to the standard one-dimensional AK model with
A=-4,<0.

The amounts of commodities available as capital at time t are defined by
vector s;. They may be either used for production (if m > 0) or disposed of.
That is

sl =xI'A +2],

where x > 0 denotes the vector of the intensities of operation and z > 0 the
vector of the amounts of goods which are disposed of. Production consists in
combining the productive services from the stocks to generate flows that add to
the existing stocks. Decay and consumption, on the other hand, drain away the
stocks:

sI' = x!I' B — 0,A] — 6,2 — cel; ¢ >0 So =S5
By eliminating the variable z and setting 6 = —d, + dx, we obtain
si =x!' [B —6A] — 6,8] — ciel; (2)

with the initial condition

and the constraints

x; > 0, sl >x]A, > 0. (4)
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Our problem is then to maximize the intertemporal utility (1) over all production-
consumption strategies (x,c) that satisfy the constraints (2), (3) and (4). This
is an optimal control problem where s is the state variable and x and ¢ are the
control variables. We now describe this problem more formally.

A production-consumption strategy (x,c) is defined as a measurable and lo-
cally integrable function of ¢ : Rt —R™ xR (we will denote by L. (0, +oo; R™1)
the set of such functions). Then the differential equation (2) has a unique solution
: RT —R" which is absolutely continuous (we will denote by Wb (0, +o0; R") the
set of such functions). Such a solution clearly depends on the initial datum § and
on the production-consumption strategy (x, ¢) so it will be denoted by the symbol
St:s,(x,c), omitting the subscript §, (x, ¢) when it is clear from the context.

Given an initial endowment § we will say that a strategy (x,c) is admissible
from § if the triple (X, ¢, S5 (x)) satisfies the constraints (4) and Ui (c) is well
defined!. The set of admissible control strategies starting at s will be denoted by

A(8). We adopt the following definition of optimal strategies.

Definition II..1 A strategy (x*,c*) € A(S) will be called optimal if we have
U,(¢*) > —o0 and
+oo > U, (c*) > Uy(c)

for every admissible control pair (x,c) € A(8).

We now provide some definitions useful to simplify the exposition. Then we
introduce and comment on a set of assumptions that will be used throughout the
paper.

If the j-th column of matrix B is semipositive we say that commodity j is
technologically reproducible. If commodity j is not technologically producible
(Be; = 0) and it is available at time 0 (57e; > 0), we say that commodity j is a
primary factor. If a primary factor is destructible (6x + d, > 0), we say that it is
an ezhaustible resource; if it is indestructible (dx = 0, = 0), it is Ricardian land.

Assumption I1..2 Fach row of matriz A is semipositive.

This assumption means that no commodity can be produced without using
some commodity as an input.

Assumption I1..3 Fach row of matriz B is semipositive.

!The condition on Uj () is relevant only when o = 1. Note that for o € (0,1) the function
t — e Ptu, (¢;) is always nonnegative so it is always semiintegrable (with the integral eventually
+00). On the other hand for o > 1 the function ¢t — e *tu, (¢;) is always negative (and may
be —oo when ¢; = 0) and again it is always semiintegrable (with the integral eventually —o0).
This means that the intertemporal utility U, is always well defined for o # 1. For ¢ = 1 the
function ¢ — e~P'u, (c;) may change sign so it may be not semiintegrable on [0, +00). This is
the reason why we need to require that Uy (¢) is well defined to define the admissibility of c.
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This assumption means that each process produce something: i.e. that pure
destruction processes are not dealt with as production processes.

Assumption I1..4 The initial datum 8 > 0 and the matrices A and B are such
that there is an admissible strategy (x*,c¢*) € A(S) and a time t* > 0 such that
the first element of Sp5 (x=c+) 1S positive.

If this assumption does not hold, then every admissible strategy must have
c¢ = 0 a.e. This case is not an interesting case to be investigated.

Assumption I1..5 For each j # 1 the initial datum S > 0 and the matrices A
and B are such that there is an admissible strategy (x*,c*) € A(8) and a time t;
such that the j-th element of Ste35,(x" ) 18 positive.

Assumptions II..4 and II..5 imply that all commodities are available at any
time ¢ > 0: it can be proved that if both hold, then for any time ¢y > 0 there is
an admissible strategy (x*,c*) such that s, 5 x= ) > 0. See on this Appendix D
below. Assumptions II..4 and II..5 could be stated in terms of the zero compo-
nents of the initial datum § and of the structure of the matrices A and B, see on
this Appendix D below.

Assumption II..5 is not really restrictive in the sense that when it does not
hold, matrices A and B and vector S can be redefined in order to obtain an equiv-
alent model in which Assumption II..5 holds. Assume, in fact, that Assumption
I1..5 does not hold. Then there is a commodity j which is not available at any
time ¢ > 0 (s]e; = 0 for every ¢ > 0). In this case any production process i in
which commodity j is employed (a;; > 0) cannot be used. The model is then
equivalent to one in which matrices B and A and vector s, in the state equation
(2), are substituted with matrices D and C and vector s, respectively, where
matrix C is obtained from A by deleting the j-th column and all rows which on
the j-th column have a positive element, matrix D is obtained from matrix B by
deleting the corresponding rows and the j-th column, and vector s’ is obtained
from vector s by deleting the j-th element. Note that if in the new equivalent
model the Assumption II..5 does not hold and matrices C and D are not void,
the argument can be iterated. If matrices C and D are void, then an equivalent
model satisfying Assumption IL..5 is obtained by deleting the nought elements of
vector 8’. In any case the algorithm is able to detemine an equivalent model in
which Assumption II..5 does hold. We will refer to the equivalent model found
in this way as the truncated model and to the corresponding technology as the
truncated technology, which then depends on 8. It can easily be proved that if
Assumptions II..2, II..3, II..4 hold in the original technology, then they hold in
the truncated technology too (see Appendix D below). Except when it is not
mentioned explicitly, all the following assumptions are referred to the truncated
technology.
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Let us define
Go:={7[3x ER™:x>0,x #0,x" [B— (7+ ) A] >0}, 'y = max Gy

Gi={y3xeR™:x>0,x" [B—(y+0x)A] >e]}, I' =sup Gy

[y is clearly the maximum among the uniform over time rates of growth
feasible for this economy and corresponds to what von Neumann found both as
growth rate and as rate of profit. I' is the upper bound of the uniform over time
rates of reproduction of the consumption good. Obviously I' < I'y. It is easily
proved that the I'’s relative to the truncated technology are not larger than the
corresponding I'’s relative to the original one. If either Be; = 0 or matrices A
and B are void, then I' = —co. Moreover, if Be; # 0 and exhaustible resources
are essential to the reproduction of the consumption good, then I' = —6,.2 Since
this paper is devoted to the problem of endogenous growth we will eliminate all
these cases by assuming that the upper bound of the uniform over time rates of
reproduction of the consumption good is positive.

Assumption II..6
I'>0

As mentioned in the introduction this paper is mainly devoted to show the
role that the following assumption plays for the existence of optimal strategies of
the problem under analysis.

Assumption II..7
I'—p

o

r>

The reader should have noticed that we have used the convoluted expression
“the upper bound of the uniform over time rates of reproduction of the con-
sumption good” instead of the most obvious “the upper bound of the rates of
reproduction of the consumption good”. This is so since for particular forms
of matrices it could be possible to find growth rates of consumption which are
higher, but not uniform over time. An example can clarify this point.

Example I1..8 6x =0, € (0,1) and

010 110
A_{OOI}’ B_{Oll}'

2We say that commodity j is essential to the reproduction of consumption good when

(x>0,e>0,x"[B-cA]l>e) = x"Ae; #0.
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It is immediately recognized that ' = 1—0x > 0 and I' is a maximum. Nevertheless
consumption can grow at the rate

C_ry 0

>T
c a+ [t

where a and (3 are given positive constants. It is enough that
S1 = 0

S =c=mx1 = el + pBellt
S§3 = XTg = ﬁert

This is clearly a consequence of the fact that the matriz of the linear autonomous
dynamical system arising from this choice of production-consumption strategy has
a nonsimple eigenvalue A = 1

III. The main results

The main goal of this paper is to show that in the general context outlined
by Assumptions I1..2, 11..3, II..4, I1..5, II..6, we have substantially an if and only
if condition for the existence of optimal strategies. In fact in this paper we will
prove the following results:

Theorem II1..1 If Assumptions I1..2, I1..3, II..4, I1..5, II..6 and I1..7 hold, then
there is an optimal strategy (x,c) for problem (F,) starting at's. Moreover this
strategy is unique in the sense that if (X, ¢) is another optimal strategy, then ¢ = c.

Theorem II1..2 Let Assumptions I1..2, I1..3, II..4, I1..5, II..6 hold. If

I'—p
g

I' <

then no optimal strategy exists for problem (P,) starting at S.

Theorem II1..3 Let Assumptions I1..2, I1..3, I1..4, 11..5, II..6 hold. Let

F_
r—-_7~
g

Then we have the following:

. If 0 =1 then no optimal strategy exists for problem (P,) starting at 8.

. Ifo €(0,1) and T is a mazimum then no optimal strategy exists for problem (FP,)
starting at's.
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3. If o > 1 and T" is not a maximum, then no optimal strateqy exists for problem
(P,) starting at §.

The limit cases

1. 0 €(0,1) and I is not a maximum,

2. 0 > 1 and I' is a maximum,

are intrinsecally more complex than the others. Indeed in such cases we can
have existence or nonexistence depending on the value of . We provide here
below two examples of matrices A and B and scalars p, dy, d, showing this fact.

In the first 0 > 1 and we have existence when ¢ > 2 and nonexistence for
o € (1,2). In the second o € (0,1) and we have existence when o < i and
nonexistence for o > %

Example I11..4 The technology is that of the Fxample II..8. We now take
the production strateqy mentioned there and take account of the fact that p =
['(1—o0). It is easily checked that the functional (1) is in this case

1 /+°° 1
—— dt
l—=0oJo (a+pt)

and, for o > 2 this is finite whereas for o € (1,2] it takes value —oco. Further, it
can be proved, with similar arguments, that if o < 2, then all strategies take value
—o00. We omit this for brevity. See Appendiz C for a discussion of this example.
[ |

Example I11..5 Take 6x =3, € (0,1) and

01 0 3
=[] eela)
In this case it is easy to check that I' = 3 — 0x > 0 is not a maximum. Moreover

take p =T (1 — o). It is easily proved that if o € (O, %) there exists an optimal
strategqy, whereas if o € (%, 1) there is no optimal strateqy (see Appendiz C). W



12 G. FrENI, F. Gozzi AND N. SALVADORI

III.A. Two special cases

We consider here two special cases correponding to the following two assump-
tions on technology:

Assumption II1..6 FEach row of matrix B has one and only one positive ele-
ment.

