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Introduction

In optimal control theory, infinite horizon problems may be difficult to treat especially if asso-
ciated with large classes of admissible controls or with state constraints. Such problems arise
naturally in economic applications, and - in some cases - crucial questions such as the existence
of solutions to the problem (namely of optimal controls) are left aside due to the technical issues
that their handling involves, despite a large literature testifying to the interest of the scientific
community about the subject.

Two such cases are the so called Ramsey-Skiba type models and the Shallow Lake type models.
The Ramsey-Skiba model dates back to Ramsey ([30], 1928) and is what is called in economy a
utility maximization problem. The original formulation by Ramsey is now a classic in economic
theory. In this formulation, the state equation has a dynamics that is globally concave as a
function of space, and the objective functional to be maximized involves a concave increasing
function of the control. In 1978, Skiba ([34]) proposed a convex-concave dynamics version of the
Ramsey model, which has since also become quite popular in growth theory. The non-concavity
assumption about the dynamics determines a significant difference not only because it increases
the descriptive capacity of the model, but also because it raises technical challenges. On the
lines of the work by Skiba, the analysis has been developed in papers such as [3], [29], and [18].
Nevertheless, a proper existence theorem had not been provided.

The archetypal Shallow Lake model was introduced in 2003 by Miler et al. ([28]) in the context
of environmental economics. It has developed its own literature with papers including [26],
[36], [24], and [25]. The dynamics of this problem also has convex-concave behaviour, while
the objective functional - representing the social benefit of a community resulting as a trade off
between different interests - involves a function of the state and the control which is unbounded
both from above and from below. A deep study of the dynamics of optimal paths has been
carried out through the analysis of necessary conditions for optimality, both from the side of
the domain (Pontryagin’s Maximum Principle, see [36] and [24]) and from the side of the range
(Hamilton-Jacobi-Bellman equation and Dynamic Programming, see [26]) of the objective func-
tional; but, again, no results were known about the existence of an optimal control.

It is noted that both models are interested by the Skiba phenomenon, as discussed in [34] and
[36]. Even though the treatment of the subject goes beyond the scope of this thesis, the fact is



in itself remarkable, since the possibility of having indifference points is a widely discussed topic;
a partial literature includes basic papers such as [33] and [14] (plus the fundamental paper of
Sikba [34]), as well as the more recent papers [23], [9], [37], [11], and [10] (in addition to the
already cited [36]).

The technical difficulties implied in the treatment of the existence problem relate both to the
lack of compactness and to the infinite horizon setting. These features determine the absence of
good a priori estimates which are usually the starting point of a proof based on the application
of one or more compactness theorems. In the following we make a comparison between the
proofs of some traditional existence results - namely the Filippov theorem for Mayer problems
and the Filippov-Cesari theorem for Bolza problems - and the methods we have developed in
order to face the issues that the above referred models present when addressing the problem of
existence.

The already mentioned characteristics of these models add up to, in the case of the Ramsey-Skiba
setting, a state constraint which produces further complications in many respects of any general
treatment of the subject, beyond the question of the existence of optima. The technical impli-
cations of our specific set of assumptions (including the assumption about the non-concavity of
the dynamics), as well as the other results obtained in the analysis of the Ramsey-Skiba model

are discussed in more detail in the introduction of Chapter 1.

The following outline of the Filippov-Cesari theory provides some details that aim to high-
light the intimate nature of this important construction and the profound differences with our
approach and in the respective operational contexts.

The Filippov-Cesary theory concerns finite horizon problems. Compactness of the control space
is assumed in the first and less powerful version of the theory; in the enhanced version of the
theory, due to Cesari, such assumption is dropped in favour of a coercivity assumption on the
objective functional which plays essentially the same role in the sense that it ensures that,
roughly speaking, minimizing controls can be treated as if they took values in a compact space.

A state equation of the form
i(t)=ftz(t),ud) (1)

is considered, with the assumption that f satisfies
|f (82, u)] <1+ [xf 4 [ul, (2)

plus some Liptschitz-continuity hypothesis that guarantees the well posedness of (1) for any

measurable function u.

It is assumed that the domain of the admissible controls is a finite interval of “times” that is



not fixed, so that the objective functional will depend on a set and on a function defined on that

set. This choice about the domains is made to include minimal-time problems in the setting.

Hence it is natural to expect that the objective functional depends separately on the control
function and on the initial and final times and states. Actually, the first existence result, due

to Filippov, has been provided for a Mayer functional of the type:

J(u) = @ (ay, by, 23, 21,) (3)

u

defined for a function u € L' ([ay,b,];U) such that U C RM is compact and the vector of

1

u) remains in a fixed compact set

the corresponding terminal times and states (au,bu,xgw
S C R?N+2. The function ® : S — R is assumed to be continuous. Denoting with x (:;a,y,u)

the unique solution to (1) such that z (a) =y, we can write z}, = & (by; ay, 29, u).

Cesari’s method extends the existence result to problems with a functional involving an in-
tegral term that depends separately on the control and the associated state. This method
is powerful enough to substitute the compactness hypothesis on the control space U with a

coercivity hypothesis on the integral part of the objective functional.

Namely, the objective functional to be minimized has the form:

— b 0 .1
J(u)—/ L(s,x(s),u(s))ds+® (au, by, 29, 2,), (4)

u

and is defined in the same class as before. It is assumed that L satisfies L (¢,z,u) > g (u) in

-1

its domain, for some continuous function g : U — R such that g (u) - |u|”" — 400 for u € U,

u — 400. This is called a Bolza problem.

As already pointed out, this approach includes the possibility that the initial and final condition
vary. The point is that the assumption that S is compact determines a fixed interval [A, B|
containing all the domains of the admissible controls. Actually this approach works with controls
that are extended to [A4, B] by a constant and with the corresponding states; for the latter, some

Gronwall-type a priori estimates hold.

These estimates become boundedness estimates thanks to this common temporal domain of
finite measure (in other words, thanks to the finite horizon), and even uniform boundedness
estimates when U is compact. If U is not compact the coercivity assumption on L is used to

obtain the same uniform boundedness estimates for a minimizing sequence of states.

This is the starting point of the proof: given a minimizing sequence (x%, un)n ey one considers

nens and finds that (), is bounded in AC ([A4, B];RY). As a

consequence and with the same technique, it is proven that the minimizing states satisfy:

the associated states (z;,)



k

k
Z |2 (t:) = n (s1)] < C Y|t —si| +€C (5)

i=1

(for every € > 0 and s;,t; € [A, B]), or even
[0 (1) —2n (s)] < Cft—s|

if U is compact. Anyway, these are uniform estimates in n allowing to apply the Ascoli-Arzela
theorem and obtain a subsequence converging, uniformly in [A, B], to an absolutely continuous

function z*.

The second step consists in defining a control u* companion to the candidate optimal state
x*, namely such that x* (t) = f (t,2* (t) ,u* (t)) for almost every t € [A, B]. In other words, one
has to prove that z* () belongs to the image set f (¢, z* (t),-) (U) whenever the derivative exists,
and that the preimage can be chosen in a measurable way with respect to t. The admissibility

of the control v* thus obtained is guaranteed by standard compactness or coercivity arguments.

The control u* will be optimal for the Mayer problem, since the functional in (3) depends,
continuously, only on the state. In the case of a functional of type (4), the construction is
similar but more complicated from a technical viewpoint, since it is necessary to ensure that,
besides the terminal term ® (ay,b,,23,z}), also the integral term f:? L (8,25 (8),un(s))ds
converges to a quantity of the desired form.

Here we outline the proof of this second step for the Mayer problem, for the sake of simplicity.

Assume that the dynamics has the form
ft,z,u) = F(t,x) + u,

and that U is convex.

Fix € > 0. By the equi-continuity and the uniform convergence of (z,),, joined with the
uniform continuity of f in its (compact) domain, the quantities f (s,xz, (s),u, (s)) belong to a
e-neighbourhood of f (t,z* (t),-) (U), for n > n. and |t — s| < d.. Such neighbourhood turns
out to be convex and closed by the assumptions on U and f. Thus, the integral mean

t+h . .
]f F (5,20 (s) ,up (5)) ds = n(”hf)b n ()

remains in the same e-neighbourhood of f (¢,2* (t),-) (U) for small |h| and big n. Passing to
the limit for n — oo, then for h — 0, we see that also x* (t) is in the set. This is enough to



complete the argument since € is generic and the image f (t,2* (¢),-) (U) is closed.!

As a third and final step, a measurable selection lemma - based on Lusin’s Theorem - is used to
ensure that the vector u* (¢) satisfying «* (t) = f (t,2* (t),u* (t)) can be chosen with measurable

dependence on t.

Summing up, the classical control theoretic approach to the existence problem starts with the
convergence of a sequence of states and related values of the functional, and ends up with a
control function giving the two limits the desired form; in particular no direct semi-continuity

argument for the functional is used.

The approach to the existence problem that we propose goes, in a sense, in the opposite direction.

We deal with scalar state equations of the form
z(t)=F (z(t)) +u(t) or x(t)=F(x(t))—u(t),

where F' has sub-linear convex-concave behaviour. In particular, a relation analogous to (2)
holds.
The equation is assumed to hold almost everywhere in [0, +00), and the functional to be maxi-

mized has the form

+oo
J(u) = /O =L (x (1), u (1) dt,

where L can be unbounded both from above and from below, and u is a locally integrable,
positive function whose discounted global integral is finite. Specifically, we have L (x,u) =
log(u) — ca? for Shallow Lake models, and L (z,u) = o (u) X[0,100) () +min ax (e 0) () in the
case of Ramsey-Skiba models, where « is a concave, bounded below increasing function satisfy-
ing the Inada’s conditions. Clearly, the state constraint x > 0 can be embedded in the domain
of the objective functional of the latter problem in order to deal with the simpler Lagrangian
L (z,u) = a(u); further, the condition about the finiteness of the discounted integral of u can

be dropped in favour of a suitable assumption about the behaviour of « at infinity.

LCesari’s idea to treat the Bolza problem is to study the couple of integral means
(:Jrhf(s,zrn (8) ,un (s))ds,ftHhL(s,xn (s),un (s))ds) and prove with an analogous technique that for

n, 1/h — oo it is arbitrarily near to the closed set of the couples (f (¢,2* (t),u),w) such that v € U and
w > L (¢,z* () ,u) - thus obtaining:

St (8) = f (8,2 (), u* (1))
L limp o0 [ L(s,2n (s),un (s))ds > L(t,* (t) ,u* (t)).
Then one passes to integrals in the inequality. The main technical complication here is in proving that the

pointwise limit exists up to a subsequence. The complete, and non-trivial, proof of the Filippov-Cesari’s theorem
can be found in [20], Chapter III, § 5.



We begin by considering a maximizing sequence of locally integrable controls (u.,) In order

neN”
to bypass the absence of a priori estimates, we need to prove some “localization” result. For

T

every fixed compact interval [O,T]7 we construct a new sequence (un

(ug)n is still maximizing and also uniformly bounded in [0, T| by a quantity N (T) increasing in

),, upon (uy),, such that

T. We stress that N (T) does not depend on the original sequence nor on the index n € N. By

T

weak (relative) compactness we can extract a sequence (an

),,» weakly converging in L' ([0, T7).
We repeat the process for bigger and bigger intervals, each time starting from the maximizing
sequence we ended up with in the previous step. This localization procedure allows to have the
new states 1 under control, by means of a pointwise relation that is proven to hold between
x,, and x1. Such relation ensures that ul is admissible also in the state-constrained case of the
Ramsey-Skiba model. In this case, the localization procedure ends here, essentially due to the
fact that we deal with a Lagrangian that is bounded below.
In the case of a Shallow Lake model, we need to ensure that the upper bound function N satisfies
certain additional growth conditions at infinity that will be exploited at the end of the proof.
Anyway, the main difference with the case of a partially bounded Lagrangian, is that we also
need a “lower localization” procedure.
Accordingly, we prove that for every T' > 0 the sequence (u) already obtained can be consid-
ered - up to substituting a term with a more favourable one - to be bounded below in [0, T], by
a quantity depending decreasingly on time only, which we denote by 1 (7'). This can be done by
a direct, constructive technique (similar to the one used in the upper localization procedure), if
the dynamics is a monotone function of the state. If the function F' is not globally monotone,
we can reach an analogous conclusion, but the path is more difficult.
Let us proceed, for the moment, with the analysis of the monotone dynamics case. For every
T > 0, we have obtained subsequences (ﬂg)n such that 1 (T) < @l < N (T) almost everywhere
in [0,7], and al — uT for some uT € L' ([0,7]). In order to merge properly the local weak
limits, the standard diagonal argument does not work, since we are in presence of two families
of sequences which a priori are not extracted one from the other. Precisely: at step T, the
T

converging sequence (a;) is defined as a subsequence of (u;,) , but the sequence (uj, ™) -

that follows in the construction - is obtained by applying the uniform localization results to
(@),

Here the monotonicity of the bound functions N and 7 provided by the localization lemmas plays
a crucial role. Thanks to this property, we are able to define a unique locally bounded (in the L*°
norm) maximizing sequence (v,), together with a “pre-optimal” function v € L}, ([0, +00)),
such that v,, converges weakly to v in L' ([0,7]) for every T > 0.