Assumption III..6 avoids joint production of commodities. It is easily shown
that if it holds in the original technology, then it holds in the truncated technology
too. However, it could hold in the truncated technology without holding in the
original one.

Assumption II1..7 The discount factor p is nonnegative and o > 1.

Proposition II1..10 below proves that if Assumptions II..6 and III..6 hold, then
I' is not a maximum. As a consequence we have the following corollary.

Corollary III..8 Let Assumptions I1..2, 11..3, I1..4, I1..5, 11..6, and III..6 hold.
Let 0 > 1. Then there is an optimal strategy (x,c) for problem (P,) starting at
S if and only if Assumption II..7 holds. Moreover this strategy is unique in the
sense that if (X,¢) is another optimal strategy, then ¢ = c.

Moreover, if Assumptions I1..6 and III..7 holds, then the equality I' = ? is
not possible when o > 1. In fact this would mean p =1"(1 — o) < 0. So also the
following corollary holds.

Corollary II1..9 If Assumptions I1..2, I11..3, 1I..4, 1I..5, I1..6, and II1..7 hold
and o > 1, then there is an optimal strategy (x,c) for problem (P,) starting at
S if and only if Assumption I1..7 holds. Moreover this strategy is unique in the
sense that if (X, ¢) is another optimal strategy, then ¢ = c.

We now state and prove Proposition I1I..10 announced above.

Proposition II1..10 If Assumptions I1..6 and II1..6 hold, then I" is not a mazx-
1Mmum.

Proof. Assume that I' is a maximum so that statement (8) of Lemma A.11
applies and let

y € {x[x>0,x"[B— (T +dx) A] >e] }

have as many zero elements as possible. Then, let ¥, B, A, Vg be obtained by
eliminating the zero elements of vector y, the corresponding rows of matrices B
and A, the columns of the same matrices that otherwise would be nought in both
matrices, and the corresponding elements of vector vg. Note that the number
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of the rows of matrices B and A is not lower than the number of the columns
of the same matrices, since Assumptions II..6 and III..6 hold. With no loss of
generality assume that the last columns of matrices B and A correspond to the
positive elements of vector Vg and the last rows of the same matrices are those
whose positive element of matrix B corresponds to a positive element of vector
Vg. Then, by partitioning, obtain

[Bi1 — ([ + 0x) A110— (T + 6x) A21Boy — (I + 0x) Ags] [0Vso] =0
where Vgo > 0. By partitioning vector y, obtain
[VJQ]T [En — (T +0) A1 10— (T + 0x) Ag;Boy — (T + dy) Km} >ef.

Hence - B
yi [Bll — (' +0x) All] > e

which contradicts the assumption that y has as many zero elements as possible.
|
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Appendix

A Properties of admissible strategies and trajectories

In this appendix we prove various useful properties of admissible
triples (s, (x,c)).
AA. Some basic estimates

Here we prove some simple estimates for the admissible strate-
gies. They do not involve the number I'.

Proposition A.1 Let Assumptions I1..2 be verified. Let
5max = 5)( Vv 527 5min = 5x A 62
We have the following estimates for every admissible strategy (x,c):

T T T T,
S; > X; B — 0naxS; — ci€y;

-T T T T.

so that

t t
s/ > e_(sma"téTJr/ e Omaxt=35)x TB g — / e Omax(t=5) ¢ T s
0 0

t t
s/ < e_(smi“téT%—/ e Omn(t=5)x "B s —/ e Omin(t=9)c el s
0 0

In particular for j = 2,....n,

T

_(Smaxt_T
s;ej > ¢ S

€j
while, for 7 exhaustible resource

T

*5mint_T
s;e;<e S

ej.
Morerover there exists a constant X\ > 0 such that
|[x Al <|lsel] < eM]I8]] %] < CeM|[s]] (5)

for suitable C > 0.
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Proof. We use the constraint sI > x A and put it into the
state equation (2). Observe that, if § = 0x — d; < 0 (SO Opmax = 0z)
then

0< —0x/A < —ds]

so that, from the state equation
s =x! [B— 0A] — 6,5) — ciel
it follows

st >x!B — d,s] —cel
s <x/B—ds! — 0,87 —ciel =xIB —dys! — crel.
Similarly, if 0 > 0 (S0 dpmax = J0x) then
0> —6x/ A > —s!

so that, from the state equation it follows

T~ T T T
S; >x; B—0xs; — e

T T T T

This prove the first two inequalities. The second two are conse-
quences of the comparison theorem for ODE’s (see e.g. [11]) and
the third ones comes as special cases (using also that exhaustible
resources cannot be produced). The inequality (5) comes as fol-
lows. By Assumption II..2 for every i € {1,...,m} there exists
j =37 () €{1,...,n} such that a;; > 0 so that, if x” A < s’ then

XTei < ai_jlsTej
and we can find a nonnegative matrix C n X m with exactly one
nonzero element for every column such that x’ < s’C (C is such
that AC > 1 and on the —th column it has all 0 element except
for j (i) that is a;; 1), Consequently we have, for x’A < s”,

x'B < s"CB.
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Now the matrix D = CB is n x n and nonnegative. From the above
equation it follows that for every admissible strategy we have

s <sI'D — 65! — ciel.
Since the control ¢ is positive
S? < StT [D - 6ZI] :

From the nonnegativity of the matrix D it then follows

StT < gTe!D0.1

so the claim follows taking any A > max {Re i, p eigenvalue of D} —
g |

As a consequence of the proposition above we have the following
corollary.

Corollary A.2 Let Assumptions I1..2 hold. Lets > 0 and let s; an
admissible trajectory starting at's. Then, for j =2,...,n,

s'e; >0=sle;>0 Vt>O0.

Proof. The implication is obvious from Proposition A.1 above.l

AB. Properties of the number I

We give here some preliminary results on I' that will be useful
in the following. Here we consider a more general case than what
is done in Section II. allowing also negative values of I". For this
reason we give a different definition of I' that coincides with the one
of the Section II. when I' > 0.

Define first

Go:={y|IxeR" : x > 0,x #0,x" [B— (74 dx) A] >0}, 'y = sup Gy
Gri={yFxeR":x>0,x#0,x [B—(y+dx) Al >e]}, I'y =sup Gy

and
I' .= max{—éz, Fl} = _5z V Fl.

Then the following hold.
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Proposition A.3 Under Assumptions I11..2, I11..3, II..4, we have
the following

1. 'y < Ty < +o0o; moreover Gy O Gy and both are half lines;

. Go 2 (=00, =], so that I'y > —dx and it is always a maximum;

3. Ty = —dx if and only if

a) there exists j € {1,...,n} with
Bej = 0, Aej 7é 0

b) the truncated matrices By and Ay obtained cutting all columns
j with Be; = 0, and the rows i where el Ae; > 0 for some j
such that Be; = 0 are empty or satisfy again point a) and b),
recursively.

Proof of 1). The fact that both Gy and G; are a negative half
lines follows by definition since

7 < Vo= x" B — (71+6x) A] > x' B — (72+0x) Al

so, if 75 € Gy (or Gy), then also 73 € Gy (or Gy). The fact that
Go 2 G1 (and so I'y < T'y) is obvious since

x'[B— (y+0x) Al >ef = x' [B— (v+ 6x) A] >0
so that
v € GiI=—>y € Gp.

It remain to prove that I'y < +oo. By the Farkas Lemma (see
for instance Gale’s theorem for linear inequalities; [10] or [13], pp.
33-34) we have that

> Ive>0: (B-(y+d)A)VvE<O.
So if the right hand side is true for v} = (1,1,...,1) then surely
v > Ty. But taking v% = (1,1, ..., 1) would mean, for i = 1,...,m

n n

e/ (B—(v+0x)A) vy = Z (bij — (v + 6x) aij) = Z bij— (7 +0x) > ay

J Jj=1
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so, (recalling that Assumption II..2 guarantees that 2?21 a;; > 0
for every i = 1,...,m) if  is such that

wa ”}/—i—é iaij<0, Vi=1,...m

j=1
1.e. s
v>—0g+ sup =LY
i=1,...m ijl Q5
then also v > I'y. This means that
n
LD
[y < —6x+ sup % < 400
i=1,...m ijl Q5
Proof of 2). It is clear that v = dx belongs to G, since in this
case
xI'[B-(y+0)Al=x"B>0 Vx>0.
Moreover let vy, — I'y for & — +o00. By definition there exists a
sequence {Xy},.y such that x; > 0, x;, # 0 and

xi [B— (x+0x) A] > 0.

Then setting

X}
Yi =
|1k [
it is clear that, for every k € N,
Vi [B— (m+dx) Al >0,  and  |lyil| = 1.

This implies that there exists yy € Sgm such that, on a subsequence
(again denoted with yy for simplicity), we have y; — yo and, pass-
ing to the limit in the above inequality

yio [B— (Fg+6x) A] >0

which means that I'y is a maximum.
Proof of 3). Finally 'y = —dx implies that for every e > 0 we
have
x' B—cA] 0 Vx>0,x#0
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Now if for all j € {1,...,n} we have either Be; # 0, or Be; = 0 and
Ae; = 0, then choosing x = (1,1, ..., 1) we would have

B eA)e wa &:Zaw,]—l

This implies that, choosing

m
L Qi
0<e< sup #
jBe;j#0 D i1 ij

we would have xT (B—eA) > 0, a contradiction. So a) holds. let
us now prove b) showing that if there exist ¢ > 0 and x > 0 with
x? (B—eA) > 0 then x = 0. Let J the set of all j such that Be; =
0, and Ae; # 0. Then, for x > 0, and for such a j

x! (B—cA)e; = —ex' Ae; = —¢ ineiTAej

so if xT (B—&A) > 0 then z; = 0 for each i such that there exists
j € J with e/ Ae; > 0. Then finding x > 0 such that x’ (B—¢A) >
0 it is equivalent to find x; > 0 such that XIT (Bi1—¢A;) > 0 and
the above argument recursively apply.

Viceversa if a) and b) hold it is clear that xT (B—eA) > 0 for
X > 0 implies x = 0. [ |

Proposition A.4 Under Assumptions I11..2, 11..3, II..4, we have
the following

1. Ty € {—00} U [—0x, +00); moreover

o I'y = —oc0 and G; = 0 if and only if Be; = 0 and Ae; = 0.

o 'y = —dx and Gy = (—o0,—0dx) if and only if Be; = 0 and
Ae1 7é 0.

o ') > —ix and Gy O (—o0, —dx| if and only if Be; # 0.
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2. Let Bey # 0. If 'y = —dx then also I'y = —0x. If Iy > —dx then
[y = —6x (and G = (—o00, —d]) if and only if

(1) either for every i such that bj; > 0 there exists j with Be; =0
and el Ae; > 0

(ii) or for the truncated matrices (cutting rows i such that the above
holds) we have I'y = —0x.

3. If 'y > —d0x we can have or 'y =11 or 'y > I'y
Proof of 1). Note first that, clearly
Be, # 0 — Ix>0:x'Be; > 1 — 0x € G1

Consider first the case when Be; = 0. If we have Ae; # 0 we easily
find that for every v < dx, v € Gy. in fact, if e;Ae; > 0 then for
suitable a > 0

ae; [B+cA] > e;.
This means that in this case G; = (—o0, —dx). On the other hand if
Be; = 0 and Ae; = 0 then it is clear that G; is empty as the first

component of x’ [B— (7 + dx) A] is always zero.
For the case when Be; # 0 there is nothing to prove.

Proof of 2). Since Iy > I'; it is clear from point 1) above that,
being Be; # 0, and 'y = —dx then it must be I'y = —dx. Moreover
let Ty > —dx. We prove that I'y = —dx (and G; = (—o0, —dy]) if
and only if (i) and (ii) hold. In fact assume that G; = (—o0, —d].
In this case we have

x' [B—cA]Fel  ¥x>0,x#0.

This happens clearly when (i) holds. If (i) does not hold it means
that for all ¢ that satisfy (i) the component z; must be 0. So cutting
all such rows we should have again

xi [B1—eA,]| Fel Vx> 0,x,# 0.

Proof of 3). It is enough to look at the examples below. |
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Example A.5 First an example where I'y = T'g = —dx and I'1 is a

maximum
10 1 2
B-(50): A=(51);

=
_( 1=n =2y
B 77A_<2—377 —477)’
Tra_ a1 [ T1(1=n)+z2(2—3n)
< B ”A]_< 20, — dn
SO

r1(1=n)+x2(2-3n) 20

TIB—pA] >
x [B—nA]>0 = { oy — dnzy > 0

Clearly for n > 0 the above system admits no solution x > 0, x # 0.
Since Bey # 0 then we have —x < 'y < T'g = —dx and so the claim.

If above we modify A taking

10
2= (1)
then we see that 'y =11 = 1+ 6x and I'y is not a mazimum. [

Example A.6 A case where one needs a first truncation to get the
if and only if condition of Proposition A.3 and then I'y = —dx.

B -

—_ O

1
0
0

S O O

1
0 A=10
0

o O O

0
1
1
Here I'y = T'1 = 4. [

Example A.7 Case when I'y > 1I'1 = —dx

100 011
B_<001)’ A‘<001>
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where 'y =1 — 04 or

1000 0111
B=|0010]; A=10011
0001 0001

Here 'y > Ty = —dx. n

Example A.8 Case when I'y > 1'1 = —dx

10 2 1
o-(o1) A=(01)

_B_oaA_ (L1720
B-nA =B 77A—< 0 1_277>

xT [B—nA] = < 1 (1 —2n) )

—nxy + (1 —n) xo

HereI'y =1 and I'y = % and it s not a maxrimum. n

Example A.9 Case when I'y =17 > —dx

1 0 1 1
B=(o1) A=(02)
_(1=n =

B—nA-( 0 1—277)’

x [B—nA] ( 1 (1 =) )

—nx1 + (1 —2n) x5

HereI'y =1 and I'y = 1 and it is not a maximum. n

Remark A.10 Note that, if Be; = 0 then we know that the first
good (the only consumption good) is not producible. This implies
that our optimal control problem reduces to a one dimensional prob-
lem with state equation (call sy = sle;)

51t = —OminS1t — Ct if Ae; #0
Slt = —(5z31t — C ?,f A61 =0
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and the same utility functional to maximize

+00
/ e "u, (c;) dt.
0

This comes from the fact that the role of the production strategy
X now s only the one of choosing at what rate to depreciate the
available stock of the consumption good. Recall that in this case,
for sig > 0, we have existence if and only if p > —ym (1 — o) if
Ae; #0and p > —0, (1 — o) if Ae; =0 (s10 > 0 since Assumption
II..4 holds). So in this case the if and only if conditions for existence
and uniqueness are known and in this case our results are easily
proved in a simple (and well known) one dimensional setting. N

In view of the above remark we consider from now on the case
when Be; # 0. Since this means that I'y > —dx and G; O (—o00, —dx],
then I' > (—dx) V (—=6,) = —Omin-

AC. Estimates involving I

In this section, we provide estimates that are useful to prove the
main results stated in Section III..

Troughout all this section we will assume that Assumptions II..2,
I1..3, II..4, II..5, hold without explicitely mentioning them. We
observe that we do not assume that I' is strictly positive.

We start by the following Lemma that provides the basis for
estimates of the state and control trajectories.

Lemma A.11 IfI'y is not a maximum

y>T1 <= 3Ivi>0: (B—(v+5)A)vp<0, elvp=1. (6)
If T is a maximum

y>T1 <= 3Ivp>0: (B-(y+0)A)vp<0, elve=1; (7)

dvg>0: (B— (Fl + 5x) A) vg< 0,vg# 0. (8)
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Moreover,
elTvS = yT [B — (F1+5x) A] vg =0 (9)

where
y € {x|x>0,x" [B— (I'1+0x) A] > ef }.

Proof. Statements (6) and (7) are obvious applications of the
Farkas Lemma (see for instance Gale’s theorem for linear inequali-
ties; [10] or [13], pp. 33-34). Assume now that statement (8) does
not hold and obtain, once again from the Farkas Lemma (see for in-
stance Motzkin’s theorem of the alternative; [15] or [13], pp. 28-29),
that

Jw > 0:w! [B — (I'|+6x) A] > 07,

Hence there is ¢ > 0 so large and 1 > 0 so small that
ow' [B — (T1 +0x) A] > e] +now' A

Hence a contradiction since I'y = sup G;. By remarking that
0>yl [B— (T1+0x)Alvg >elvg >0

the proof is completed. |

The next lemma and the subsequent corollary give various es-
timates for the state and control variables that will be the basis
for the proof of existence and nonexistence (see [6, p.30] for anal-
ogous arguments in the one-dimensional case). Note that for the
case ¢ € (0,1) we are interested in an estimate from above of
the integral fot e Pcl=7ds giving finiteness of the value function for
p—([+e)(l —0) > 0 (so we need terms that remain bounded
when t — 400), while for the case 0 € (1,400) we are interested
in an estimate from below of the same integral to show that the
value function equal to —oo when p — (I'+¢) (1 — o) < 0, (so we
need terms that explode when ¢t — +00). These different targets re-
quire to use different estimates with different methods of proof. Of
course, both methods can be applied to both cases yielding however
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estimates that are not useful for our target. In order to simplify
notation we will set

ac=p— (T +e)(l-0)

Recall that, by what is said at the end of the previous subsection
we have I' > —din.

Lemma A.12 Let 0 > 0,8 € R", § > 0. Fixe >0 (¢ =0
when I' = =4, > I’y or when 'y is not a mazimum). For every
0<t<4oo,se€R" s>0 we have, for every admissible control
strategy (x,c) € A(8),

slvp < eT+5T v, (10)
and, forn € R
t (T+e—n)t _ 1
/ e Pslvipds < §TVF6 . n#El+e
0 I't+e—n
¢
/ e Pslvpds <8'vpt; n=I+4¢ (11)
0
and, setting I(t) := fg e~ (I+e)sc ds,
I(t) + e "I Avp < §Tvp, (12)
and also
x!Avpe " +/ e Meyds < e_"t§tTVFe(F+€_")+(T_t) (13)
t

Moreover, setting a. = p — (I' +¢) (1 — o) we have for o € (0,1)
t
/ e Pl 7ds (14)
0
t
S [§TVF]1_U [tae—agt + [a€]+/ Sae_aESdS]
0
while, for o € (1,400)

t
/ e el 7ds > 17 (ETVF)PC7 (o)t (15)
0
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and, foroc =1 and p > 0

t —ps —pt s'vp
e " logcsds < e "t [(I'+¢e)t+ log . (16)
0

t s §TVF
+p | e”s|(T'+¢e)s+log ds
0 S
Proof. We prove the seven inequalities (10)—(16) in order of

presentation.

(1) First we observe that, by multiplying the state equation (2) by
VF we obtain
slvp = —6,8 v + X! [B—6A]vp —celvp t € (0,+00),
sgVF = §TVF > 0.
Now for every x and e,
x! [B—0A] = x" [B— (I'1+¢ + 0x) A] + (I'1+e + 5,) x" A

Moreover for x > 0 we have by (7)-(6) xT [B— (I'1+¢ + d5) A] vy <
0 with the agrement that ¢ = 0 when I'; is not a maximum.
Then
$lvp = =051 vp +x] [B—(I'y +e+6) Al vp + (I +e+6,)x  Avp — ¢
< —5ZS?VF + (Fl +ée+ 5z) XTAVF — Ct
Let now I'y > —§, (which means that I'y = I"). Then from the
the constraint sI > x! A and from the nonnegativity of ¢, we
get
sIvp <(T14¢)slvp — ¢, < (I'1 4 €)slvp t € (0,400),

(17)
and so, by integrating on [0,¢] and using the Gronwall lemma
(see e.g. [2, p. 218]) we get the first claim (10).

Take now I'y < —9, in this case I'y < I' = —¢, and for € small
we have I'y +¢+6, < 0 so that (I'y + ¢ + &,) xT Avy < 0 which
gives

sgVF S _5zSzVF — G S _5ZS1TVF7 s € (Ov +OO)7 (18)

and so the claim (in this case we clearly can take ¢ = 0).
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(2) To prove inequality (11) we multiply the inequality (10) by e~
and integrate on [0,]. We obtain for n # '+ ¢

t t
/ e*”SSSTVFds < / e el +e)sgTy L ds
0 0

t
:§TVF6/ eTte=ms g
0

e(F‘Fé‘*n)t -1

['+e—n

= STVF
whereas if n = I'" 4+ ¢ we have
t t
/ e Pslvipds < / e el *e)sgly Lds
0 0
= 8§l vpt.

(3) For the third claim (12) we observe that, from (17) and (18)
(taking € = 0 when allowed)

s'vi < (I'+¢e)slvy —c, Vs € [0, 1] (19)

so that, by the comparison theorem for ODE’s
t
Tyvp < Fvpelo _ / e T+)(t-9) g
0
which implies

¢
/ e~ T+ese ds + e Tty < §Tvp
0

From the inequality x! Avy< sI'vr we get the claim.