As regards the case of non monotone dynamics, we need to introduce another tool in order to
prove the lower localization lemma, and then adapt the interpolation process (between the fam-
ilies {(u;), |T >0} and {(a;.), |T >0}) to the new operators involved in the construction.

The technical issue that emerges as a result of the non-monotonicity of the dynamics can be



loosely described in the following way: the difference between two trajectories (for instance,
7, and z1') may be not controllable by a satisfactory estimate, since both trajectories could
stay in the zone where the dynamics has the most disadvantageous behaviour (in the case of
a Shallow Lake model, an increasing behaviour). Therefore, we need to guarantee that the
admissible controls can be chosen - without penalty - in a smaller class of functions that bear, in
the global integral, a “heavier” exponential discount factor, thus making the above mentioned
estimate - which is exponential, at any rate - acceptable. This procedure, that we call “discount
reduction”, is time dependent; hence its implementation will change the entire cycle of the in-
terpolation that has to be performed successively.

Thus, we start by considering a maximizing sequence (uy), and we prove that for every fixed
T > 0 it can be substituted by another maximizing sequence, say (&J,f)n, whose components
stay in the right L' space and, consequently, in the domain of the localization operator (clearly,

the proof of the localization lemmas becomes more complicated in this case). The operator can

T

be thereby evaluated in the controls @7 to produce a sequence (u2

)n uniformly bounded in
[0,7] by two quantities depending only on T'. Again, the lower bound function 7 is proven to
be decreasing and the upper bound function N is proven to be increasing.

The point is that both the discount reduction procedure and the localization procedure preserve
the values of the controls at smaller intervals: this is the stepping stone that makes the diago-
nalization effective.

Therefore, we end up again with a sequence (v,), and an admissible v € Lj, ([0, +00)) such

that n (T) < v, < N(T) a.e. in [0,T] and v, — v in L ([0, T]) for every T > 0.

Now, another - standard, in this case - diagonal procedure is needed in order obtain a function
u, € L}, ([0,+00)) and to extract from (v,), a sequence (v, ,), such that L(vnn) — L(us),

in every L' ([0,7]), where L = a or L =log. Clearly, dealing with controls that are bounded

also from below is necessary in order to perform this diagonalization in the case L= log.

The following step is the proof of the pointwise convergence of the states associated with (vy),,
to the state associated with v.

The control u, is eventually proven to be admissible and optimal, using a dominated convergence
argument combined with a pointwise relation between u, and v, which is obtained, essentially,
by the concavity of L. Such relation serves to combine the two convergences L (vy,.,,) — L (us)
in L' ([0,T)) for every T > 0 and x (:;v,) — 2 (-;v) pointwise in [0, +00). These considerations

are similar to a semi-continuity argument and allow to conclude the proof.

Our method is thereby presented in three successively enhanced versions, applied to as many in-
creasingly difficult existence problems: the Ramsey-Skiba problem, the monotone Shallow Lake

problem and the non-monotone Shallow Lake problem.



The proof schemes used in the three analyses can thus be resumed in the following way:

T+1+T

uniform localization ——— local compactness
--» two families diagonalization — one family diagonalization

and

T+1+T

discount reduction > uniform localization < local compactness

--» two families diagonalization — one family diagonalization.

These patterns may be hopefully generalized to a scheme for obtaining existence proofs, appli-
cable to a broader class of infinite horizon optimal control problems with non compact control

space.

We conclude the introduction with a remark about the original Ramsey model.

A complete (and, in our knowledge, first) mathematical treatment of the problem has been
given by Ekeland ([16]) and by Asheim and Ekeland ([2]). In these papers, the question of
existence and uniqueness of optimal paths is accurately investigated with regard both to the
classical problem and the so-called restricted problem (in which it is assumed that a trajectory
is constrained to remain within a fixed interval). The classical problem is addressed to as a
problem of the Calculus of Variations. The objective functional is considered as a function of
the state, and the optimum is proven to exist in the class of twice differentiable trajectories
whose companion control is non-negative. Clearly the latter requirement reduces to a condition
on the state and its derivative.

The candidate optimal trajectory, in this class of C2 functions, is the solution of a certain ordinary
differential equation that is written in terms of a solution V' of the Hamilton-Jacobi-Bellman-
Equation (HJB). The ordinary differential equation is well-posed if V is C2. Furthermore, to
make sure that this trajectory is indeed optimal, it has to be proven that it converges at infinity.
Note that the limit is identified by analysing the Euler-Lagrange optimality conditions. The
optimal control is then obtained via a feedback relation.

The point is that both the construction of a C? solution to HJB, that allows to define the
candidate optimal trajectory, and the proof of the necessary convergence property of the latter,
are based on the assumption that the dynamics F' is concave.

On the other hand, our method (as far as existence of optima is concerned) exploits only the

10



Lipschitz continuity or sub-linearity property of the dynamics and not the specific hypothesis
that there exists an interval where F is convex?. As such, the method covers also the purely
concave case of the Ramsey model, and provides a proof - alternative to the one just discussed

- of the existence of an optimal control, in a much broader class.

2For further details about the properties of the dynamics that are actually exploited in the analysis refer to
the remark at the end of subsection 1.1.2
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Chapter 1

The Ramsey-Skiba model

Utility maximization problems constitute a fundamental part of modern economic growth theory,
since the works by Ramsey ([30]), Skiba ([34]), Romer ([31]), Lucas ([27]), Barro and Sala-i-
Martin ([4]).

These models aim to formalize the dynamics of an economy throughout the quantitative de-
scription of the consumers’ behaviour. Consumers are seen as homogeneous entities, as far as
their operative decisions are concerned; hence the time series of their consuming choices, or
consumption path, is represented by a single function, and they as a collective are named social
planner, or simply agent. The agent’s purpose is to maximize the utility as a function of the
consumption path in a fixed time interval; this can be finite or more often (as far as economic

growth literature is concerned) infinite.

The model we take into consideration has three main features that enlarge its applicability
range, and, on the other hand, imply additional technical difficulties.

First, the dynamics contains a convex-concave function representing production. This non-
concavity of the production function aims to include in the description factors that can show
increasing returns, such as human capital investments. It is well known that the presence of
non-concavity in an optimization problem may complicate the study of the regularity properties
of the value function, and, consequently, the possibility of obtaining the optimum via a feedback
relation. Indeed, such relation is usually obtained with a variational approach which deals with

a C? value function, as discussed in the main introduction.

Secondly, a state constraint is present. As we shall explain later, this is linked to the non-
concavity assumption about the dynamics; furthermore, it is needed in order that value function
is finite. This feature has, among others, the effect that any new control that one may introduce

as a technical tool must be chosen carefully since its admissibility is not guaranteed a priori.

Third, we require that the admissible controls are not more than locally integrable in the positive

12



half-line: this is the maximal class if one wants the control strategy to be a function and the
state equation to have a solution. On the other side, such choice makes the application of any

classical compactness result not straightforward.

From the applications viewpoint, the target of the analysis is the study of the optimal trajec-
tories: regularity, monotonicity, asymptotic behaviour properties and similar are expected to
be investigated. These properties are still not characterized in recent literature, at least in the

above described case.

Therefore, the program is quite complex and has to be dealt with in many phases. Here we
undertake the work, providing the existence result, some properties of the optima, and a deep
study of the value function based mainly, but not exclusively, on Dynamic Programming and the
necessary conditions linked to the Bellman Functional Equation (BFE) and to the Hamilton-
Jacobi-Bellman equation (HJB). Such analysis relates to Skiba ([34]) and Askenazy - Le Van
([3]), and develops part of the work by Fiaschi and Gozzi ([18]).

We can summarize the main criticalities as follows:

1. With regard to the existence of an optimal control, we did not find a general result covering
our case, either in the classical literature, e.g. Fleming and Rishel ([20]), Cesari ([13]),
Zabezyk ([39]), Yong-Zhou ([38]), or in more recent publications, such as the book by
Carlson, Haurie and Leizarowitz ([8]) and Zaslavski’s books ([40], [41]). So we give a
direct proof of the existence of an optimal control for every fixed initial state, which is the

first, and the simplest, application of the method described in the main introduction.

2. Certain questions arise, that in other bounded-control models are not even present. Two
such questions are the finiteness of the value function and the meaningfulness of the
Hamiltonian problem, consisting in the question whether the value function is a viscosity
solution to the HJB equation. The notion of viscosity solution can be characterized both
in terms of super- and sub-differentials and of test functions; in any case these auxiliary
tools must match the necessary restrictions to the domain of the Hamiltonian function, at
least for the solutions we are interested in verifying. We are able to prove certain regularity

properties of the value function ensuring that this is the case.

3. The regularity property stated in Theorem 32.ii), which is necessary in order that the HJB
problem is meaningful for the value function, requires an existence result. Using optimal
controls, such property can be proven by a standard argument under the hypothesis that
the admissible controls are locally bounded. In our case it is necessary to come back again
to the preliminary tools (Lemmas 9 and 10) in order to prove the result for the larger class
of admissibility we have chosen, since those preliminary results guarantee that, in a way,

we can reduce to considering locally bounded control functions.

13



4. The proof of the existence of a viscosity solution of HJB features a methodological speci-
ficity. Indeed, we make use again of the basic result involved in the construction of the

optimum, the localization Lemma 9.

The last point in this list deserves a short deepening. The problem of the well-posedness (namely
the existence and uniqueness of a viscosity solution) of the HJB equation has been examined
in works such as [35], [7] and [22] in the specific case of an equation resulted from a state con-
strained optimal control problem.

Essentially, the aim of these works is to identify the general form assumed by the HJB equation
when it derives from such kind of problems, in order to study the equation independently using
techniques from the fields of PDEs and viscosity solutions.

It is not difficult to realize that the link with a constrained control problem induces some con-
ditions at the boundary of the state space, i.e. the closed subset Q of RY where the admissible
trajectories are constrained to remain and that coincides with the domain of the HJB equation.
Such boundary conditions must be implemented in the new definition of “constrained” viscosity
solution (in the double sense that it derives from a constrained OC problem and includes some
boundary constraint) in terms, say, of test functions.

The simplest and, in a way, most natural of these boundary conditions can be obtained from
the observation that the global dynamics - namely the function b such that the state equation
can be written & = b (z,u) - forms a dull corner with the exterior normal vector at (optimal)
boundary points, meaning that (b (xg,u*(0)),v (z9)) < 0 where z¢ € 9 and u* is optimal at
xo. Starting from this and assuming that the value function is C!, one discovers that the latter
still verifies, in xg, the subsolution condition in the case of a maximum value problem, or the
supersolution condition in the case of a minimum value problem. It is to be noted that the
reasoning cannot be replicated in order to ensure that the regular value function is a viscosity
solution at 0€).

Ultimately, the additional boundary condition simply consists in requiring that the definition of
viscosity subsolution (or supersolution for a minimum value problem) holds also at boundary
points.

Soner ([35]) identifies this condition and consequently defines the notion of constrained viscosity
solution: v is such if and only if v is a subsolution on Q and a supersolution on € (in his setting,
the problem is that of minimizing the objective functional). Then he proves the well-posedness
of HJB in this “weak-constrained” sense in the class of bounded uniformly continuous functions
of Q.

In [7], Capuzzo-Dolcetta and Lions maintain the same notion of constrained viscosity solution,
and prove the well-posedness in the class C (ﬁ) under the assumption that 2 is bounded (hence
they drop uniform continuity in favour of the mere continuity). Moreover, they provide further

convergence and regularity results for the solution under additional hypotheses about the dy-

14



namics and the running cost.

Ishii and Koike ([22]) also assume that 2 is bounded, but consider a different notion of viscosity
solution involving the upper and lower semicontinuous envelopes of the candidate solution, plus
boundary conditions for both the concept of sub- and supersolution. Basically, for them v is
a constrained viscosity solution of HJB if and only if v* is a subsolution and v, is a superso-
lution (with a slight difference in the equations considered in the two cases). They prove the
well-posedness result among the bounded functions of 2, thus waiving the continuity.

The point is that all of these authors assume the boundedness of the running cost and of the
global dynamics as well as (directly or indirectly) the compactness of the control space - which
follows for the present model from the boundedness of the global dynamics (z,¢) — F (z) —¢, in
any case. In our problem, the control space, the state space, the dynamics and the instantaneous
utility are unbounded; hence, the aforementioned results are not applicable at all here. Indeed,
as a consequence of the assumptions, the value function is easily proven to be unbounded and
therefore to be outside the class where well-posedness is proven in each of the examined papers.
In this thesis we are concerned only about the existence of a solution to HJB. It is to be noted
that, even though the result is proven for the open set 2 = (0,+00) (Theorem 42), it is not
difficult to show that the value function is indeed a viscosity subsolution on €, thus being a
constrained viscosity solution in the sense of Soner.

Having considered the foregoing, the technical peculiarity at point 4 above appears to be justified
and in fact natural, since the localization lemma must be understood as a sort of compactness

generator.

The contents of the chapter are consequently arranged. The first section intends to clear up the
genesis of the model and the economic motivations for the assumptions.

Then comes a technical section where some preliminary results that are crucial for the devel-
opment of the theory, such as Lemmas 9 and 10, are proven. In the same section the reader
will find other results like the characterization of admissible constant controls for every initial
state. We also show some basic techniques for manipulating admissible controls that preserve
admissibility, and how these techniques can be used to prove two other “localization lemmas”
from below. These lemmas are not necessary in proving the main results of the chapter, but
have meaning from the methodological viewpoint, and may reveal themselves useful in extending
the existence result to other monotone, state constrained problems with completely unbounded
running cost or instantaneous utility.