(4) The fourth claim (13) easily follows by multiplying both sides of
(19) by e~ and then integrating. In fact (taking for simplicity
the case 7 = 0) we have

0<e e, <e ™ [T +e)sivp—slvp] Vs e [t, 7]
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and integrating and using that x! Avp<slvp
t t
/ e Pegds < / e [(T+e)sive —slvp|ds
0 ot t
= / e (T +e)slvpds — e sl vp +8 vy — n/ e Psivp
0 0

<§vp—e"xAvp+ (T +ec—1n) /t e sV pds
Now, if n > I' + € the above inequality implies :
/t e Peyds + e MxI Avp <5 vp
while, for n < FO+ e we get, by using (11),

t ¢
/ e Pegds+e "x Avp <8 vp+ (T +e—n) / e Psvpds
0 0

which gives the fourth claim (13)
(5) Concerning the fifth inequality (14) setting (see e.g. [6, p. 30])

h(S) _ /S 6—(I‘+5)(1—J)rc7lq—adr
0
we have, by Jensen’s inequality, for o € (0, 1)
S l1—0o
h(s) <s [—/ e_(HE)Tcrdr] =s71(s)"° (20)
0

Now, integrating by parts we obtain (this holds in fact for o >

0,0 #1),
t t
/ B_prCi_UdS _ / 6_('0_(F+€)(1_U)>r€_(F+€)(1_U)T671,_0d8 (21)
0 0

t
— [e‘“ssh(s)}ng/ a-e **h(s)ds
0

t
= e *'h(t) +/ a-e “*h(s)ds.
0
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If we apply the inequality (12) to (20) we obtain
h(s) < s7[E vp]'™

which yields, together with (21),

t
/ e Pl 7ds
0

t
S 6_a5tt0[§TVF]1_U + [a€]+/ 6_a5880[§TVF]1_0d8
0
which gives the claim.

(6) To prove inequality (15) dealing with the case when o € (1, 4+00)
we apply directly the Jensen inequality to the integral fot e Pcl=ods.

In fact
t t
1 1—0
/ epscigds:t—/ (eﬁscs) ds
0 t Jo
1 t ) -0
>t [—/ e_mscsds]
t Jo
t 1-0
=17 [/ e‘ﬁscsdsl
0

so that, by inequality (13) with n = % we get , (recalling that
['+e— &= "5)

o o—1

t t
/ e el 7ds > 1° [/ e_ll_vscsds]
0 0

1-0
> 17 [gTvFe(ffl)ﬂ

=7 (§TVF)1_U 1-0(55) "t — yo (gTVF)l_U g=(a)"t

l1—0

(7) Inequality (16) follows by similar arguments. In fact, calling

h(S) = / log C?"dr = / ].Og e(F+€)T€_(F+E)rCTdT’
0 0

= / (T +&)rdr + / log (e‘<r+5>rcr) dr
0 0
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we have, because of Jensen’s inequality and of (12)

2 '1 s
h(s) < (I + 8)% + slog |- / e(rﬁ)’"crdr] (22)
S Jo

s [1_,
< (F+5)§+slog g§ VF] :

Now, integrating by parts as in (21), we obtain

t t
/ e " log cyds = e "'h(t) + / pe P°h(s)ds.
0 0

which, together with (22) and (12), gives, for p > 0

t
/ e " logcsds
0
—pt ﬁ l—T
<e (F+5)2+tlog .S VF

t s 1
+ p/ e r? ((F - 5)5 + slog [—§TVF]> ds
0 S

r sT
— te [—( gg)t + log > :F}

t T <iA
—l—p/ e P [( Jrs)s—l—logs VF] ds
0 2 S

which completes the proof. ]

Remark A.13 We observe that, when the matrix A is square and
indecomposable and B = [ then a possible choice of vg is the Frobe-
nius right eigenvector of A that we call vpr > 0. In this case, due
to the strict positivity of vpp (which comes from indecomposability
of A), the above estimates are in fact estimates on every component
of the vectors s;, x;. In the general case they give estimates on the
first component of the state variable, which is enough to derive con-
ditions for the functional U, to be well defined and finite for every
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admissible strategy when o € (0, 1) and Assumption II..7 holds, i.e.
ay > 0, and for U, to be —oo for every admissible strategy when
o € (1,400) and ay < 0. The case o =1 is treated similarly. |

Remark A.14 Observe that we cannot have S'vp = 0 since this
would mean that Assumption II..4 do not hold. |

B Proof of the existence and inexistence theorem

In this section we prove the existence and non existence results
stated above as Theorems III..1, III..2. The proof uses compactness
arguments and to our knowledge, the results given in the literature
do not apply to this case (see [5] and [18] for similar results). For
this reason we give a complete proof. Troughout this subsection we
will assume that Assumptions I1..2, 11..3, II..4 and II..5 hold true
without mentioning them. We will clarify when other assumptions
are used.

We note that in fact we do prove a more general result since we
treat also the cases when I' can be < 0.

We start from an easy corollary of the above estimates that gives
already some cases of nonexistence (recall that we denote by I'p is
the Euler Gamma function).

Corollary B.1 Leta. =p— (I'+¢)(1 — o). Then, for anys > 0
the following hold.

(i) Let o € (0,1). Then for any (x,c) € A(S) and € > 0 (¢ = 0 when
allowed) such that a. > 0 we have,

a: Tgp(1+0) [gTVF}l—U

0 <U,(c) < < 400 (23)

l—0 alte
(ii) Let 0 = 1 (in this case for every € we have a- = p). If p > 0 then
or any (x,c) € A(8) we have

§TVF

S

400
Us,(c) < p/ e s [(F +¢)s+log ds < +oo.  (24)
0
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If p <0 and ' <0, then U,(c) = —o0 for every (x,c) € A(S). The
same if p < 0 and I'y =0 and I'y is not a maximum.

(iii) If o > 1, then
U,(c) <0.

Moreover if ay < 0 then U,(c) = —oo for every (x,c) € A(S). The
same if ag = 0 and I'y < =6, or I'y is not a mazimum.

Proof.

(i) The estimate (23) comes from (14) letting ¢ — +o00 and using

that .
o I'eg(l
/ Sae_aﬁsds — M
0

140
ag

(ii) If o = 1 and p > 0 we get (24) using (16) and letting t — +o0.
If p =0 then from (16) we get

t §TVF
logcsds <t |(I' +¢)t+ log
0

so for I' < 0 (or for I' = 0 and I is not a maximum) we get in
the limit for ¢ — 400, that Uy(c¢) = —oco. If p<Oand I' <0
(or for I' = 0 and T is not a maximum) then

t t t
/ e " log cyds = / e " [log e, ds + / e " llogcs] ds.
0 0 0

Now, thanks to the nonpositivity of the negative part and to
the fact that e™”* > 1,

t t
/ e P lloges] ds < / [logcg] ™ ds.
0 0

Since the right hand side goes to —oo as t — +oo (thanks
to the case p = 0) we have [[" e [logcy]” ds = —oco. By
admissibility this implies that the integral of the positive part
is finite and so Uy(c) = —o0.
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(iii) When o > 1 it is obvious that U,(¢) < 0 by construction.
Moreover using (15) we get

1
1l—0

'
1— +
/ e_psc;_ads <t (§TVF) 7elae) 't
0

Then, if ap < 0 we have a. = ap — (1 —0) < 0 for e > 0
sufficiently small, so that the above becomes

1 t 1-0o
e Pctm0ds <17 (8'v
1— U/O s <t (8 vr)
and letting ¢ — +o0o0 we get U,(c) = —oo for every admissible
strategy. The same happens if ap =0 and I' = —¢, > I'y or I'y
is not a maximum. N

Remark B.2 This result shows in particular that, when ay > 0
and o € (0,1), the intertemporal utility functional U,(c) is finite
and uniformly bounded for every admaissible production-consumption
strategy (while for o > 1 it is only bounded from above). In the cases
when

c=1,p<0,I'<O0;

c=1,p<0and ' =0 and I' is not a marimum,

o>1,ay <0

oc>1,a0=0and I' = =9, > I'1 or when I'1 1s not a mazimum,;
Corollary B.1 shows that there are mno optimal strategies in the

sense of Definition I1..1 since all stategies hav utility —oo. n

We now have the following result.

Proposition B.3 Let either o € (0,1) andag <0 oro =1, ay <0
and I' > 0. Then, given any s > 0 satisfying Assumption II..5 for
each j = 2,....,n, we can find an admissible strategy (x,c) € A(S)
such that U,(c) = 4+00. If on the other hand o > 1 and ay > 0 and
then there exists an admissible strategy with U,(c) > —oo.
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Proof. Consider first the case when o € (0,1) and ag < 0. Then
change variable in our maximization problem setting

/Jt __P P

wp = e 1-o'¢y; W =e Toix; y; =€ 1-o's; (25)

l—-0o
vyl = —7 P e Tols, + e Tl
—0
=7 i e Tals, + e Tolx! (B—OA) — e Tolsl — e Telel
—0
P

Since ag < 0 then 2= =T — g for suitable gy > 0, so
-0

Vi=—(6,+T —c0)y; + w! (B=6A) — wel.

yTszA, w>0, w>0.

Then first let evolve the system to reach a state yo> 0 (this is
possible since Assumption II..5 holds for every component). This
means that we can take from the beginning § > 0. At this point for
any € > 0 we can find w. > 0 such that

w! (B—(I'y —e+6x)A) > e] = w! (B—6A) > el +(I'y — e +6,) wl

g
This means that taking ¢ = g5 we find wo> 0, wy=# 0 such that
wi (B— (T —eo+0x)A) >0 = wi (B—06A) > ef +(I'y — g + 0,) W;

Take now w; = awy and w; = (3 for suitable o, 3 > 0. To prove
the claim it is enough to show that this couple is admissible. The
associated solution of the state equation (2) is given by:

t t
yT = 6—(6Z+F—50)t§T_|_/ ¢~ 0AT=20)(1=9) T [B — §A] ds—/ o~ stT=20)(1=9) , T g
0 0
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t t
— ¢ (Oat—e0)t |5 —I—ozvvo (B 6A)/ (0e+T=20)s g ﬁel / (0x+I'= EO)Sal:s]
0 0

t
— o OatT—o)t sl [OzWO (B 5A) 661] / (0 +I'— E(])Sd8:| )
0

Now, since « is positive we have for §, + ' — gy # 0

T o —(6,4T—co)t | 2T T B 7o [eetTet
y! >e '+ [(a—p)e] + a1 —eg+0,) wyA]
5z +1I' - €0

and for 0, + ' —gyp =0
yi >8 +t[(a—pB)ef +a(l1 —eo+,) wiAl.
Now if ' =T'q, we get, for 0, + ' —e9g #0 and a = (3

ytT > ¢~ (0T —0)t {s +aw A { (04T —20)t _ 1} } = ¢~ (Ot =20t [§T — aw A} —I—WtTA

In this case it is clear that the constraints y > w! A are satisfied
if for every t > 0

s’ —awlA >0.
To have this we need to set g sufficiently small so that

s’ —awi A >0,

which is always possible since § >0.

Moreover, if §,+T—gyp = 0 and I' = I'; we have y! > 8" >aywl A = w] A
for ay sufficiently small.

If I' > T'y then necessarily I' = —d, and 6, + ' — gy = —gg # 0.

In this case we have, for « = (3
T eot ) =T T 6_5_0t —1
y; e s +a(l1 —T'—¢g)wy A
r—r I —T
= ¢! [ET — aﬂw()TA] + aﬂWoTA
) €0

so that

r-r r-r
YtT — W; TA >e0t [_T o— 1T +€OW0TA] + « LwT

wy A
€0
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and again for « sufficiently small the claim holds.

Take now the case when ¢ = 1 and ¢y < 0 and I' > 0. Let € such
that I' > ¢. Then we can change variable setting
—(T—e)t

—(T—e)t —(I—e)t

Wy = ¢€ Ct; W; =€ Xt Y= ¢€ St

so that

+00 +00
Ui(c) = / e " logcyds = / e " log (wse(re)5> ds.
0 0

Arguing as above we find a constant strategy ws = a > 0. Clearly
the function e~*%log (wse(r_g)s) is locally bounded, definitely posi-
tive, and goes to +o00 for s — +o00. Then for this strategy we have
Ui(c) = +o0.

Let ap > 0 and ¢ € [1,+00). We observe that the we can do the
same change of variable as above (the second) taking € > 0 so that
a. > 0. Then again we find that the strategy w; = awy and w; = «
with 87 — awl A > 0, is still admissible (since admissibility does
not depend on the value of o). We then have, for o € (1, +00)

1 +00 -0 +00
U,(c) = / e el ds = a / e Psel=e)(1=0)s ¢
0 0

1—0 1—0
l1-o +00o l1-o0
o o 1
= e %ds = — > —0
1—0 /g l—-o0a.

For ¢ =1 we have
+0o0 +o00
U,(c) = / e " logcsds = / e " log (wse(r_‘s)s) ds
0 0

Since the function log (wse(r_g)s) is less than polinomially growing
and p = ap > 0 then the integral above is finite, so U,(c) > —0co. =

Remark B.4 The above result shows in particular that, when ag >
0 and o € [1,400), the intertemporal utility functional U,(c) is not
always —oo so it is bounded from below (recall that from Corollary
B.1 we already know that in these case U,(c) is bounded from above).
Moreover in the cases when
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1.oe(0,1) anday<0oro=1,a0<0andl >0
2.0=1,a0<0andI' >0

Proposition B.3 shows that there are no optimal strategies in the
sense of Definition II..1 since the supremum of the utility is +00. B

Summing up the informations taken from Corollary B.1 and
Proposition B.3 we can say the following.

e In the cases when aq¢y > 0 we know that the functional is uni-
formly bounded (case o € (0,1)) or bounded from from above
and not identically —oo (case o > 1);

e In the cases when qy < 0 we have nonexistence when

1. 0 € (0,1) and ay < 0;
2.0=1,a0<0,I'#0o0orI' =0 and I' is not a maximum;

3.o>1landay<0orag=0andI' = -9, >1I'; or when I'y
1S not a maximum,;

We observe that, to end the treatment of nonexistence result one
should deal with with the following limiting cases:

e 1.0€(0,1)and ayp=0;
2.0=1,a0<0,I'=0and I' is a maximum,;

3.0>1and ag=0and I' =17 and I'; is a maximum;

Proof of Theorem III..2. It follows directly from Corollary
B.1, Proposition B.3 and the remarks above. |

Now we come to prove existence when ag > 0 using compactness
arguments. We first observe that, thanks to estimates of Lemma
A.12 the set A (S) of admissible control strategies starting at § is
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a closed subset of the space L;° (0, +00;R™) x Ly (0,400;R) (re-
call that given a measurable function ¢; : Rt— R we denote by
Ly (0, +00; R™) the set of measurable functions f : R*— R™ such
that the product f - g; is bounded on R*. Moreover given a mea-
surable function g : RT— R we denote by L;, (0,400;R) the set
of measurable functions f : ]R+—> R such that the product f - g is
integrable in R™).where g; (t) = e* () is given by (5) of Proposition
ADand gy (t) = eI+,

The next proposition sets up some basic properties of the set
A (8) needed to prove existence.

Proposition B.5 Let Assumptions I1..2 and I1..3 be verified. Let
also o € (0,1)U(1,400). Given anys > 0 the set A (S) of admissible
control strategies starting at s 1s a closed convex subset of the space
L (0, +00;R™) x Ly, (0,+00;R"). Finally

(x,c) € A(8), A€[0,1] = (Ax,Ac) € A(8) (26)

and the functional U, 1s strictly concave with respect to the argument
c. The same holds when o =1 and p > 0.

Proof. Convexity. Let i = 1,2 and let (x;,¢;) € A(S), and
A € 0, 1]. Calling

(X)\,C)\) = A (Xl,Cl) + (1 — )\) (XQ,CQ)

we have, due to the linearity of the state equation (2) that

St.5,(xx,c0) — >\St,§7(x1,cl) + (1 - >\) St.5,(x0,c2) -

Since all constraints on (s, (x,¢)) (i.e. x >0, ¢ >0, x'A < sT) are
linear it follows that, since (XZ,CZ) (1 = 1,2) satisfy them, also (x,,c))
does so. This yields (xy,c)) € A(S) when o € (0,1) U (1, 400). If
o = 1 we also have to prove that (x),cy) is semiintegrable. This
follows from point (ii) of Corollary B.1. In fact if p > 0, thanks to
estimate (24) we know all admissible strategies are upper semiinte-
grable, so also their convex combinations are upper semiintegrable
(we observe that from the proof of Corollary B.1 (ii) it follows that
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also for p < 0 and I' < 0 or for I' = 0 and when ¢ = 0 is allowed
again all admissible strategies are upper semiintegrable and again
their convex combinations are upper semiintegrable but this is not
of our interest here).

Closedness follows from the fact that all constraints are linear so
all of them preserves in the limit in the topology of Lg® (0, +o00; R™) x
L;z (0, +00; R"™). For 0 = 1 we need to know that the limit of semi-
integrable sequences is again semiintegrable. For p > 0 this follows
from the estimate (24).

Homogeneity (26) follows from convexity and from the fact that
the strategy (0,0) is always admissible.

Strict concavity of the functional U is a standard result (see
e.g. [7]) and we omit the proof. n

Next Proposition prove the existence (and uniqueness) result for
optimal strategies when ay > 0. The proof uses standard compact-
ness for weak topologies (see for a reference on this e.g. [3] or [20])
combined with the special setting and estimates of our problem.

Proposition B.6 Assume that ay > 0. Then there exists an op-
timal production-consumption strategy (x,c) maximizing U,. This
strategy is unique in the sense that, if (X, ¢) is another optimal strat-
eqy, then ¢ = c a.e..

Proof. The uniqueness property follows from the strict concav-
ity of U, proved in Proposition B.5. The existence result follows
applying a suitable modification of Theorems 21 and 22 in [18, p.
406] (see also [17]). We divide it in three cases depending on the
value of o. For the case 0 = ¢ (0,1) we give a self contained proof.
For the other cases we limit ourself to verify exact conditions of
theorems present in the literature.

Case o0 € (0,1).

In the case o € (0, 1) as the other cases are completely analogous.
Let ag > 0 and s > 0 be the initial datum. Take a sequence
(X, ) peny © A (8) of production-consumption strategies such that
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Us (cn) /" supx geas U (¢) as n — +oo. Then it is clear that, for
every n € N and ¢t > 0, we have

¢ t
sl = e70 tST—f—/ “t=5)xT (B — §A] ds—/ e %=9c elds st >x! A
0 0
(27)
By estimate (13) we know that the functions ¢t — f,(t) = ¢,
1/(1-0)

belong to the space L., "/ (0,400;R) i.e. the space of functions:
(0,400) +— R that, elevated to 1/ (1 — o) and multiplied by the
weight function e~ ('*4)* are integrable. Moreover, denoting by || -
|1/(1—o),r+e the norm in this space we have that ||f,||1/(1—0)r+e <
Ks'vp for a suitable K > 0 independent of n. It follows that
(by weak compactness theorems, see e.g. [3, Ch. 4]), on a subse-
quence (that we still denote by f,, for simplicity of notation) we

have f, — fy weakly in L%ﬁi_a)(O +oo R) for a suitable fy, €

Liﬁi“’)(o +o0;R). Letuscall ¢y = fl/ ). Clearly ¢ € Li. (0, +00; R).
Similarly by estimate (12) we know that the functions x,, € L% (0, +00; R")
and that ||x,||corie < Ks'vp for a suitable K > 0 independent
of n. So, as before, there exists xg € L, (0, +00;R") such that
X, — Xy (on a subsequence) weakly star in L%, (0, +00;R"). We
prove that the strategy (xo, cg) is admissible and optimal.

First it is clear that xy > 0, and ¢y > 0, since the above conver-
gencies preserve the sign constraints on the limit (see e.g. [3, Ch.
4)).