Afterwards, we provide some basic properties of the value function, such as finiteness and be-
haviour at the boundary of the domain. These results require careful handling of the data and
some standard results about ordinary differential equations, but do not require optimal controls.
In the subsequent section we prove the existence of an optimal strategy for every initial state:

this is the first application of the method described in the main introduction of the thesis.
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Then we prove some boundedness properties of optimal controls and optimal states; these prop-
erties, besides having a meaning at application level, seem to be needed for the study of the
necessary optimality conditions for the controls. The proof exploits the manipulation techniques
from section 1.2.

Next we are able to prove other important regularity properties of the value function, includ-
ing local Lipschitz continuity and lower boundedness of the difference quotients, using optimal
controls. This section can also be considered preparatory for the subsequent one.

Eventually we give an application of the methods of Dynamic Programming. As mentioned
before, the proof of the admissibility of the value function as a viscosity solution of HJB is
made more complicated by the use of the preliminary lemmas; in return, it allows to obtain
the result independently of the regularity of the Hamiltonian function. A “backward” Dynamic
Programming analysis is also performed, reaching the conclusion that the value function is, at

least at optimal points, a bilateral viscosity solution of the Hamilton-Jacobi-Bellman equation.

As already mentioned, due to the unboundedness of the instantaneous utility, the domain of the
Hamiltonian of our problem has some restrictions that are reflected in restrictions to the class of
the functions for which the HJB equation is meaningful from the viscosity viewpoint. This leads
us to introduce the class C* (Definition 36), whose members are such that their companion test
functions (involved in the definition of viscosity solution) are in the domain of the Hamiltonian
together with their derivatives. The value function turns out to be in CT thanks to property ii),
Theorem 32. We want to stress that the proof of the latter property deeply exploits the local-
ization lemma: both the monotonicity in time and space of the bounding function N introduced
in the lemma is used. In particular, monotonicity in space is needed to prove the inequality for
h <0.

1.1 Construction of the model

1.1.1 Economic justification
Utility functional

We assume the existence of a representative dynasty in which all members share the same
endowments and consume the same amount of a certain good. Our goal is to describe the
dynamics of the capital accumulated by each member of the dynasty in an infinite-horizon
period and to maximize its intertemporal utility (considered as a function of the quantity of
good ¢ that has been consumed). Clearly, consuming is seen as the agent’s control strategy,
and the set of consumption functions (over time) will be a superset of the set of the admissible

control strategies.
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First, we need a notion of instantaneous utility, depending on the consumptions, in order to
define the inter-temporal utility functional. We will assume that instantaneous utility, which we
denote by u, is a strictly increasing and strictly concave function of the consumptions, and that
it is twice continuously differentiable. Moreover, we will assume the usual Inada’s conditions,
that is to say:

lim o (¢) = lim o (c) = 0.
C_l)I(I)lJru(C) +oo, lim (¢)=0

We will also use the following assumptions on w:

w(0) =0, lm u(c)=+o0.

c—+o00o

With this material, we can define the inter-temporal utility functional, which, as usual, must

include a (exponential) discount factor expressing time preference for consumption:
+o0 R
U(e() = / et (c () di (L.1)
0

where p € R is the rate of time preference and n € R is the growth rate of population. The

number of members of the dynasty at time zero is normalized to 1.

Production function and constraints

We consider the production or output, denoted by F', as a function of the average capital of
the representative dynasty, which we denote by k. First, we assume the usual hypothesis of
monotonicity, regularity and unboundedness about the production, that is to say: F' is strictly

increasing and continuously differentiable from R to R, and
F (0) =0, kgrfooF (k) = 400

where we may assume F' () < 0 for every z € (—o0,0), since the assumption that F' is defined

in (—o0,0) is merely technical, as we will see later; this way we distinguish the not.

Next, we make some specific requirements. As we want to deal with a non-monotonic marginal
product of capital, we assume that, in [0, 400), F is first strictly concave, then strictly convex and
then again strictly concave up to +oo. This means that in the first phase of capital accumulation,
the production shows decreasing returns to scale, which become increasing from a certain level
of pro capite capital k. Then, when pro capite endowment exceed a threshold k > k, decreasing

returns to scale characterize the production anew.

Moreover, we ask that the marginal product in 4o is strictly positive, so that we can deal

with endogenous growth. Observe that this limit surely exists, as F’ is (strictly) decreasing in
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a neighbourhood of +c0. Of course the assumption is equivalent to the fact that the average
product of capital tends to a strictly positive quantity for large values of the average stock of
capital. Moreover, requiring that the marginal product has a strictly positive lower bound is

necessary to ensure a positive long-run growth rate.

As far as the agent’s behaviour is concerned, the following constraints must be satisfied, for

every time ¢t > 0:

k(t)>0, c(t)>0
i(t)+c(t) < F k), k{t)=1i(t)

where i (t) is the per capita investment at time ¢. Observe that the first assumption is needed
in order to make the agent’s optimal strategy possibly different from the case of monotonic
marginal product. In fact if condition ¥¢ > 0: k (¢) > 0 was not present, then heuristically the
convex range of production function would be not relevant to establish the long-run behaviour
of economy, since every agent would have the possibility to get an amount of resources such
that he can fully exploit the increasing return; therefore only the form of production function

for large k would be relevant.

Another heuristic remark turns out to be crucial: the monotonicity of u respect to ¢ implies
that, if ¢ is an optimal consumption path, then the production is completely allocated between
investment and consumption, that is to say i (t) + ¢ (t) = F (k (t)) for every ¢t > 0. This remark,
combined with the last of the above conditions implies that the dynamics of capital allocation,

for an initial endowment ko > 0, is described by the following Cauchy’s problem:

k(t) = Z(k () —e(t) fort>0 (1.2)

Considering the first two constraints, the agent’s target can be expressed the following way:
given an initial endowment of capital kg > 0, maximize the functional in (1.1), when ¢ (-) varies
among measurable functions which are everywhere positive in [0, +00) and such that the unique
solution to problem (1.2) is also everywhere positive in [0, +00); the latter requirement is usually

called a state constraint.

A few reflections are still necessary in order to begin the analytic work. First, we will consider

only the case when the time discount rate p and the population growth rate n satisfy
p—n>0,

which is the most interesting from the economic point of view. Second, we weaken the re-

quirement that ¢ is integrable and positive in [0, 4+00) (in order that ¢ is admissible) to the
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requirement that ¢ is locally integrable and almost everywhere positive in [0, +00).

Finally, we need another assumption about instantaneous utility u so that the functional in (1.1)
is finite. To identify the best hypothesis, we temporarily restrict our attention to the particular

but significant case in which u is a concave power function and F' is linear; namely:

—0

ulc)=c'"7, ¢

F(k) =Lk, &k

Y

0
0

Y

for some ¢ € (0,1) and L > 0 (of course in this case F' does not satisfy all of the previous
assumptions). Using Gronwall’s Lemma, it is easy to verify that for any admissible control ¢

(starting from an initial state ko) and for every time ¢t > 0, fot c(s)ds < koelt. Hence, setting

p=p—mn

T
U(()) = TETOO ; e Plu(c(t))dt
T T ¢
= Tgrfwe_pT/() u(c(s))ds—i—Tl_i)r_sr_loop/0 e_”t/O u(c(s))dsdt.

Hence using Jensen inequality, we reduce the problem of the convergence of U (c¢(:)) to the

“+o0
/ te—pteL(l—U)tdt
1

which is equivalent to the condition L (1 —o) < p. Perturbing this clause by the addition

problem of the convergence of

of a positive quantity €y we get (L +¢€) (1l —0) < p — o which is in its turn equivalent to
. . 1-
the requirement that the function et/ (e(Fte0)t) ™7 = ecote=rty (ell+<)t) tends to 0 as

t — +oo.

Turning back to the general case, we are suggested to assume precisely the same condition,
taking care of defining the constant L as limg_, o F’ (k) (which has already been assumed to

be strictly positive).

1.1.2 Formal definition

Hence the mathematical frame of the economic problem can be defined precisely as follows:

Definition 1. For every ko > 0 and for every ¢ € L}, ([0, +00),R):

k (+; ko, c) is the only solution to the Cauchy’s problem

k(0) = ko
(1) = F (k (1) —c(t) £2>0
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in the unknown k, where F' : R — R has the following properties:

FeC'(RR), FF>0inR, F(0)=0, lim F(z)=4oc0, lim F'(x)>0,

Tr—r+0o0 T—r+00

F' is concave in [0, k] U [E, —|—oo) for some 0 < k < k and F is convex in [& E]

Moreover, we set L := lim F’(z).
Tr——400

Definition 2. Let kg >0 .

The set of admissible consumption strategies with initial capital kg is
A (ko) := {c € L, ([0,+00) ,R) /c > 0 almost everywhere, k (+; ko, c) > 0}

The intertemporal utility functional U (+;ko):A (ko) — R is
“+oo
U (¢; ko) := / e Plu(c(t))dt Ve e A (ko)
0

where p > 0, and the function u : [0,400) — R, representing instantaneous utility, is strictly

increasing and strictly concave and satisfies:

u € C?((0,400),R)NC° ([0, 4+00),R), u (0) =0, lim u(x)=+oo

r—+00
lim, o (z) = lim o () = 1.4
A, (@) = Foo, litp wi(z) =0 (1.4
Jeg > 0: lim e™ferly (e(L+€o)t) -0
t——+o0

The value function V : [0,4+00) — R is

V(ko) :== sup Ul(c;ko) Yho >0
ceA(ko)

Remark 3. The last condition in (1.4) implies:

+00 +oo
/ e Pty (e(L"’eO)t) dt < +o0, / te Ptu (e(L"’EO)t) dt < +o0.
0 0
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Important remark. The structural assumptions about the dynamics of the problem (Definition
1) are such as to include the setting of Skiba’s well-known generalization of the Ramsey problem,
introduced in [34]. In particular, it is assumed that production, represented by the space-
dynamics function F, has concave-convex-concave behavior in its domain (i.e., with respect to
capital).

It is here essential to observe that this particular qualitative property could indeed be dropped
in favour of a much weaker sub-linearity assumption, which is actually sufficient to extend our
results to the concave dynamics case of the original Ramsey model (as partially specified in the
introduction) as well as to the convex-concave case of the problem in [34], and has direct affinity

with the usual minimal layout required for a general optimal control problem.

e In fact, global Lipschitzianity and monotonicity are the only properties of F' that, through
Remarks 7 and 8, are used in the proof of the existence of an optimal control (see Section
1.4 and Lemma 9). Remark 7 essentialy states that the derivative of F' is non-negative and
bounded above, while Remark 8 establishes comparative estimates for admissible paths,

exploiting a sub-linearity property of F' of the form
F(z) < Mx Vx>0,

which is stated in Remark 4 as an immediate consequence of the boundedness of F”’.

e On the other hand, the qualitative properties of the value function in Sections 1.3 and
1.6 depend on sub-linearity estimates for F' other than that used in the existence proof
(namely the estimate in Remark 4); such additional estimates are the relation in Remark
18 and relation (1.29) in the proof of Theorem 22, point iii), and follow essentially from

the fact the F' has an asymptote.

e Eventually, the whole treatment of the necessary conditions for a function of the initial
state to be the value function of the problem - contained in the subsequent Section 1.7 -

prescinds from the particular convex-concave behaviour of the dynamics.

In particular, none of the above mentioned qualitative characteristics depend on the assumption
that there exists an interval where F' in convex. Indeed, all such proofs are based only - as far as
the dynamics is concerned - on sub-linearity properties of the same nature as the assumptions
usually invoked in a multidimensional problem (in other words, when the dynamics F' takes
vectorial values).

We stress that the choice to base the analysis on the assumptions that define the Ramsey-Skiba
model is made to enlighten one of the most substantial applications of the mathematical methods

developed in this thesis.
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The same philosophy undergoes the layout chosen for the study of the problems in Chapters 2
and 3.

1.2 Technical tools

In this section we provide technical result which will reveal themselves fundamental to prove
the existence of an optimum for this problem and to make the Dynamic Programming approach
rigorous. Some of these tools will be developed to form the basis for a more general method
for proving existence results in infinite horizon settings with non-compact control space. Such
method will be empowered to apply to the more difficult case of an “instantaneous utility” which
is unbounded both from below and from above - as in the case of Shallow Lake type models.
Remark 4. Set

M = max F'=max {F'(0), F" (k) , L}
+o0

Recalling that F is strictly increasing with F' (0) = 0, we see that, for any x,y € [0, +00):

|F(z) = F(y)| < M|z -y
F(z) < Mx

In particular F'is Lipschitz-continuous.

This implies that the Cauchy’s problem (1.3) admits a unique global solution (that is to say,

defined on [0,400)) - even if the dynamics is not continuous with respect to the time variable.

Indeed the mapping

F (k) (t) = k0+/0 F(k:(s))ds—/o/c(s)ds

is a contraction on the space X := (CO ({0, ﬁ}) , ||||Oo)7 and so admits a unique fixed point
k (:; ko, c). Considering the mapping

Fk) @ ::k(le;ko,c) +/tlF(k(s))ds—/tlc(s)ds

1+M 1+ M
on the space X' := (CO ([ﬁ, HLMD , ||HOO), one can extend the function k (+; ko, ¢) to the

1 2

interval {W, ﬁ]’ and so on.