Second, consider the associated state trajectory sy. It is clear
that

¢ t
b = e 0 tsT+/ “0alt=ox T 1B — §A] ds — / e %)y e] ds
0 0

Moreover, by definition of weak star convergence in Lg%, (0, +00; R")
we have that

t

4
/ e KT (B = 6A]ds = lim [ e IxT B 6A]ds V>0
0

n—-+00 0
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and, by the lower semicontinuity of convex functions with respect

to the the weak convergence in L;/JS_J)(O, +00),

t t
/ e =% ds < lim inf/ e %5 ds
0 0

n—-+0o
so that, by (27) we have, for almost every ¢ > 0
sg; > limsups’, > limsupx., A > x{,A
n—-+00 n—-+00
where in the last inequality we have still used the properties of the
weak star convergence in L (0, 4+00; R"). This gives admissibility
of (xg,c9). The optimality easily follows by the concavity of U,
which implies the weak upper semicontinuity, so that
sup U, (¢) =limsup Uy (en) < Uy(co)
ceEA(S) n—-+00
Case 0 > 1.
Here we can apply directly Theorem 22 and note 26 of [18, p. 406]
plus [18, note 20, p.137]. In fact this theorem asks the following:

1. the set U where the controls take values is closed (in our case
U is R? x R, i.e. the positive orthant of R"*1);

)
t) — —d,87 +
7C) 7t> — s’ -

2. the functions defining the running utility ((s, (x

the dynamics of the state equation ((s, (x,c),

xT' (B—JA) — cel) and the constraints ((s, (x
TA) are defined on the set

S ={(s, ) ERY x R} xRy xR, :s" —x"A >0}

are linear (or sum of linear and nondecreasing) in the variable
s and continuous on the set

1) = e g (c)),

S ={(s, t) €R} x [R} x (0,400)] x Ry :s” —x"A > 0};

3. for each t > 0 the set
S'(t) = {(s, (x,0)) € R} x [R} x (0,+00)] : s —x"A >0}
is contained in the closure S (¢) of the set

SO(t) = {(s,(x,¢)) eERL X U : sl —xTA > 0};
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for each n € N and ¢ > 0 the set
Iy ={(s,(x,0)) : s" =x"A >0, (x,c) € U,

H(e_ptug (c), —0,sT +xT (B—0A) — celT) H <n, }

is closed and is contained in S’ (¢). The same for the set

" = {S : (S’ (X,C)) € F?}a

. there exists an admissible strategy with finite value;

. the set

N (s,U,t) = {(e "uy (c) + 7, =08 + x' (B—JA) — ce] +7) :
(7,7) <0,s—x"A >0,(x,c) €U}
is convex for all (s,t) € R" x [0, +00) ;

the set N (s,U,t) has closed graph for each ¢ as a function of
s € I'". Closed graph means that

s, €M v, e N(s,Ut),s, —s,v,—>v=>secl"

. there exists q' € R"™, ¢ > 0 such that for every q > ¢’

(a=1(q0,q1,--,9,) = (qo,q1)) there exists locally integrable
functions ¢, and 1, defined for ¢ € [0, +00) such that

e "y () got+(—0,8" +x" (B—6A) —cel ) a1 < ¢, (t)+1, (t)max [0,s ey,

for every (s, (x,c),t) € S.

. for every i = 1,...,n and every admissible state trajectory s;,

we sl e; > 0 for every t > 0. eMorover for every qo€R, gy > 0,
there exists an integrable function v,, defined for ¢t € [0, 4+00)
such that, |

e g (cr) (1+ qo) < v, (1),

for every admissible strategy (x,c) € A (S).
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All points 1-4 and 6-7 are easily checked in our case thanks to
the linearity of the state equation and of the constraints. We omit
the verification of them for brevity. Point 5 is known from previous
results (Corollary B.1 and Proposition B.3). Point 9 comes simply
recalling that for o > 1 the utility is negative and so one can choose
Vg, (t) = 0 for every ¢ > 0. Point 8 is more delicate. Setting

g(c) =e"uy (c) g — cea

we have
o . r efar ) 7 o T N\l o -2t
g(c) < 1_ Jel q: " 1 (91 Q1) dgo€ -
Moreover

—5,8" +x" (B—6A) = 5, (s" —x"A) +x" (B—d0xA) < x'B.
Now, recalling the proof of (5) we have that
x'B < s'D <M max [O, sTeq, ..., STen]

where M depends only on the coefficient of D. Setting, for t > 0,
¢q () = 7= (e ql) qée‘gt and v, (t) = M we see that ¢, and
Y, are locally integrable functions and satisfy point 8.

Case 0 = 1.

Also this case goes applying Theorem 22 and note 26 of [18, p.
406] (see also [17] or [18, Exercise 6.8.3, p.410]). In fact this theorem
asks the following:

1. the set U where the controls take values is closed (in our case
U is R x R, i.e. the positive orthant of R™*!);

2. the functions defining the running utility ((s, (x,¢),t) — e "u

the dynamics of the state equation ((s, (x,c),t) — —d,87 +

xT (B—6A) — cel) and the constraints ((s, (x,c),t) — sT —
TA) are defined on the set

S ={(s, ) ERT x [R? x Ry] xRy :s" —x"A >0}

o (€)),
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are linear (or sum of linear and nondecreasing) in the variable
s and continuous on the set

S'={(s, (x,¢),t) € R} x [R x (0, +00)] x R} : sT —xTA > 0};

. for each t > 0 the set

S'(t) = {(s, (x,¢)) € R} x [R} x (0,400)] : s —x"A >0}

is contained in the closure S (¢) of the set
SU(t) = {(s,(x,c)) R} x U :s" —x"A > 0};
for each n € N and ¢ > 0 the set
Iy ={(s,(x,0)) : " —=x"A >0, (x,0) € U,
| (e7"uo (), —b,8" +x" (B—6A) —cef)|| < n, }
is closed and is contained in S’ (¢). The same for the set

M= {s:(s,(x,)) € I}};

. there exists an admissible strategy with finite value;

. the set

N (s,U,t) = { (e "uy (¢) + 7, —0,8 + x" (B—JA) — cel + 1) :
(1,7) <08 =x"A >0, (x,) € U}
is convex for all (s,t) € R" x [0, +00);

the set IV (s,U,t) has closed graph for each ¢ as a function of
s € I'". Closed graph means that

s, €™ v, e N(s,Ut),s, —s,v,—>v=>secl

. there exists ¢ € R""!, g > 0 such that for every q > ¢

(a=1(q0,q1,--,9,) = (qo,q1)) there exists locally integrable
functions ¢, and v, defined for ¢ € [0, +00) such that

e ", (¢) ot (—0,8" +x" (B=0A) — ce] ) a1 < ¢, (t)+1, (t)-max [0,s” ey,

for every (s, (x,c),t) € S.
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9. for every i = 1, ...,n and every admissible state trajectory s;, we
havesl'e; > 0 for every t > 0. Moreover for every ¢€R, gy > 0,
there exists an integrable function v, continuous functions x;
and 6 (i =1,...,n) defined for ¢ € [0,400) such that, for every
admissible strategy (x,c) € A (8),

e "lnc (1+ qo)+z Xf]o (1) (—5ZStT +x! (B-JA) — Cte1T) e; < v (t),
i=1

and
+00 ' '
—/ X (1) (—5ZStT + XZ (B—0A) — ctelT) e;dt < 0, (s)

where lim,_. o 0! (s) = 0.

All points 1-4 and 6-7 are easily checked in our case thanks to
the linearity of the state equation and of the constraints. We omit
the verification of them for brevity. Point 5 is known from previous
results (Corollary B.1 and Proposition B.3). Point 8 follows argu-
ing exactly as in the case ¢ > 1. Point 9 is more delicate. Set
Xéo (t) = e %el'vp for suitable d to choose later and consider the

term containing c¢; first. They are
e PIne (14 q) —e %e,.

Then, setting
g(c)=e"Inc(l+q)—e %

we have for every ¢ > 0,

@ = a [ () 1] = Qo Dt )

The right hand side is integrable for p > 0. Moreover

—8,8; 4%/ (B—6A) = =5, (s| —x{ A)+x{ (B—0xA) < x/ (B—0xA).
Then, for every ¢ > 0,

[—6,5) +x] (B—0A)] vre " < x| (B—0xA) vpe

<xIAvp (D +e)e ™ <My (T ) e,
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So if d > T the first part of point 9 is true. Now observe that
+oo
— / X, () (—6ZstT +x! (B—6A) — cte{) e;dt
+00
= —/ e el vy (=68 +x/ (B—6A) — cie]) eidt

+00
</ e de Vi - ((5 St + 04X A—l—ctelT) e;dt.

Now from the estimates 10.12
e vp - (5 St + 0xX A) e; < Mel+o)t

so that
+00
/ ede V- (5st+6xfo)ezdt<Me(dF€)
S
Moreover, thanks to stima 13-10 we get, for d > I' + ¢
/ 6_drcrd7" < e—(d—F—e)ngvF
S
so that, sending 7 — +o0,

—+00
/ e Yo dt < Mge_(d_r_g)s.
S

and this completes the proof. ]

C Limat Cases

In this appendix we study the limit cases where Theorem III..3
do not hold, i.e. when
p=I(1-o0)

and, either o € (0,1) and I'is not a maximum, or ¢ > 1 and I is a
maximuin.
First we have the following result.
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Proposition C.1 Let the same assumption of Theorem III..3 hold

true. Assume that there exist wy > 0, wo# 0 such that wi (B— (I'; + 6x) A) >
0 and wl Ae; > 0. In this case for o € (0,1) there exist an admis-

sible strategy with utility +o0.

Proof. Let first apply the change of variable (25). Then let the
system evolve to reach a state yo> 0 (this is possible since Assump-
tion II..5 holds for every component). This means that we can take
from the beginning § > 0. Take now wy> 0, wy# 0 such that

wi (B— (I +05) A) >0 = wi (B—0A) > (I'; + 6,) wi A

and
WOTAe1 >0

Take also a positive differentiable decreasing function « : [0, +00) ——
[0, +00) defined as a(t) = ag (1 + ¢) " for suitable ag > 0 and b > 0
(to be fixed later on). Set, for suitable § > 0,

w; = a(t)wy, wy = — B (1) (28)

Then the associated solution of the state equation (2) is given by:
t t
ysz — ((5 +F)tST—|—/ —(0,4T)(t— T [B 5A] ds— / e—(5z+F)( )wsel ds
0 0

t t
e~ (GaAD)t [§T+WOT (B—5A)/ a(s)e s s +ﬁelT/ a’(s)e(dﬁr)sds] :
0 0

Now, since « is positive we have by

t
yl > e~ 0D [_ + (I'1 + 9,) A/ et s + el / a'(s)e((sﬁr)sds}
0

Integrating by parts the first integral becomes:

t
/ CY(S) (02 —i—F)st _
0

¢
/ a(s)ds [ sa/( 3} : for 0, +1 =0
0 0

t
[ (t) 4D _ —/ oz'(s)e(az”)sds] : for 6, + ' >
0
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so that, for o, + I' > 0 (the argument for ¢, + [' = 0 is similar and
we omit it for brevity),

o, L1406, 7 (6,4T)t iy (6,4T)s r [ (6,
98+ 5 +FWOA a(t)e = —ag— | (s)e'" T Pds| 4+ Pe; | '(s)e'
z 0 0

and, since in this case I' = I'y,

— ¢ (AT 5" —agwy A] +a(t) wg A

t
+ [—W%A + ﬁelT] / o (s) e”GAD=s) g
0
t
= w] Ate O <[§T — agwy A] + [-W A + Be] ] / a'(s)e(51+r)5ds>
0

It is clear that the constraints yJ > wl A are satisfied if for every
t>0

t
57 — agwj A] + [~w] A + e | / o (5)eHD3ds > 0.
0
To have this we need to set ag sufficiently small so that

sl — aong >0,

which is always possible since § >0. Moreover, since wi Ae; > 0
then we choose § = WOTAe1 and use that o/ < 0 to find that the
above strategy (28) is admissible but we have, for o € (0, 1),

1 +o0o 1 +00
V) =5 [l ds = = [ (oalte)
_ (Baob)™ /m(l L g)1B=0) g
1 — 0 0

and the last integral is infinite if (=1—-b)(1—0) > —1i.e. if b < {%).
|
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CA. Two Examples for o # 1

Consider the case when o # 1 and a9 = 0 (i.e. p=1(1—0)).
Then change variable in our maximization problem setting

L ¢ P ¢ —_P ¢
wt = € 1l-o Ct? Wt = € 1l-o Xt) Yt = e 1l-o St

The functional to maximize is now transformed into

+0o0 1—0
w
max / L dt.
0

l1—0

The state equation becomes

vyl = —7 P e Tols, + e Tl
—0
=7 P e Tals, + e Toix! (B—0A) — de Tals] — e malcel
—0
p
= — <5z + E) Vi + th (B—0A) — wtelT.