In a few words, the existence and uniqueness of the solution depends on the fact that the

dynamics in equation (1.3) is defined for every state and is globally Lipschitz-continuous.

22



Remark 5. We recall that if k; and k2 are two solutions of (1.3), then the function

if k1 (1) # ko (1)
F' (ki (1)) i ki () = ko (1)

is continuous in [0, +00).

As a consequence, we have a well known comparison result, which in our case can be stated as

follows:

Let ky,ko > 0, c1,c0 € L} ([0,400),R), Ty > 0 and Ty € (Tp, +00] such that ¢1 < co almost

loc

everywhere in [Ty, T1]. Then the following implications hold:

k (To; kl,cl) =k (To; kg,CQ) — YVt € [To,Tl] : k(t;kl,cl) Z k (t;k2702) (15)
k (To; kl,cl) >k (To; kQ,CQ) — Vte [To,Tl] : k(t;k‘l,cl) >k (t;kg,Cz). (16)

Lemma 6. There exists a function g : (0,+00) — (0, +00) which is convez, strictly decreasing
and such that
g(x) < (z) Vz>0.

Proof. Let

DIRE {(Q:,y) € ((),wLOO)2 Jy > (ZE)}

Ky = ﬂ {K € P (R?) /K is closed and convex, K D S/} .

Thus K, is the convex closure of ¥,,,. Observe that, for any x > 0, the function H, (y) := (z,y)
belongs to C° (R, R2), so any set of the form

{y >0/ (x,y) € Ku} = H; ' (Ku) ()10, +00)
is closed in R (since K, is closed), and consequently has a minimum element. Now define
Ve >0:g(z) :=min{y >0/ (z,y) € Ky}
i) This definition implies that for every (z,y) € K., g (x) < y; hence
g(x)<d (z) Vx>0
because for any « > 0, (z,u' (z)) € Ty C Ky
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ii) Secondly, g is convex in (0,+o00). Let zg,z1 > 0 and A € (0,1). By definition of g,

(20,9 (x0)), (1,9 (x1)) € Ky, which is a convex set. Hence
(1= X) (z0,9 (o)) + A(z1,9 (71)) € Ko
By the first property in i), this implies

g (L =N 2o+ Az1) < (1= A) g (x0) + Ag (21).

iii) Observe that the definition of g does not exclude that g (z) = 0 for some x > 0. Indeed we
show that g > 0 in (0, +00).

Fix x > 0, and consider the closed-convex approximation of X,

u' (x)

xT

K, = {(t,y) € [0,2] x [0, +00) /y > (x —t)} U [, 400) x [0,400).
By construction K, C K, which implies (¢,g(t)) € K, for any ¢t > 0. In particular, for every

t e (0,z): ' @)

T

g(t) > (x—1t)>0

because v’ > 0. Hence g > 0 in (0, ). Since z > 0 is generic, we obtain g > 0 in (0, +00).

iv) Finally we show thatg is strictly decreasing. Take 0 < zp < x1. By ii) and by definition of

convexity, for every n € N:

g(n(z1 —z0) +x0) > nlg(x1)—g(xo)] +g(20).

Hence by the assumptions on u and by i):

0 = lim o (n(x1—w0)+x0) > limsupg (n(z1 — xo) + xo)
n—+00 n—+00
> —
> lim nlg(e1) =g (@)l +9(z0)
which implies g (1) < g (zp), remembering that g > 0 by iii). O

Remark 7. The function h defined in Remark 5 satisfies
0<h<M in [0,4+00).

where M is defined as in Remark 4.
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Remark 8. Let ko > 0 and ¢ € A (ko). Then, for every ¢ > 0:
k (t; ko, ¢) kg™

t _
/ c(s)ds < koeM!
0

IN

Indeed, by Remark 4 and remembering that ¢ > 0, we have, for every t > 0, I%(t; ko,c) <
MF (t; ko, ) - which implies by (1.5):

k (t; ko, ¢) < koeMt Wt > 0.

Now integrating both sides of the state equation, again by Remark 4 and by the fact that
k (+; ko, c) > 0 we see that, for every ¢ > 0:

/c(s)ds = ko—k(t;ko,c)—i-/ F (K (s;ko,c))ds
0 0

IN

t
ko +M/ k (s; ko,c)ds
0

IN

t _
ko + Mko / eMsds = koe?.
0

Lemma 9. (Localization Lemma). There ezists a function N : (0,400)> — (0, +00), increasing

in both variables, such that:

Jor every (ko, T) € (0,400)* and every ¢ € A (ko), there exists a control function ¢T € A (ko)
satisfying
U (Tiko) = U (e ko)
' =c AN (ko,T) almost everywhere in [0,T)
In particular, ¢* is bounded above, in [0,T], by a quantity which does not depend on the original
control ¢, but only on T and on the initial status k.

log(l-i-ﬁ)

Proof. Let g be the function defined in Lemma 6 and 8 := —=. Define, for every (ko,T) €
(0, +00)* :
M (T+5) _
a(ke, T) = Be PT+Ay lko <6ﬁ + eMT>]
N (ko,T) = inf{N >0/¥N > N :u/ (N) < a(ko,T)}

= inf{N>0/u’ (N) < a(kO,T)}.
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In the first place, N (ko,T) # oo, because «(ko,T) > 0 for every ko > 0, T > 0 and
limpy 100t/ (N) =0.

In the second place, v’ ((0,400)) = (0,400), which implies N (ko,T) > 0: otherwise, since
()" (e (ko, T)) > 0, there would exist N > 0 such that

N < ()" (a (ko 1))
u (N) < a(ko,T)

which is absurd because u’ is decreasing; hence the quantity u’' (N (kg,T)) is well defined. More-
over by the continuity of v/,
u (N (ko,T)) = a(ko,T). (1.7)

The function N (-, ) is also increasing in both variables, because « (,-) is decreasing in both

variables and v’ is decreasing.

Indeed, for kg < ky and for a fixed T > 0, suppose that N (k1,T) < N (ko,T). Then by
definition of infimum we could choose N € [N (k1,T), N (ko,T)) such that u’ (N) < a(k,T),
which implies

o (N) < a(ko,T)

by the monotonicity of a. Since N > 0, this implies N (ko,T) < N, a contradiction. With an

analogous argument we prove that N (-,-) is increasing in the second variable.

Now let ko, T > 0 and ¢ € A (ko) as in the hypothesis. If ¢ < N (ko,T) almost everywhere in
[0, 7], then define ¢! := c. If, on the contrary, ¢ > N (ko,T) in a non-negligible subset of [0, T},
then define:

c(t) AN (ko, T) ifte|0,T]

() =Kct)+Ir ift e (T,T+ 5
c(t) ift>T+p

where I := fOT e Pt (c(t) — c(t) AN (ko,T))dt. Observe that by Remark 8:

T
0< Ir < /0 (c(t) — c(t) AN (ko, T)) dt

/OTc(t)dt

kegeMT (1.8)

IN

IN

In order to prove the admissibility of such control function, we compare the orbit k := k (+; kg, ¢)
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to the orbit kT :=k (~; ko, cT). In the first place, observe that by (1.5) and by definition of ¢”:
ET(t) > k() Vtelo,T] (1.9)

Now by the state equation, we have:
KT —k=F (k) — F (k) + ¢ — . (1.10)

Set for every t > 0:
F(ET()-F(k(t) .
( kT(tgsz(t) = A ET () # k(1)

h(t) :=
2 F' (k) if kT (t) =k (t)

as in Remark 5. Hence by (1.10)
KT () — k() = h(t) [KT () =k (®)] +c(t) =T (1) vt>0.

By Remark 5, the function A is continuous in [0, +00), so this is a typical linear equation with
measurable coefficient of degree one, satisfied by k7 — k. Hence, multiplying both sides by the
continuous function ¢ — exp (— fot h(s) ds)7 we obtain:

% {[/CT (t) —k (t)] e~ I h(s)ds} _ [c (t) — T (t)} e~ [t h(s)ds Vi >0

which implies, integrating between 0 and any ¢ > 0:

KT () —k(t) = /[c(s)ch(s)]efsthds (1.11)
0

Now observe that
h <M in [0,+00) and h >0 in [0, 7] (1.12)

by (1.9) and the monotonicity of F' (or, directly, by Remark 7). Set t € (T',T + ]; then by
(1.11) and (1.12):

T t
KT (6 —k(t) = /0 [c(s)—c<s>AN(kO,T>]ef§hds—1T-/Tefs‘hds

v

T t
/ [c(s)—c(s)/\N(kO,T)]ds—IT~/ eMt=9)qs
0 T

v

T T+8 __
/ e P le(s) —c(s) AN (ko,T)|ds — It - / eMT+5=3) s
0 T

s _
= Ir (1 - 61) =0 (1.13)



This also implies, by (1.5) and by definition of ¢7,
KT () > k(t) Vt>T+8

Such inequality, together with (1.9) and (1.13), gives us the general inequality
ET(t)>k(t)>0 Vt>0.

This implies, associated with the obvious fact that ¢’ > 0 almost everywhere in [0, +-00), that
el e A (ko).
Now we prove the “optimality” property of ¢! respect to ¢. By the concavity of u, and setting
N := N (ko,T) for simplicity of notation, we have:
400
Ul(ciko) —U ("3 ko) = /0 e P [u(e(t) —u(c" (¢)]dt

= / e P u(c(t)) —u(c(t) AN)|dt
[0,T)n{c>N}

T+
+/ e [u (e (t) —ue(t) + Ir)] dt
T

IA
\
o

/ e P’ (c(t) AN)[e(t) —c(t) AN]dt
0,7]N{c>N}

T+
—Ir / e Py’ (C (t) + IT) dt
T

_ u'(z\r)/0 et e (t) — ¢ (t) A N] dt

T+p
Iy / et (¢ () + Ip) dt
T

= Ip lu’ (N)— /T+B e P (c(t) + Ir)dt| . (1.14)

T

Now we exhibit a certain lower bound which is independent on the particular control function
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c¢. By Jensen inequality, by Lemma 6 and by (1.8), we have:

T+8 T+3
/ e (e (8) + Ip) dt > / e~y (c(t) + Ir) dt
T

T
T+
eP(T+0) / g (c(t) + Ir) dt

>
T+ﬂ
> Be PTHH) (;/ t) + Ir] dt)
> Be rTHh)g (;/ dt+IT>
M (T+p)
> BePT+B)g [k()( MT>‘|

= Oé(ko,T).

Hence by (1.7) and (1.14):

U (c;ko) — U (" ko)

IN

T
S IT [u’ (N (ko,T)) — (ko,T)] =0.

T+5
h%ﬂNwﬂw—/ ep“(0+hm%

O

Lemma 10. Let 0 < kg < ky and ¢ € A (ko). Then there exists a control function cF %o ¢
A (k1) such that

k1—ko
U (gkl_ko; k1) — U (c;ko) > u' (N (ko, k1 — ko) + 1)/ e Ptdt
0

where N is the function defined in Lemma 9.

Proof. Fix ko, k1 and c as in the hypothesis and take c**~%0 as in Lemma 9 (where it is under-
stood that T' = k1 — ko). Then define:

ko ()41 ift €0,k — ko)

ko () .=
ckr=ko (¢) if t > ky — ko

First we prove that ¢ ~* ¢ A (k;), showing that

k:=k (-;kzl;gkl_ko) >k (-; ko,ckl_k") =k (1.15)
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over (0, +00). Suppose by contradiction that this is not true, and take 7 := inf {t > 0/k (t) < k(t)}.
Then by the continuity of the orbits, k (7) < k (7), which implies 7 > 0. Considering the orbits

as solutions to an integral equation we have:

k(r) = ko—s—/TF(k(t))dt—/Tc’“l_kO () dt

k(1) =k +/OTF(k:(t))dt /OT ko (t) dt — min {7,k — ko} .

Hence

0> k(r)—k(r) = m—m+£ﬁmmm—qumw—mmnm—m}

v

ATF@@»—F@@M&

By the definition of 7 and the strict monotonicity of F', this quantity must be strictly positive,

which is absurd. Hence

k(5 k1s ™ 7R0) > & (5 ko, ¥ 7F0) > 0 in [0, +00)

ko > Fimko > ae. in [0, 4+00)

which implies c¥1=*o € A (k).

Secondly, remembering the properties of ¢k —*o

given by Lemma 9, we have
U (7" k) = Uleko) > U (5k) = U (M7 ko)
k1 —F
= / S e " [u (ckl_ko t)+1)—u (ckl_ko ()] dt
0

o1 —ko
/ e P! (PR (¢) +1) de
0

Y

Y

k1—ko
W (N (ko, By — ko) + 1) / Pt
0

which concludes the proof. O

Here is a simple characterisation of the admissible constant controls.

Proposition 11. Let kg,c > 0. Then
i) k(5 ko, F' (ko)) = ko
it) the function constantly equal to ¢ is admissible at ko (which we write ¢ € A (ko)) if, and only
if
ce [07 F (ko)] .
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In particular the null function is admissible at any initial state kg > 0.

Proof. i) By the uniqueness of the orbit.
ii)(«<=) First observe that F' (ko) € A (ko), by i). Assume ¢ € [0, F (ko)) and set k := k (-; ko, ¢).

Hence
k(0) = F (ko) —e¢>0

which implies, by the continuity of k, that we can find § > 0 such that k is strictly increasing
in [0, 0]. In particular k (§) = F (k (8)) — ¢ > F (ko) — ¢ because F is strictly increasing too. By
the fact that k (6) > 0 we see that there exists 6 > & such that k is strictly increasing in [O, 5} -

and so on. Hence k is strictly increasing in [0, 4-00) with
k> F(ko) —c in [0, +00).

Hence k tends to +oo for ¢ — +o0o. This shows that ¢ € A (ko).
(=) Suppose that ¢ > F (ko) and set again k := k (+; ko, ¢). Then

k(0) = F(kg) —c <0

so that we can find § > 0 such that & is strictly decreasing in [0,4], and k (6) = F (k () — ¢ <
F (ko) — ¢ < 0. Hence one can arbitrarily extend the neighbourhood of 0 in which k is strictly
less than the strictly negative constant F' (ko) — ¢, which implies that

tlginoo k(t) = —o0.

Hence k cannot be everywhere-positive and ¢ ¢ A (ko). O

Corollary 12. The set sequence (A (k)),~ is strictly increasing, that is:
A (ko) G A (k1)
for every 0 < kg < ky.

Proof. For every ¢ € A (ko), k (-;ko,c) < k(-;k1,c) by 1.5, which implies the second orbit being
positive, and so ¢ € A (k1).

On the other hand, by Proposition 11 and by the strict monotonicity of F', the constant control
¢=F (l%) belongs to A (k1) \ A (ko) for any k € (ko, k1]. O

We now describe two basic methods for constructing a control admissible at point k; given a
control which is admissible at a different point ky. The first remark generalises the construction

in Lemma 10.
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Remark 13. (Admissibility of a control obtained by addition of a constant)
Let 0 < kg < k1, c € A(kp), 0 <t1 <ty and H > 0. Define

c:=c+H - Xt ,ts)-
Then, if H is sufficiently small, say H (to —t1) < k1 — ko, then
k(ki,¢) — k(- ko, c) > 0. (1.16)
In particular, ¢ € A (k).

Proof. For simplicity of notation set ky := k (:; k1,¢) and ko := k (+; ko, ¢). It is a fact that

ki (t) — ko (t) = /o 17 (k) — ko) Vit e [0, 4] (1.17)
¢
ki (£) — ko (£) = el 9047 {k1 (t1) — ko (t1) + / eI 1D [ (5) — & (s)] ds} V>t
t1
(1.18)
where ¢ is the (continuous) function
Fla(®)=Fo(t) -
[ i () £ )
Flla®) k() =ko(t).
Hence by (1.17) we have
kl (t) — ko (t) > kl — ko >0 Vte [O,tl} s (119)

since g > 0 everywhere because F’ > 0. Assume by contradiction that (1.16) is not true; hence
t* :=1inf {t > 0/k; (¢) — ko (¢t) < 0} < +o0.

By continuity we have ky (t*)—ko (¢*) < 0 (indeed, since t* # 0, we also have ky (t*)—kq (¢*) > 0).
Thus relation (1.19) implies t; < ¢*.

Moreover: if t* > t5 then k; — kg > 0 in [0, t2] and consequently by comparison k; — ko > 0 in
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[0, +00), and the proof is over. If t* € (¢1,t2) then:

Lo t* 5
0=t (t7) — ko (1) "= ki (1) — ko (1) = H [ e T2 7OV ay
t1
(1.19)

Zkl(tl)—ko(tl)—H(t*—tl) > kl—ko—H(t*—tl)
>k‘1—k‘o—H(t2—t1)ZO,

a contradiction. O

Remark 14. Relation (1.16) can be made strict if either F' > 0 (as in the present case) or
H (to — t1) < k1 — ko. Indeed, define

= inf {t > 0/k; () — ko () < 0}

and assume t* < 400. Then ky (t*) — ko (¢*) = 0 and t; < t*. If t* > ¢5 then k; — kg > 0
in [0,t2] and consequently by comparison k; — ko > 0 in [0, +00), which contradicts t* < +o00.
Then we use t* € (t1,t3]:

0=k (t7) — ko (1) "2 ki (1) — o (1) = H [ eI 7OV ay
t1

*

t )
Sk —ko— H [ e lnamdgs

ty

then either ¢ 4 9 H < H for every s € (t1,1%) (if F/ > 0) or k1 — ko — (ta — 1) H > 0, and
we still reach a contradiction.

Remark 15. (Admissibility of a control whose trajectory imitates a given higher trajectory)
Let 0 < ko < k1, c € A(ky1), and v € [0, F(ko)]. There is a natural way to construct a control
which is admissible at ko using c. First observe that the trajectory k (-; ko, ) is strictly increasing
and tends to +oo at +o0o0, with

k> F(ko) —~ in [0,400), (1.20)
as shown in the proof of Proposition 11. Define:
T= T(kOa klaV) = (k (’ k057))71 (kl) :

Hence, the control which is equal to v in [0,7] and for ¢ > T behaves like ¢ does in [0, +00)

must be admissible at k. Namely:
c:=Xo,1 + (- = T)X(T,400) € A (ko).
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Indeed, k (¢; ko, c) = k (t; ko,~) > 0 for t € [0,T] and

%k (t—|—T;k0,E> =k<t+T;k0,E> :F(k (t+T;kz0,E)> —c(t);
k (O+T; k0,5> = k(T; ko, ) = Ky

which implies k ( + T ko,g) =k (-;k1,¢) > 0 by uniqueness.

Additionally, a simple change of variable shows that
U (ko;g) =e Ty (k150 .

Using Remarks 13 and 15, we prove two simple lower localization lemmas .

Lemma 16 (Lower localization lemma). Let ko > 0, ¢ € A (ko) and € > 0 sufficiently small and
such that:
U (k();C) > V(k(]) — €.

Then, for every T > 0, there exists a control cp € A (ko) and a constant m (c, €, ko, T) > 0 such
that

Z) U(k();CT) > V(ko) — €
it) ey > m(c, €, ko, T) a.e. in [0,T].
Proof. Take kg, € and ¢ as in the statement of the theorem. Since c¢ is e-optimal, we can choose

n =1 /(c, ¢, ko) such that
__2pn_
e F(ko) U(ko;c) >V (ko) —

Fix T > 0; Remark 13 implies:

cr :=c+ %X[O,T] SN (1{30 + 77) .

We know by (1.20) that for every constant & € (0, F' (ko)), the trajectory k (-; ko, &) satisfies

k(- ko, &) > F (ko) — &

and consequently tends to +oo at +oo.
Define T (ko,n) by the formula

F(k

k (T(ko,ﬂ) s ko, 20)> =ko+m;
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this implies, by Lagrange’s Theorem:

0< T(k()vn) < F(ko)

(1.21)

Indeed, for some & € (0,7 (ko, k1)):

T (ko, 1) s ko, F(ko)) e (0; . F(ko))

(ron ) 1 .8
— (€ ko, =5 7 ()
> P07 (..
Now define:
—) (sz)X[O,T(ko,n)] +er (- =T (Ko, 1) X(T (ho,m),+00)
m (c, e, ko, T) = F(QkO) A ”(C’Te’ ko)

Observe that in general T > T (ko,n), and anyway we could ensure that it is so by choosing 7

sufficiently small (without loss of generality), since 1 does not depend on T'. It is a fact that:

cr €A (k())

er > m(c, e, ko, T) ae. in [0,T7],

by Remark 15, since ép € A(ko + 1). Furthermore:

U(ko;cT)u<F(kO))/oT(kM) e”tdt+/+oo ePtu (r (t — T (ko,m))) dt

2 T (kon)

+o0
Ze—pT(ko,ﬂ)/ e Pu(er (s))ds
0

= ¢~ (ko) {/OT e Pu (c (s)+ %) ds + /TJFOO e "u(c(s)) ds}

> e—PT(kom) 7 (ko: )

>e Fiko) U (ko;c) >V (ko) — €

by (1.21) and the choice of 7. O
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Lemma 17 (Lower uniform localization lemma). Let ko > 0, ¢ € A (ko) and € > 0 such that:
U (ko;c) >V (ko) — €,

with € sufficiently small. Then, for every T > 0, there exists a control cp € A (ko) and a constant
m (e, ko, T) > 0 such that

Z) U(k‘o;CT) > V(ko) — 2¢

it) er > m (e, ko, T) a.e. in [0,T].

Proof. Choose n =1 (e, ko) such that

Fko) 0.
e o) > V (ko) — € >
Fix T' > 0 and define, like in Lemma 16:
cri=c+ %X[O,T]
F(ko)\ "
T (ko ) :=k<-;ko, (2°)> (ko +n)
F (ko) -
Cr ‘= B X[0,7 (ko,n)] T €T (' - T(’foﬁ)) X(T (ko,m),+00)
F(k k
m (e ko, T) := (20) A 77(61: O).
Obviously we still have:
cT € A (ko)

cr > m(e ko, T) ae. in [0,T],

plus (1.21). The advantage here is that the constant m (e, ko, T') does not depend on the intial

control ¢. In return, we have to weaken the estimate for the value:

U (ko; ep) > e PTFRom T (ko; ¢)
__2pm
> e Tro U (ko;c)

> e FhoT [V (ko) — € > V (ko) — 2e.
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1.3 First properties of the value function

We begin by proving some properties of the value function whose proofs do not require the
existence of an optimal control. Due to the complexity - and the novelty - of the existence result
it seems reasonable to separate these properties from others relying on optimal controls. The

latter are outlined in Section 1.6.

The first thing to do in the analysis of an optimization problem is to prove the finiteness of
the extremum we aim to reach. In other words, we need to prove that the value function takes
only finite values. The asymptotic properties of F make F' sub-linear: this allows us to prove
certain uniform estimates (Lemma 20) leading to the desired result. These estimates will also
reveal themselves useful both in the construction of the optimal control (as they ensure the
dominated convergence in a crucial step of the approximation) and in its the characterization

given in the Dynamic Programming section.

Remark 18. Set MO,M > ( such that:

V.’EZM()ZF(.’E) S (L+€0).’E

M := max F.
[0,Mo)]
(which is possible because lim,_, o FS”) = L). Hence, for every z > 0:

F(z)<(L+e)z+M

Remark 19. Since u is a concave function satisfying u (0) = 0, u is sub-additive in [0, 4+00) and
satisfies:
Ve >0:VK >1:u(Kz) < Ku(zx)

Lemma 20. Let ko > 0. There exists a number M (ko) > 1 and a continuous, strictly positive
function g, : (0,400) = R such that, for any c € A (kg):

i) Vt>0: /Ot c(s) ds < tM (ko) {1 + e<L+6°>t} + %k;)
W) V> 0:e /Ou (c(s)) ds < e, (1)
—+oo t
iii) U (c; ko) :p/o e’ /0 u(c(s)) dsdt.

Both M (ko) and r, depend only on ko and the problem’s data (in particular they don’t depend
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on ¢). Moreover vy, satisfies

+oo
lim wko (t) = 07 ¢ko (t) dt < 400

t—+4oo 0

Proof. 1) Set K =k (-; ko, c¢) and M (ko) := 1 + max {(L +¢€p) ko,M}, where M is the quantity
defined in Remark 18. Observe that, by Remark 18, for every x > 0:

F(x) <(L+e)x+ M (ko).
Fix ¢ > 0; by the state equation, we have for any s € [0, t]
k(s) < k0+sM(k0)+(L+eo)/osn(¢)dT
which implies by Gronwall’s inequality:
K (s) < [ko 4+ sM (ko) eLFe0) Vs e [0,1],

as s — ko + sM (ko) is increasing. So

t t t
/ (L+e€)k(s)ds < ko (L+eo)/ ellreo)sds + M (ko) (L+60)/ s - elbreo)sdg
0 0 0
M (ko) M (ko)
—  knellteo)t _ +tM (k (Lt+eo)t _ 27 \*0) (L+eo)t 4 7
0€ 0 ( 0)6 (L+€0)6 (L+60)
M (ko) M (ko)
= M (k (L+60)t+ |:k _ :| (L+60)t+ —k
(ko) e 0 L+ e) € 7(1;4_60) 0
M (ko)
< M (ko) eLteot . 20 g
= ( 0)6 (L+€O) 0
Hence, again by the state equation, for every ¢ > 0:
t t
/c(s)ds = k‘o*li(?f)#*/ F(k(s))ds
0 0
K M (k
< k:o—i—tM(k:o)—i-/ (L+ o) (s)ds < £ (ko) [1+ b0 ] L M(ko)
0 (L +eo0)

which proves the first assertion.

ii) In the second place, it follows by Jensen inequality, the monotonicity of v and Remark 19,
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that for every ¢ > 0:

0<e /Otu(c (5))ds < te *lu <jgc(:)(is> < te Phy (M (ko) [1 + e(L+6°)t} + m>

< tept{u (M (ko)) + M (ko) u (%)) 4 (% ) }:: Yo 0):

This proves the inequality in ii); from the last assumption on u in (1.4) we deduce that

lim 7/%0 (t) = 0.

t—+oo

Hence limp_, o, e T fOT u (c(s))ds = 0 and this implies the identity in iii) by a simple integration

by parts.