Since ag = 0 then %= = TI' so
Vi =— (6, + D)y +w! (B=0A) — wsel

with the constraints

yTZWTA, w>0, w>0.
If we take the case when dx = d, (so 6 = 0) then we have
yi == 0+ D)y +w/B —we.

So we are reduced to study the following problem.

+00 l-0
W
/ Lt
0 1 — 0
T

Vi == (0, + D)y +w{B — wie

Maximize

with state equation

and pointwise constraints

yI >wlA, w>0, w>0.
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CA.i.  Ezample 1: 0 € (0,1)
Take o € (0,1), 0x = d, € (0,1) and

01 03
a-lvi) e=50]
We check that I' = 3 — 04 > 0 and I' is not a maximum. In fact

0 3—77]
B-nA =
! [3—?7 —1

T oAl w2(3-—mn)
w' [B—nA] = w1 (3 — 1) — 1wy
It is clear that
w! [B—nA] >0

mearns

wy(3—m) >0
wy (3—n) —wm >0

If n» > 3 then it is clear that the above system implies w = 0. If
n = 3 then w = (1,0) is a solution so 'y = 3 — dx. Similarly, looking
at the inequality

w' [B—nA] > ef

1.e.

U)Q(S—?])Zl
wy (3 —n) —wan >0

we see that for 1 = 3 there is no solution since the left hand side of
the first inequality is zero. For 1 < 3 we have

1
wy > ———

3—1
w1>w2 i

3—mn
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w'= ((3_7777)27 3i77> :

Note that, when (3 — ) — 0 then ||w|| — 400 with order O (ﬁ),
this fact will be a key point to establish the nonexistence result. In
particular we have proved that I' = 'y = 3 — dx and that I" is not a
maximum.

Now observe that the state equation is

so a solution is

. —3y1 + 3w — wy
T T T
= 3y; +w; B—we; = 29
Yi Yt t =1 { _3y2t + 3wy ( )
and the pointwise constraints are
w>0 w=>0
T wy <
A<y 30
WA=y { w1 + w2 < Yo (30)

It is possible to prove that all suboptimal strategies w satisfy the
following key estimate holds for a suitable positive constant M de-
pending only on initial data:

t
/ (1+ s)wsds < M, vt > 0. (31)
0

From the above we get, using the Schwarz inequality

¢ t
1
wl™%ds S/ 1+s)w) 7 ——ds
/0 0 ( ) (1+s)°

< (/Ot(lJrs)wsds)l_a (/Ot (ﬁ)ids)a
< ( [ ads>“.
0 (14s)7"

Letting ¢t — 400 we get that, for % —1>1lie0< %, the value

of the problem is finite. Once this estimate is proven, the proof
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of existence result can be done along the same lines as the proof of
Theorem III..1. Moreover, in this case one can see that the sufficient
condition given in [7] holds. The system of sufficient conditions has
a solution in this case and so we can get from it the existence of an
optimal strategy.

In the case when o > %,
take the following admissible strategy, for suitable a > 0:

we have nonexistence. It is enough to

wr=a (3 — 7))2 wle~ (3=t
wy = a(3—n) e B
Arguing as in the proof of Proposition C.1 we see that for a suffi-

ciently small (i.e. such that o (3 —15)*w” < ) the above strategy
is admissible and the functional is

+00 1 +o0
/ WITdt = o177 (3 — )20 / e~ (B=n(1=0)t gy
0 0

l1—0
1 1
_ ol (3_ 2(1-0)
a7 ( ) l1—0(3—-n)(1-o0)
., 1 9

Ifl1—-20<0ie o> % for n — 3 we get that the value of the
problem goes to 400 so the supremum is infinite. |

To prove that (31) we need first the following lemma.

Lemma C.2 The above problem is equivalent to the following prob-
lem (P reduced):
400, 1—0
/ e
0 1l—0

Maximize
with state equation state equation

Y = —3Y1t + 3w — wy (32)

/
Yor = —3wyy
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and constraints

w >0,
wy > 0,
wy < Y1,
wy < Yo.

Using the state equation (32) the last two constraints can be ex-
pressed equivalently in integral form as follows

t
wy < e Myyo + / e 309 3wy, — wy) ds (33)
0

t
war < Yoo — / 3wasds.
0

Proof. We observe that, substituting the second constraint of
(30)
w1+ wy < Yo == w; < Yg — Wo (34)

in the second line of the state equation (29) we get
Yo = —3yar + 3wy < —3yar + 3 (yar — way) = —3wyy. (35)

Choose now a new production-consumption strategy (w.,w) as fol-
lows:

w=w
Wy = W2
and, setting y the associated state trajectory:
Wy = Yo — Wy = Yo — Wa. (36)

We show that this new strategy is admissible. Indeed with this
choice we have

Yor = — 3ot + 31y = —3y = —3wy. (37)
Comparing (35) with (37) we get that,
th 2 Yot Vt 2 07
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so that, from (36) and (34) we get, for a.e t > 0,
Wiy = Yor — War > Yor — Wy 2> Wy > 0.

This means that (W,w) is admissible at y, as the other constraints
are trivially satisfied. The statement follows. |

Now observe that if wo; = y1; at almost every ¢ > 0 then the
state equation must be

/
Y1 = —wt

yét = =3yt

with y1; > yo a.e. In this case the estimate
t
/(1+s)wsd5§M, Yt >0
0

easily follows from the presence of nonsimple eigenvalues in the lin-
ear part of the system. Indeed the solution is

¢
Yit = Y10 — / wsds
0

¢
Yot = Y20 — / 3y1sds
0

t s
:y20—/ 3[@/10—/ wrdT] ds
0

0
t s
= Y90 — 3tY10 + 3/ / w,drds
0o Jo

t t
= Y20 — 3ty10 + 3t/ wsds — 3/ Swyds
0 0

t
= Yoo — 3ty1r — / swsds
0

From the first equation it follows

t
/ wsds < Y1
0
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and from the second ,
3 / swsds < Yoo
0

from which the claim follows. It is now enough to show that we can
reduce our problem to this case.

To reduce to the above case we approximate ws with regular
functions. We omit the details for brevity. |

CA.ii.  Example 2: o € (1,+00)
Take 6x =6, € (0,1) and

010 110
A_[001]’ B_1011]'
In this case it is easy to check that ' = 1 -6, > O and " is a

maximum. To see this observe that Be; # 0 so G; O (—00, —d].
Moreover

B_nA:[1 1—n 0 ]

0 1 1—n
w1
w! [B—nA] = | wi(1—n)+ws
ws (1 —n)

It is clear that
w’ [B—nA] >0

forn > 1 gives w = 0. For n = 1 it is true fo every w > 0. Similarly,
looking at the inequality
w' [B—nA] > ef

we see that I'j) = 1 — 0 as it is satisfied for n = 1 and w =(1,0).
Now take 0 > 1 and p = I'(1 — o). In this case we have existence
when o > 2 and nonexistence for 0 < 2. The state equation is

}'ftT = —y; + WfB — wtelT.
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with w > 0, w > 0, and

0 U1
wA<y = | w | <|
() Ys

To prove existence it is enough to exhibit a strategy fit utility > —oo.
Setting

3 (0)t+y2(0) —y3(0) \ _
Wt—( yg(O) ), wt—oz—i—ﬁt
we get
y1(0) + [y2 (0) — o]t + [ys (0) — B 5
Vi = Y2 (0) +y3(0) ¢

y3 (0)

If we choose the initial datum so that y2 (0) — y3(0) > 0 and a <
y2 (0), B < y3(0) then all constraints are satisfied. Moreover we

have,
400 1-0o 1 400 1
/ G g - / S S

and, for o > 2 this is finite.
The proof of nonexistence follows the lines of the previous exam-
ple. We omit it for brevity. |

D Controllability results
Proposition D.1 Let Assumptions I1..2 and II..3 be verified.

. Let II..4 be verified. Then for everyty > 0 there exists an admissible
strategy (x,c) such that Sz;g( e; > 0.

) X7C)
. Let j = 2,...,n, and let Assumption Il..5 be verified for such j.
Then for every ty > 0 there exists an admissible strategqy (x,c) such
that s < € > 0.
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. Let I..4 and II..5 be verified. Then for every ty > 0 there exists an
admissible strategqy (x,c) such that sg) s > 0

Proof of 1). Let us start from the first statement. Of course it
is verified when §7e; > 0. Consider the case when §7e; = 0. Given
an admissible strategy (x,c) and the associate state trajectory s we
define (with the agreement that inf ) = +00)

Ty (x,c) = inf {t >0: SZ§,<X,C)61 > 0} :

By the above definition and the continuity of the trajectory s it is
clear that S%(x,c),ﬁ,(x,c)el = 0. It is clear also that T} (x,c) > T1 (x,0).
From Assumption II..4 it follows that there exists an admissible
strategy (x,c) € A(8) with T} (x,¢) < 4+00. In particular this im-

plies that also T} (x,0) < +00. We need to prove that, defining
Tie = inf {77 (x,0) : xs.t. (x,0) € A(8)}

we have T}, = 0.

To prove this we prove that given x with (x,0) € A (8) there exist
x such that (X,0) € A(8) and T3 (X,0) < T7 (x,0) /2.