It remains to be proven that 1y, € L' ([0, +00)). We have:

0+Oo Yo () dt /O+Do te_”t{u (M (ko)) + M (ko) u (e(LM)t) T (M) }dt

“+o0 +o0
w (M (ko)) / 1Pt 4 M (ko) / st (oo ai
0 0

M (k 1 +oo
+u< ( 0)> {/ e_”tdt—i—/ te_”tdt}.
L + €0 0 1

This estimate follows again by the monotonicity of u and the concavity properties stated in
Remark 19 . By Remark 3 the upper bound is finite. O

IN

So we have established the starting point of the theory.

Corollary 21. The value function V : [0,+00) — R is well-definite; that is, for every ko > 0,

Proof. By Lemma 20 we have:

o0
V (ko) = sup Ul(ciko) <p Uk, (1) dt < +o0.
ceA(ko) 0

O

The next result describes the behaviour of the value function at the boundary of the domain.
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Theorem 22. The value function V : [0, +00) — R satisfies:

i) kEI-&I-loo V (k) = +o0
i m 2 g

k—4o00 k
i) lm V (k) =V (0) =0

Proof. i) For every ko > 0 the constant control F' (kg) is admissible at ko by Proposition 11;
hence

V (ko) ZU(F(ko);ko)u(Fp(kO)) .

as kg — +o0, by the assumptions on v and F'

ii) Set M > 0 as in Remark 18 and ko > 0 such that:

1 ~

ko > M 1.22
0> e (122

Hence, for every z > 0:
F(z) <(L+e)(x+ ko) (1.23)
By reasons that will be clear later, suppose also that:

1
L+€0

ko > (124)

Observe that the proof of Lemma 20, i) only requires M (ko) > M, ko (L + €o); hence (1.22) and
(1.23) imply that this property holds for M (ko) = ko (L + €o) - which means that:

t
Yt >0 / c(s)ds < ko + tho (L + €) [1 + e(L+€°)f} . (1.25)
0
In particular
[ e(s)ds
VE>1: Of < ko 4 ko (L + €0) + ko (L + o) eLHe0)t, (1.26)
Now set .
s d
Je (o, B) ::/ te” Pty (foc(:)s> dt (1.27)
[e3%
and fix N > 0.

We provide three different estimates, over J. (0,1), J. (1, N) and J. (N, +00), using Remark 19.
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First, we have by (1.25):

J. (0,1)

IN

/01 te_pt%u (/01 c(s) ds) dt

U [ko (1 + (L +€) (1 + e(L“U)))}

1—e?

1—e?
0
[1 + (L + €) (1 + e(LJ”O))} .

IN

IN

u (ko)

Moreover, by (1.26):

J. (1,N)

IN

N
/ tef'otu <k0 + ]{30 (L + 60) + k’o (L + 60) 6(L+60)t> dt
1

IN

N N
u (ko + ko (L + €)) / te™Ptdt +u (ko (L + €o)) / te~Ptellteo)tqy
1 1

IN

N
ulko (14 L + )] (1 + e<L+f°>N) / te~Ptdt
1
Finally, remembering that ko (L + €9) > 1 by (1.24),

+oo
Je (N, +00) < / te "'y (ko + ko (L + €o) + ko (L + €o) 6(L+6°)t) dt

N
“+oo +00
< wu(ko+ ko (L+e€)) / te=Ptdt + kg (L+€) / te—Pty (e(L+so)t) dt
N N
Now we show that _—
lim L =0.
k—+oo ]{j

Fix n > 0; by Remark 3, we can chose IN,, > 0 such that

“+ o0
(L + €o) / te Pty (e(L+€°)t> dt < 7.

Ny

Hence for kj satisfying:

1 - 1
k M
0>maX{L+eo ’LJreo}
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and for every ¢ € A (kp), the above estimates imply:

+o0o t
Ul(c;ko) = ,0/0 e_pt/o u(c(s))dsdt
pJe (071) +pJe (I’Nn) + pJe (Nn,—FOO)
u (ko) (L) [ (L + o) (750 41)] +

IN

IN

NT?
(o) (1+ L+ eo) (14 eBHen) / tertdt +
1
o0

+u (ko) (1 —|—L—|—eo)/ tePtdt 4 kon (1.28)
NT/

following Remark 19, Lemma 20, iii), (1.27) and Jensen inequality. Now observe that:

. u (kO) o . / o

Hence for kq sufficiently large (say ko > k*):

u (ko)
ko

< n{(l —e7”) [1+(L+eo) (e(”fo) +1)} +

-1
N, “+o0
+(1+ L+ e) (1 + e<L+EO>Nn) / te "' dt + (1+ L + €o) / te‘ptdt}
1 N,

Observe that this is possible because the expression into the brackets does not depend on k.

In fact, like IV, it depends only on 1 and on the problem’s data L, €, p - and so does k*.
By (1.28), this implies for every ¢ € A (ko):

U(C; ko) S 2]{1077
which gives, taking the sup over A (ko):
\% (kjo) S 2]{:0’[7.

Hence the assertion is proven, because the previous inequality holds for every

1 ~ 1
ko > M k*
0 maX{L+€0 7L—|—607 }a

and the last quantity is a threshold depending only on 7 and on the problem’s data.
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iii) In the first place, we prove that
V (0) =0.

Let ¢ € A(0); by definition, ¢ > 0 so that
Vt>0:k(t0,¢) < F(k(t;0,¢)).

Observe that F' is precisely the function which defines the dynamics of & (+;0,0), hence by (1.5):
YVt >0:k(t0,¢) <k(t0,0)=0

where the last equality holds by Lemma 11, i).
Hence k (+;0,¢) = 0 which together with F (0) = 0 implies ¢ = 0. So A (0) = {0}, which implies

V(0) = U (0;0) = /O+oo e Pt (0)dt =0

Now we show that

lim V (k) = 0.
k—0

In this case we have to study the behaviour of V (kg) when kg — 0, so we use the sublinearity
of F' (x) for # — 400 and the concavity of F near 0.

As a first step, we construct a linear function which is always above F' with these two tools.
Indeed we show that there is m > 0 such that the function

me ifz € [O, l;:]

G(x) = o el
(L+e)(z—k)+mk ifz>k

satisfies
Ve>0:F(z) <G (z). (1.29)

If B/ (I;:) < L + ¢p then it is enough to choose m > maX{F’ (0), F" (E) ,Fgck)}

It F’ (l_c) > L + ¢g then take Z > k such that F' < L + ¢g in (Z, +00); a first-order development

in & with Lagrange remainder shows that

Vo > k: F(x)<F(§:)+(L+eo)(x—/;;)+r[1£2{>]<F.

Hence it is enough to choose m > max {F’ (0),F' (k), W} (where M = MAax[, 51 F) in
order that condition (1.29) is satisfied.
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Observe that condition m > F” (k) is still necessary to ensure that ma > F (z) for x € [k, k|

(Lagrange’s theorem proves that it is sufficient).

Suppose also, for reasons that will be clear later, that

m > 1. (1.30)

Now take ko > 0, ¢ € A (ko) and consider the function h : [0, +00) — R which is the unique

solution to the Cauchy’s problem

Hence, by (1.29) and (1.5), k := k (+; ko, ¢) < h. So, setting

t:zélog(ﬁ)) and k:=k(m — L — &)

we get, for every t € [0,]:

h(t) = koemt
and, for every t > t:
t - 7 —(L4eo)t ~ I
hit) = 6(L+50)t/ o (Lhe)s s 4 e (L)t — Ke (L+eo) L)t | fo-(Lre)i _
7 L+ ¢ L+ ¢
k
= ko) elLteot ko) —
wo (ko) e +wi (ko) Iie

where by definition of # the functions w; satisfy:

ko) = —(Lteo)t — =
wo (ko) L+et L+te \ &
k L+eg
wr (ko) = Fe~U+e)l = % <k°>

Using the state equation, we deduce by the above computations of h two estimates for the

integrals of c.
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For every t € [0,¢] (remembering that h is increasing so that Vs <t: h(s) < k):

/Otc(s)ds

ko—i—/tF(k:(s))dsgko—i—/tG(h(s))ds

IN

t
ko Jr/ mkoe™ds = koe™. (1.31)
0

Instead, for every t >

/Otc<s>d8 < kO+/O{G<h(5))d8+/ttG(h(s))d3

_ t
< koemt+/ {(L+eo)h(s)+i}ds
t
< k+(t-Dk+(L+e) { ) elEreo)s 4wy (ko) — L—Iie }ds
0
< B wo (ko) [elFH 0 — 4] (L 4 €q) (¢ = D) wn (ko)
< k+wp (ko) elEFeot + (L + o) (t — ) wi (ko) (1.32)

L+ ¢

where we have used h (s) > k for s € (£,t) and the fact that koe™ = k.

Now observe that
lim wq (ko) = lim wy (kg) =0
kol—)O 0 ( 0) kol—>0 ! ( 0)

1 k
klolglot = klolgo - log (ko) = +400. (1.33)
Hence if kg is small enough (say kg < k*), we may assume ¢ > 1 and w; (ko) < 1 for i =0, 1, so

that (1.32) implies, for every t > ¢

)

< k+eEtol 4 (L +¢) -

<k +ellFeolt 4 (L4 e) (1.34)

f(f c(s)ds
t

Hence, by Lemma 20, iii) , by Remark 19, and by (1.31), (1.34), the following inequality holds
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for every ko < k* and every ¢ € A (ko):

+o0 f
0 < Ulegky) = / /u dsdt<p/ te—rty [ 200N gy
0 0

t t koemt
e
0
+P/ te Pt (k+e(l’+50)t+(L+eo)> dt
t
! koe™\ [T
: p/ e~ "u (koe™) dt+mt< - >/ te=Phdt +
0 1
— +oo +o00
+pu (k + (L + 60)) / te Ptdt + p/ te— Pty (6(L+60)t) dt
¢ t
<

1 7. p—
k P (1
u (k‘oem)/ e P'dt + pu () L;—p) +
0 t p
— +o0 +oo
+pu (lﬂ +(L+ 60)) / te PtAt + p/ te— Pty (e(L-i-eo)t) dt
¢ 7

where we used also the fact that the function ¢ — % is increasing for ¢ > 1, by condition
(1.30).
It follows from (1.33) and the fact that lim, ,ou (z) = 0, together with Remark 3, that the

above quantity tends to 0 as kg — 0; moreover, that quantity does not depend on c.

Hence, noticing that £* depends only on the data and m, we see that for any € > 0 there exists
0 € (0,k*] such that for every kg € (0,0) and for every c € A (ko):

U (c;ko) <,

which implies, taking the sup over A (kg), that V (ko) < e - and the assertion follows. O

1.4 Existence of the optimal control

In this section we deal with the fundamental topic of any optimization problem: the existence

of an optimal control. For any fixed kg > 0, we look for a control ¢* € A (kg) satisfying

U(c* ko) = sup Ulc;ko) =V (ko).
ceA(ko)

We preliminary observe that the peculiar features of our problem, particularly the absence of
any boundedness conditions on the admissible controls, force us to make use of this result in

proving certain regularity and monotonicity properties of the value function which usually do
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not require such a settlement - and which we postpone for this reason.
First observe that by Theorem 22, iii) if we set ¢g := 0, then U (¢g,0) = 0 = V (0); hence ¢ is
optimal at 0.

Let ko > 0; this will be the initial state which we will refer to during the whole section - hence

the meaning of this symbol will not change in this context.
We split the construction in various steps; first we make a simple but important

Remark 23. Suppose that (fy),cy . f are functions in L}, ([0,+00),R) such that for every

NeN, f, = fin L' ([0,N],R). If T > 0, T € R, then it follows from the definition of weak
convergence that, for g € L* ([0,T],R):

T [T]+1 [T]+1 T
/0 9(5) fn (5)ds = / Xio.119 (8) F (5) ds — / Xio.119 (8) f (s) ds = / g (s) f (5)ds.

Hence f, — f in L' ([0,T],R), for every T > 0,T € R.

Step 1. The first step is to find a maximizing sequence of controls which are admissible at kg and
a function v € L], . ([0,400),R), such that the sequence weakly converges to v in L' ([0,7],R),
for every T' > 0.

By definition of supremum, we can find a maximizing sequence; that is to say, there exist a

C A (ko) of admissible controls satisfying:

sequence (cn), ey €

nll}l’_ir_loo U (Cn; ko) =V (ko) .
In order to apply the tools we set up at the beginning of the chapter, we need the following

result.

c L}

Lemma 24. Let T >0 and (fn),en € Lioe

M (T) > 0 such that

([0, +00) ,R). Suppose that there exists a constant

1 falloojor) € M(T)  ¥neN.

Then there exist a subsequence (?n)neN of (fn)nen and a function f € L' ([0,T],R) such that
fn— fin L' ([0,T],R).

Proof. For every 0 <tg<t; <T:

| U 10 < Ml (= t0) < M (D) - (= ).

to

Hence, by the fact that the family {(¢o,t1) € P ([0,T]) /to,t1 € [0,T]} generates the Borel o-
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algebra in [0, 7], and by the regularity property of the Lebesgue measure, it is easy to verify
that the latter relation holds for every measurable set E C [0, T]; that is to say

/Elfn(S)ldSSM(T)~u(E)-

This easily implies that the densities {d,,/n € N} given by d, (E) := [, fn (s)ds are absolutely
equicontinuous. So the thesis follows from the Dunford-Pettis criterion. Observe that the

additional requirement that for any € > 0 there exists a compact set K. C [0,T] such that

/ |fn(s)|ds<e VneN
[0.TI\ K.

is obviously satisfied. O

1

Now we apply Lemma 9 to (¢, ),y in order to find a new sequence (C”)neN

C A (ko) such that,

for every n € N:

U (cyi ko) = U (cn; ko)
el = ¢y AN (ko, 1) a.e. in [0,1].

}L)neN ([0, +00) ,R) and Hc
by Lemma 24, there exists a sequence (E#)

L' ([0,1],R) such that

c L

In particular (c Toc

,11”00)[071] < N (kg,1) for every n € N. Hence

extracted from (c1

: 1
n)neN and a function ¢ €

neN

ch —ctin L' ([0,1],R).

n

Now define, for every n € N:

where (631)2 is understood with the notation of Lemma 9.

Hence for every n € N:

U(ci;k‘o) > U (e ko)
¢z =C- AN (ko,2) a.e. in [0,2].

2

: 2
n)neN and a function ¢ €

Again by Lemma 24, we can exhibit a subsequence (c;), _ of (¢
L' ([0,2],R) such that

& —c*in L' ([0,2],R).

Following this pattern we are able to give a recursive definition of a family

{((CT)nEN’ (ET)neN’CT) /T € N} and a family of sequences of indices {or (-) : N - N/T" € N}

n n
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satisfying, for every T, n € N:

or (+) is strictly increasing and o (n) > n
e A(ko), L = CZT(n)
U(cftiko) > U (2] ko)

I = AN (ko, T+ 1) ace. in [0,T +1]

¢l —~cTin L' ([0,T],R) (1.35)

Now fix T € N. The above relations clearly imply that for every n € N there exist sets
UL v.I' C[0,T] such that p ([0,T)\ UL) = ([0, 7]\ V,I) = 0 and

_T4+1 _ T+1 _T -
el = ca;rl(n) =Coppr(n) N N (ko,T+1) inU,
=T _r : T
C(TT+1(TL) - CO'TOUT+1(TL) < N (kO’T) m Vn

By the monotonicity of the function N (-, ) in the second variable (Lemma 9) we obtain

it =¢l in W.=ur'nvr. (1.36)

or+1(n)

ET

Hence (ET“)H coincides, as a sequence, with ( .

. ) in N, W,I' - that is to say almost
n
everywhere in [0,7]. By the properties of o1 in (1.35), the latter is a subsequence of (62)71

By the essential uniqueness of the weak limit in L' ([0,7]) we have:

¢ = ¢ almost everywhere in [0, 7] . (1.37)

It remains to be constructed a maximizing sequence (7,,)
L, ([0,+00),R) such that

loc

nen © A (ko) and a function v €

Y — v in L' ([0,T],R) VT > 0.
Definition 25. i) v : [0,400) — R is the function
()= () vE>0
ii) Vn e N: v, :=7¢J.

Now, if we consider (for any fixed T' € N), the restriction to [0, T'] of the sequence yr, Y741, Yr+2, --
we see that there exists a subset of [0, T, with negligible complementary, in which such sequence

coincides with a subsequence of (6£)n Indeed, by computations similar to those carried out
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after Remark 1.36 we find that:

=T
T = ¢r

_ T ; T
V141 = Copy(r1y 0 Wy

_ =T . T+1 T
TT+2 = CUT+1OUT+2 (T+2) m WT+2 n WG'T+2(T+2) n [O’ T]

Any of these sets almost coincides with [0,7] (and so does the intersection); moreover by the

properties of the o,,’s we have T' < o741 (T + 1) < o741 0 o2 (T + 2).

Now we can state the following

CA (kO)z v E Llloc ([0’ +OO) 7R)

Proposition 26. Let () nen &

nens 7V as in Definition 25. Then (vn)
and

lim U (yn; ko) =V (ko) -

n——+oo

Moreover, for every T € N, (n),,~7 » as a sequence, coincides almost everywhere in [0,T] with

a subsequence of (Ef)neN. Consequently

||’ynHoo7[0,T] S N (kOaT) VTvn € Na n 2 Ta
Yu — v in L' ([0,T],R) VT >0,T €R.

Proof. By definition 25 and by the second condition in (1.35), va = ¢} (. € A (ko).

Moreover, for every T € N, v = ¢! almost everywhere in [0,7]; hence v € L* ([0,7],R), which

1
loc

implies v € L}, . ([0, +00) ,R) because T is generic.

Now fix n € N. The above equality for v, cannot be developed in [0, +00), but the second and
third condition in (1.35) imply that the following chain of inequalities for the functional holds:

U (’Yn; kO) > U (EZ;(lny kO) =U (cg:jloan(n); kO)
-n—2 . =1 .
2 U (Can_loan(n)’ ko) 22 U (CUQOWOU,,,(n)? k'())
= U (011,10020...0%(")%]60) > U(cglogzo._w"(n);ko).
Thus
U (vn3 ko) =V (ko)| =V (ko) = U (73 ko)

IA

1% (k‘o) -U (Caloogo~~oon(n); kO)
‘U (Cglocrgo--ocrn(n); kO) -V (k‘o) )

)
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since 01 0+ 00y, (n) > n, the fact that (v,), ¢y is @ maximizing sequence follows from the fact
that, by assumption, (c,),, oy is @ maximizing sequence.

Now fix T' € N and observe that the argument developed after Definition 25 inductively shows
that, for every k € N:

Y1k =Chgy  (Where vp (k) = opq1 0+ 0ok (T +F))

k—1
. T+k—1 T+k—1-p
in [0,7) N WL mIQlW A (1.38)

Since by construction any set of the form [0, 7]\ W.+F=1=P 5 = 0,..,k — 1 has null Lebesgue

o (k) oy This quantity is bounded
00,[0,

above by N (ko,T'), by the second and fourth condition in (1.35).

measure, the above relation imply ||'7T+kHoo,[0,T] = ’

Moreover, the intersection for k¥ € N of the sets in (1.38) has negligible complementary in
[0, T); since vy is strictly increasing, this implies that (v,,), -7, as a sequence, coincides almost

everywhere in [0, 7] with a subsequence of (¢Z) In particular v, — v in L' ([0,7],R) by

neN’
the last condition in (1.35) and by the fact that v = ¢ almost everywhere in [0, 7).

As this holds for every T € N, it is a consequence of Remark 23 that it must hold for every real
number T > 0. 0

The first step is then accomplished.

Step 2. The next step is to show that v is admissible at ky. For this purpose, it is enough to

prove the following

Proposition 27. Let T > 0. Hence v > 0 almost everywhere in [0,T], and, for every t € [0,T],

Proof. Tt is well known that the weak convergence of (vy), ¢y to v in L' ([0,T],R), ensured by
Proposition 26, implies that

liminfy, (t) <~ (¢) < limsup~y, (t) for almost every ¢t € [0,T]. (1.39)

n—+00 n—-+oo

By proposition 26 we also have
VYn € N : for almost every t € [0,T] : 0 <, (t) < N (ko,T). (1.40)

We can interchange the quantifiers in the previous relation, since a numerable intersection of

full-measure sets is a full-measure set. Consequently, taking the intersection with the set where
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(1.39) holds, we have

0< N (ko,T) a.e. in [0,T]
k( ) 2K k‘( ko, N (ko,T)) in [0,T]
k?( ) ( ko, N (k07T)) in [O,T} , Vn e N

where k := k(-;ko,7v) and &y, := k (-; ko, ¥n); observe that the constant control N (ko,T") need
not be admissible. The second relation follows from the first by Remark 5 and the third relation

follows directly from (1.40). Hence:
|k — kn| < k(5 ko,0) — k(5 ko, N (ko,T)) in [0,T], Vn € N. (1.41)

Fix n € N. Subtracting the state equation for « from the state equation for x,,, we obtain, for
every t € [0,T):

Fn (8) = (t) = Fin () = F (@) = lm @) =7 @] = hn(t) [5n (@) =& @6)] = [y () =7 (O],

where h,, is the (continuous) function defined taking ki = k,, and ks = x in Remark 5

Integrating both sides of this equation between 0 and ¢, then taking absolute values leads to:

[ (1) = K (D] <[5 1 (3)] 1K (5) = & ()| ds + /01[7(8)—%(8)]@- (1.42)

Observe that, for every s € [0, t]:
| (8)] | (5) — 6 (s)] < M [k (s;ko,0) — k (s:ko, N (ko, T))]
by Remark 7 and by (1.41).

This holds for every n € N and for every fixed ¢ € [0,T]. Since the function of s on the right
hand side obviously belongs to L! ([0,#]) we obtain from (2.44) (remembering that v, — 7 in
L ([0,4)):

limsup |k, (t) — k()] < hmsup/ [hn (8)] |Kn (8) — Kk (s)] ds
n—4oo n—+00
< [ timoup (9] 5) — s (5] as (1.43)
0 n—-+oo
¢
< M limsup |k, (s) — & (s)| ds.

0 n—-+oo
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Hence by Gronwall’s inequality:

limsup |k, (t) — & (t)| = 0,

n—-+o0o

for every t € [0,T]. This is equivalent to

lim K, =k in [0,7].

n—-+oo

Since any Ky, is non-negative in [0, 7], the second assertion of the theorem is also proved. O

Remark 28. The argument behind (1.43) goes as follows. Let

Ay, = Sup|h |lk; — K.
ji>n

Then

‘an‘ = an, SM[[{? (~;]{70,0)—k(';kmN(kOaT))] VneN

G, dn—stoo imsup |Ap| |km — k| in [0,¢].
m——+o0o

Then by Dominated Convergence:

inf /0 an (s)ds = /0 lim sup |hy, (8)] [Km () — £ (s)] ds.

neN m—+00
Moreover for every n € N and every i > n:
an = sup |kl |r; — k[ > [hil |&; = K],
jzn

which implies, passing to the integrals and then taking the sup for ¢ > n:

/Oan(s)dszsup/ [h; (s)] |ki (s) — Kk (s)]ds Vn eN.

i>n J0

Hence, passing to the inf for n € N:

neN m—+o00

¢
inf/ n () ds>hmsup/ | (8)] [Km (8) — K (8)] ds.
0

As a consequence of Proposition 27, v is almost everywhere non-negative in [0, 4+00) and
k (:; ko, ) is everywhere non-negative in [0, +00) - which precisely means that v € A (ko). Hence

the second step is also ended.
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Step 3. Now we are going to define the control which is optimal at ky. In order to do

this, we need to extract a subsequence from (v,) because the weak convergence to 7 in

neN
the intervals could not be enough to ensure that lim, o0 U (73 ko) = U (7; ko); we will also
need the admissibility of v. By the penultimate assertion stated in Proposition 26, and by the

monotonicity of u, we have:
lu (V) llso,o,1) < w (N (Ko, 1)) Vn € N.

Hence by Lemma 24, there exists a function f! € L!([0,1],R) and a sequence (u (V1))
such that

neN

extracted from (u (’Yn))neN,

w(yin) = fHin L ((0,1],R).
Again by Proposition 26 and the monotonicity of u,
lu (van)lloo o) < w (N (ko,2)) Vn €N

which implies by Lemma 24 the existence of f* € L' ([0,2],R) and of a sequence (u (Y2,n)),, ey

extracted from (u (y1,n)),cy such that
u (o) = f*in L' ([0,2], R);

in particular f2 = f! almost everywhere in [0, 1] by the essential uniqueness of the weak limit.

Going on this way we see that there exists a family {(u (YT,n) pen » fT) /T € N} satisfying, for
every T € N:

lu (7)o fo.r) < w(N (ko, T))  VneN

(u (Y74+1,n)) ey 18 extracted from (u (yr,n)),cn

I = fT almost everywhere in [0, 7]

w(yrn) — f*in L' ([0,T],R).

Hence, for every T' € N, the sequence (u (Vn,n)),,~ is extracted from (u (7)), oy - If we define
f(t) == flI+1 (1), then f = fT almost everywhere in [0,7]. So
U (Ynn) = fin L* ([0,T],R) VT > 0. (1.44)
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by construction and by Remark 23. This implies that

0 < liminfu (ynn () < f(¢)

n—+4oo -

for almost every t € R.
Now define ¢* : [0, +00) — R as

o) JUTIO) D) 20

0 if f(¢) <O.

Obviously ¢* > 0 everywhere in [0, +00). Moreover, again by the properties of the weak conver-

gence, for any T' € N and for almost every ¢ € [0, T]:

F () < limsupu (v () < u (N (ko, T)).

n—-+o0o

This implies, together with the fact that u~! is increasing, that ¢* is bounded above by N (ko, T)
almost everywhere in [0, 7). As this holds for every T € N,

¢ € Lis. ([0,400),R). (1.45)
To complete the proof of the admissibility of ¢*, we show that ¢* < 7 almost everywhere in
[0, +00).

Fix T > 0 and let ¢y € [0, 7] be a Lebesgue point for both f and  in [0, T]; then take t; € (to,T).

By the concavity of u and by Jensen inequality:

S u (Y (5)) ds o ( S () ds>

ty —to t1 —to

(1.46)

nene Which is in its turn extracted from (v,,),, -

Hence v, , — 7 in L' ([0, T],R), which implies lim,, 1 « ftil Ynn (8)ds = fttol 7 (s) ds. So taking

Observe that (vn,n),,, is a subsequence of (v1,,,)

the limit for n — +o0 in (1.46), by the continuity of u and by (1.44), we have:

ff;f £(s)ds . u( ttolv(s)ds> |

th — to t — to

As ty is a Lebesgue point for both f and + in [0,7], we can take the limit for ¢t — ¢ in the
previous inequality and get f (to) < u (v (to)).