The strategy we use is based on the following intuitive fact: to

pass from a time t; where sgel = (0 to a subsequent one t; where

s;;’;el > () one needs to produce the commodity 1. This may be done
immediately if all goods that enters in the production of the first
good are available. If not one needs also to produce the goods that
enters in the production of the first one and so on. So the key point
is activating new production processes which make positive some
zero cohordinates of s. Substantially we want to show that if this
activation can be done at a certain times t;, to,... then it can be
done from the beginning.

For t > 0 we have
t
sl = ¢ 05T 1 / e %=9)xT B — §A] ds
0
so, being §7e; = 0

t
sie = / e %%=5)xT [B — §A] e\ds.
0
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Now we have, by definition of T} (x,0),
sfe; =0, Vtel[0,T1(x,0)].

This implies that
t
/ e (=% B —§A]eids =0, Vtel[0,T)(x,0)] = x![B—05Ale; =0,
0

(this comes form the density of step functions in L? (0, T} (x,0) ; R™)).
Since sI > xI' A we also have, for ¢ € [0, T} (x,0)]

x;{Ae; =0, Vtel0,T1(x,0)]
so from the above formula also

x;Be, =0, Vte[0,Ty(x,0)].

Moreover for ¢ > T} (x,0) we have
t
sle; = / e %(1=9xT B — §A] eids
Tl(X,O)

Assume for the moment that the trajectory s have the same
number of zero components till time 7} (x,0). Then there exists
A > 0 such that

S ZASTI (x,0)-

So fix such A and consider the control (X,0) with
}‘.(5 = )\Xs—l—Tl(x,O)) s> 0.

We show that this control is admissible brings the first component
to be strictly positive immediately. In fact call s the associated state
trajectory and set for simplicity 77 = 17 (x,0). We have
t
§ =e %54 / e %= (B — §A] ds
0

t
= %5 4 )\/ e_‘sz(t_s)xgn [B —0A]ds
0
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T

and, in particular, since by the construction s*e; = 0

t
sle; = )\/0 e’5z(t’5)xsT+Tl(x’0) (B —§A]eids

t+11
=\ / e )X B — §A] eids
Ty

_ T
_ )\St-f—Tl €1

which means that §7e; > 0 when sf+T1e1 > 0 so that T3 (x,0) = 0.
Concerning admissibility it is clear that X, > 0 by its definition. Let
us show that, for the required value of the parameter A\, we have
S; > %! A for t > 0. In fact we have for ¢ > 0

t
§ — XA =e %5+ )\/ 6_6Z(t_S)XZ+T1 B —dA]ds — >‘XtT+T1A
0

t+14
— 705 4 )\ / e =TT =s)xT 1B — §A] ds; — M\x/, A
Ty

Now recall that, for ¢; > T}

t1
S, = eféz(tlle)sT1 + / eiéZ(tlfsl)xsTl [B —0A]ds;
Ty

so that for t > 0 (setting ¢t; =t + T1 above)

§ — XA = e %54\ T ei(sztsﬂ] - )‘X75T+T1A
= 6_6zt [g - >\ST1] + A |:St+T1 - X;tTJrTlA]
> 6—5zt [§ — )\STl] .

This gives ammissibility and so the claim in this case.

If this case do not hold then there are times ¢ > 0 where the
number of zero components changes. However, due to the above
argument, if the j—th component is positive at a certain time ¢
then it remains always positive

siej >0=sle;>0 Vs>t

This implies that any changes in the number of zero components
comes when a zero component become positive and this means that
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there is a finite sequence of times 0 < t; < ... < t; = 17 where some
zero components become strictly positive (i.e. immediately after).
If kK =1 we are in the previous case. Let k = 2 and, for simplicity,
t1 = 0. We want to show that the strategy

% — a1X¢ t e |:O, %]
= QX 1 t > %

for suitable aq, as > 0 is admissible and brings the first component
to be positive immediately after %
Concerning the positivity of the first component we have, for
t>14
2

t
§ = e 5+ / e (=% B — §A] ds
0

Ty t
2
— e %5 4 oy / e %(1=xT B — §A] ds + ozg/T e_5z(t_5)xsT+ﬁ
0 5 2

B — 6A]ds

T
and, in particular, since by the construction se; = 0 and ffl e 0=5)xT' [B — § A
0 we have, for t > %,

t
sle, = 042/ e_éz(t_s)xiﬂ [B —0A]eids

o

2

t+2
= 042/ ’ 6752(t+%751)}(£ [B — 0A] e1ds;.
Ty

Now we know that fH% e 0 (147 1) T B — 0A]eds; = st >

0 for any t > % (thanks also to the above reduction argument). If
we would have

t+3 7 Ty
/ e"SZ(’”FT’Sl)XST1 [B —0A]eids; =0 for every t > 5
T

then this would mean that (thanks to the density of step functions
in L? of a bounded interval)

(B_(Sz(t—’_%_sl)xz1 [B — 5A] eids; = 0, Vsy > T7.
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this would imply that

XST1 [B—-0Ale; =0, Vs;>T

£hY T
so that also th1+ g 6_6z(t+71_81)le B —§A]eids; =0 for t > L and
this is a contradiction.

Concerning admissibility it is clear that x; > 0 by its definition.
Let us show that, for suitable choice of the parameters, we have

S; > ifA for t > 0. This is obvious for ¢t < % since we already

know that (x,0) is admissible, and so (a1x,0) is admissible thanks
to the structure of the set of admissible trajectories (see on this [4]).
For t > % we have

£hY
5 —%XI'A =e %5+ / " e ht=9xT B _ §A]ds

0

t
+ /T e*‘sZ(t*S)Xiﬂ B — §A]ds — ozgxtTJrﬂA

i s+

2

t
— e_5Z(t_%)§ﬂ + a9 / e 0% T r, [B—0A]ds — XtT+T1 A]
2 2 2

T

t+3
— e (g0 + / e—sz(H%—sl)ngl B — 0A]ds, — xtT+T1 A]
3 2

Now recall that, for t; > T}

ty
S, = e*‘sz@*Tl)sT1 + / <a>*51(t1*"“’))cf1 B — §A]dsy
Ty

so that taking t; =t + % above

IH‘% T
s / 6—5z(t+7*51)x£ [B — 5A] dsy — XZ;LQA
T 2

= (9 |:St+1;1 e ST, XH_%A
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SO

T
= _2TA _ 0. (t=F)z " —0u(t+F —s1) T r
Ss—X, A=e PSn € 2x, (B = 0A]dsi —x, 1 A
T ’

= 6_6z(t_%)§ﬂ + a9 |s
2

— 6_6z(t_%)ST1 — XT A:|

T
t+ 5 t+ 2L

= e_az(t_%) <§ﬁ — 042ST1) + [st — xtTA]

2

Now by construction S»; and sy, have the same zero components, so
2
we can choose ag > 0 so that s7, — agsy, > 0. This gives the claim
2
for £ = 2. The case k > 2 can be treated exactly in the same way.

Proof of 2). It is exactly the same proof as above for every
j# 1

Proof of 3).From the points 1) and 2) we know how to find
strategies that brings one component to be positive. To brings all
components to be positive one needs at most £ < n steps where k
is the number of zero components of 5. Then fix {5 > 0 and apply
the strategy to brings the first components to be positive on [0, %0}
and so in k steps all components become positive at most at ;. W

Proposition D.2 Let Assumptions I1..2, I1..3 hold true. Assume
also that Assumption I1..5 does not hold. Then the truncated prob-
lem (if the input-output matrices are not empty) satisfies I11..2, 11..3.

Proof. For the proof we will consider first the case where only
one commodity is always zero so the truncation algorithm consists
only in deleting one column and the rows where such column has
nonzero elements.

The fact that Assumption II..2 still holds in the truncated prob-
lem is easy. In fact if the j-th commodity is always zero for every
admissible strategy, then the input matrix C in the truncated prob-
lem is obtained from the original matrix A deleting the j-th column
and all the rows ¢ such that a;; > 0. If, by contradiction, the k-th
row of C is zero this means that the k-th row of A have all elements
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zero except for az;. But this means that such row should have been
deleted in the truncation process, a contradiction.

In the general case, if C has a zero row (say the i-th), then
this means that in the ¢-th row of A there is at least a nonzero
element belonging to a column (say the j-th) corresponding to a
zero component. But a;; > 0 would implie that the i-th row would
be deleted in truncation process. This gives again a contradiction.

More difficult is to prove that Assumption II..3 still holds. We
argue by contradiction. Assume that in the truncated problem the
output matrix D has at least one row zero, let one of them be the
k-th row. This means that in such row all elements of the original
output matrix B where zero except for b;;. Moreover such row was
not cancelled in the truncation so this means that ax; = 0 (i.e. the
commodity j is not used in the k-th production process). Consider
now a strategy (X,0) such that, in time ¢, it brings all commodities,
except for the j-th, to be positive (this is possible thanks to point
2 of Proposition D.1) But in this case the production strategy

Xy t e [0, t()]
Xt = e t > to

is admissible for small o (and small time) and brings the j-th com-
modity to be nonzero immediately after ¢y3. In fact

T T
x A =oae A =a(a,..., o)
and since s%ei > 0 for ¢ # j, sgej = 0, ar; = 0 we can choose «
such that

Si,
a (@, ooy an) < <
T a.
(v < min {S;g:, fori #+ j}) Then, recalling

'
s/ = e‘éztStTﬁ—/ e %=1=)xT (B — §A) ds
t
1O — e 0t
— €5ztsg;+045—eg (B — (SA)
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it is clear that for small o and small time sl'e; > 0 for ¢ # j since
(recall that e/ B = 0 and el A = (a1, ..., agn))

T Sat T 1—e
s;e =e Ztstoei — Taéaki.
z
Moreover, since §Tej =0, by; > 0, ag; = 0 we have
—,t
T, _  —6,t T l—e
s;ej =¢ s, e + ————aby;

Oz

which gives the claim.

In the general case we argue again by contradiction. Assume that
the k-th row of the output truncated matrix is zero. This means
that the k-th process produces only commodities that are always
zero in the system (let such commodities be indexed by ji, ..., jp).
Moreover we have that

kg, = Afjo = ... = Cijp =0

otherwise the k-th row would be deleted in the truncation process.
This means that the k-th process do uses as inputs only commodities
that are available from the beginning, (i.e. such that sTe; > 0)
or that can be made available at any small time ¢y, (due to the
controllability results of Proposition D.1) Then one can apply first
for small time a strategy that bring positive all components that
are not always zero, and after this the constant strategy x; = ae;.
Arguing as above it can be easily seen that such strategy brings
one of the asbsent commodities to be present and this is again a
contradiction. |
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