By the Lebesgue Point Theorem, this argument works for almost every ¢y € [0,7]. So by the
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monotonicity of ©~! we deduce
¢* <~ almost everywhere in [0,7].

Because T is generic, we have by (1.5): k(t;ko,c*) > k(t;ko,v) for every ¢ € R. Hence by
the admissibility of v at ko, k (-; ko, ¢*) > 0. This implies, together with (1.45) and ¢* > 0 in
[0, +00),

c* e Ako).

Finally, observe that by Lemma 20 we can apply the Dominated Convergence Theorem to the
functions ¢ — e=#? fg U (Yn,n (8))ds, n € N.
Hence, using the functional form established in the same Lemma, part iii), by Proposition 26,

by the fact that (y,,n), oy is extracted from (v,), ¢y, and by (1.44):

V(ko) = ngglooU(%;ko)=nggle(7n,n;ko)
+oo t
= 1 -t o (8)) dsdt
n;rpr/O e /OU(V, (s))ds

+oo t
= p/ e Pt 1imsup/ U (Y (s)) dsdt
0 0

n——+00

= o[ e [

_ p/0+oo et /Otu(c* (s)) dsdt = U (" ko) .

So we have proved the following

Theorem 29. For every ko > 0 there exists ¢* € A (ko) which is optimal at ko and everywhere

non-negative in [0, 4+00), satisfying:

¢ € Lig. ([0,400),R).

1.5 Lower bounds for optimal strategies

Theorem 29 provides a local upper bound for optimal controls, which can be considered inde-
pendent of the control itself pursuant to Lemma 9. In the present section we prove that both

optimal controls and optimal trajectories are striclty positive, for the non-trivial case kg > 0.
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Lemma 30. The function g : (0,+00) — (0,+00) defined in Lemma 6 satisfies:

lim g (z) = +o0.

z—0

Consequently, g is surjective.

Proof. First we remind that

g(z) :==min{y >0/ (z,y) € Ky}, where
K, =N{K CR?/K is closed and convex and K 2 SupGraph (u')} .

We have already proved that g is convex (hence, continuous), strictly positive and strictly de-
creasing. Furthermore, g (z) — 0 as @ — 400 since g < u/. Hence, the property lim, ¢ g (z) =
+o0o will imply that g is surjective.

Let M > 0 and take € > 0 such that v’ (¢) > M and

u' (e) — M
Then define
M(m—e)—ﬁ-M if 2 € [0, et
€ Yl (e)— M
f (@)= | s |
0 if x> e+

u'(e)—M *

O implies u’ (x) > M and

’ : u
Then v’ > f, since x < G

u'(z) = f(2) <= (W (x) = M)e= (v (€) = M) (e —x).

This means that
SupGraph (u") C SupGraph (f),

and obviously SupGraph (f) is a convex set. Hence K, C SupGraph (f). Since (¢, g (€)) € Ky
we have g () > f (e) = M. Since g is decreasing, we have

97" ([M, +00)) 2 (0,¢).
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Proposition 31. Let kg > 0 and ¢* € A (ko) optimal at ko. Then

cr(t)y>g ! <pe”tV<FIf:((3;)_)1)) for a.e. t >0,

where g : (0,400) — (0,+00) is the strictly decreasing function in Lemmas 6 and 30.
Furthermore, the optimal trajectory k (-; ko, ¢*) is strictly positive in [0, +00) and, if the minimum

value for an interval [0,T] is attained in [0,T) then:

pTV (ko +1)

k(t; ko, ¢*) > (go )~ (pe F (ko)

) Vit € [0,T].
In particular, for every T > 0 there exists u(T) > 0 such that ¢* > u(T) almost everywhere in
[0,T] and k(-; ko, c*) > u(T) in [0,T).

Proof. Fix kg > 0, ¢* € A (ko) and optimal, 0 < t; <ty < T.
We prove a lower T'—estimate for fttlz c* (t) dt, using the incremental ratios of V.

Fix k1 > ko and define
k1 — ko

c:=c" +H'X(t1,t2)’ H= to —t1

Then é € A (k1) by Remark (13). By the concavity of u:
Vi (k1) =V (ko) = U (k1;¢) = U (ko; ¢¥)

_ / e (@ (1) — u (e (1)) db

t1

>H /:2 e Pl (¢(t))dt

1

> He ot / " G0t

tq
Hence by Jensen’s inequality:

to

V(kl) -V (ko) Z ]'Tle_pt2 (tg — tl)g (f

1
ta

&) dt)

¢t () dt + H)

Vik) =V (ko) g, ( ][ & (0 di k—f) , (1.47)



Now take v* € A (k1) and optimal, and y € A (ko) like in Remark (15). Namely:

Y 1= 0X[0,7(ko.kn)) 7 (= T (Ko, k1)) X(T (ko k1), +00)3

we recall that &k (T (ko, k1) ; ko, 0) = k1. Hence

V (k) —V (ko) < U (kiin®) — U <ko;’~Y>
0 ) (1= ek

< pV (k1) T (ko, k1)
by — ko
F (ko)

< pV (k) . (1.48)

(Observe that the relation T (ko, k1) < (k1 — ko) /F (ko) is a consequence of Lagrange’s Theo-
rem). Putting together (1.47) and (1.48) we obtain, for every ki > ko > 0:

t
2 kl_ko) V(ki) =V (ko) oV (k1)
c’(t)dt + < el"? < peft? ——Z,

g (]{1 ®) lo—t1) k1 — ko =7 F (ko)

Better, since V' is (strictly) increasing:

t
2 k‘l—k‘o) " V(k’o-‘rl)
¢ () dt + < perte LT g e (ko ko + 1)
g(]fl © ty =t g F (ko) 1 & (koo +1)

Note that the quantity at the right hand side is strictly positive by the properties of F' and V;
moreover, the function g : (0,4+00) — (0,400) is a bijection. Hence we can invert the relation,

thus obtaining:

t2 ky — k V (ko + 1)
() dt+ —2 > 1<ept2‘> Vi1 € (ko, ko + 1),
Fremans 2o s g (e R ) ke ok + 1)

which implies

frewazo (o)

o )

>0

Due to Lebesgue Point Theorem, we can assume up to a zero measure set that ¢, is a Lebesgue
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point for ¢* in [0, 7], and we deduce:

1
¢ > g7 <pe’)T%> v 00

passing to the limit in the weaker estimate.

Since g is continuous, we actually deduce the pointwise estimate:

Vi(ko+1)
F (ko)

We an additional simple “derivative-integral-derivative” argument, we deduce that an analogous
property holds for k* = k (-; ko, ¢*).

() > g7t (pe"t ) for a.e. t > 0.

Let tg be a point of minimum of £* in [0, T]. If ¢ty < T we have, for every ¢ € (tg,T] we have:

0 —~ — -~/ R () = K (to) ft —c"(s)]ds

= t—to
for ot (oo ).

IN

Passing to the limit for ¢t — ta' :

g (pe”TVZ(Tk?;)l)) F (K* (to))

= k" (to) = (9o F)~ ( oV k0+1>>>0.

If to = T then only two cases are possible: T is a point of minimum for k* also in [0,T + 1], or
E*(T) > k* (T 4+ €) > 0 for some € € (0,1). In the first case, we obtain

E*(T) > (go F)—l (pep(TJrl)V(kE)kBl)) ,

the minimum value k* (tg) is strictly positive, anyway. O

1.6 Further properties of the value function: regularity
and monotonicity
Now it is possible to establish some regularity and monotonicity properties of the value function,

with the help of optimal controls. The next theorem uses the monotonicity with respect to the

first variable of the function defined in Lemma 9.
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Theorem 32. The value function V : [0,+00) — R satisfies:
i) V is strictly increasing in [0, +00).
it) For every ko > 0, there exists C (ko) ,d > 0 such that for every h € (=6,0):

Vi(ko+h)—V (ko
h

) > C (ko)

iii) V is Lipschitz-continuous in every closed sub-interval of (0, +00).

Proof. i) Let 0 < k1. Set ¢ € (0, F (k1)] and ¢; = ¢ in [0, 4+00); hence by Proposition 11 and by

Theorem 22,
u(c)
p

V(O):0< ZU(Cl;kl)SV(lﬁ).

The implication 0 < kg < k1 = V (ko) < V (k1) follows from point ii).
i) We split the proof in two parts.

First, take ko, h > 0, ¢ optimal at kg and set ky := kg + h. Because k; > ko we can choose
cFi=Fo = ch € A (kg + h) as in Lemma 10. Hence

h
Viko+h) —V(k) > U(ko+h)—Uleho) > u’(N(kO,h)+1)/ Pt
0

Now, by the fact that limp, ¢ + foh e Ptdt = 1 and that N (ko, ) is increasing, there exists § > 0
such that, for any h € (0,0):

V (ko +h) =V (ko)
h

h —pt /
S (N (ko h) + 1) IN ehp dt > U (N(k;,l)Jrl) O (ko)

Now fix kg > 0, h < 0 and ¢ optimal at kg + h.

Then again take cfo~(Fo+h) = c=h ¢ A (kg) as in Lemma 10. Hence

V(ko+h) =V (ke) < Ulesko+h)—U(c ko)

IN

—h
' (N (ko + by —h) + 1) / e=rtdt.
0
We can assume that —F fo_h e Ptdt > 1 for —§ < h < 0. Hence, by the monotonicity of N (-, -)
in both variables, for every h € (—4,0):

V (ko +h) =V (ko) _ (N (ko +h,~h) +1) _ u (N (ko,1) +1)
h = 2 = 2

= C (ko).
iii) Let 0 < ko < k1. We need a reverse inequality for V (ki) — V (ko), so take ¢; € A (k1)
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optimal at k;. In order to define the proper ¢y € A (kg), observe that the orbit k = k (-; ko, 0)
(with null control) satisfies k = F (k). With an argument similar to the one used in Proposition
11 we can see that k (t) > F (ko) > 0 for every ¢ > 0, and so limy_, 4 o k (t) = +00.

Then by Darboux’s property there exists ¢ > 0 such that & (£) = k1. Observe that, since k and F
are strictly increasing functions, k must also be strictly increasing. Hence applying Lagrange’s

theorem to k gives for some ¢ € (0,7):

ki —ko = k() —k(0)=1-k(&) >tk (0)=1tF (ko) (1.49)

Now define
0 if t € [0,1]

co (t) = B
C1(t—ﬂ ift>t

It is easy to check that ¢y € A (ko), because

k‘(t;ko,Co) Zk(t;kQ,O) >0 Vte [O,ﬂ
k(t+{;]€0,00) :k(t;kl,Cl) ZO VtzO

by the uniqueness of the orbit; as far as the second equality is concerned, observe that both
orbits pass through (0,%;) and satisfy the differential equation controlled with ¢; for ¢ > 0.
Hence by (1.49):

V (k1) =V (ko)

IN

+oo
U (er; k1) = U (co; ko) =/O e [u(er () — uco (1)) dt

+o0 +oo
/0 e ”u(cl(t))dtf/f e Pu(e (t—1))dt

+00 +oo
e P (eq — e P (¢q (s)) ds
/ e = [ e Dufer ()

- - _ k1 —k
- <1fe*pt) Uler;ky) = (176*@) V (k) < ptV (k1) < pV (k1) ;(k‘o)o
So by the monotonicity of V and F' we have, for a < kg < k1 < b:
V (b)
_ < _ .
Vv (kl) 14 (ko) = pF (a) (kl ko)
O
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1.7 Dynamic Programming

1.7.1 Dynamic Programming Principle and characterization of opti-

mal controls

In this section we study the properties of the value function as a solution to Bellman and

Hamilton-Jacobi-Bellman equations.

First observe that we can translate an orbit by translating the control, according to the next

remark.

Remark 33 (Translation of the orbit). For every ko,7 > 0 and every ¢ € L} [(0,4+00),R):

loc
k(5 k(t5ko,c),c(-+71)) =k(-+ 75 ko, 0)

by the uniqueness of the orbit. In particular, if ¢ € A (ko) then ¢ (- +7) € A (k (7; ko, ¢)).
The first step consists in proving a suitable version of Dynamic Programming Principle.

Theorem 34. For every 7 > 0, the value function V : [0,+00) — R satisfies the following

functional equation:

Vko > 0:v (ko) = es/tl(lz : {/OT e Plu(c(t)) dt+ e Pv (k(7; ko, c))} (1.50)

in the unknown v : [0,4+00) — R.

Proof. Fix 7 > 0 and kg > 0, and set
o (7,ko) := sup {/ e Plu(c(t))dt +e PV (k (T;ko,c))}.
ce€N(ko) 0
We prove that

o(r,ko) = sup U (¢ ko).
ceA(ko)

In the first place, we show that o (7, ko) is an upper bound of {U (¢; ko) /¢ € A (ko)}.

63



Fix ¢ € A (ko); then by Remark 33 ¢ (- + 7) € A (k (7; ko, ¢)); hence

o(r, ko) > /Tef"t (c(t)dt+ e PV (k (15 ko, )

> / ))dt +e PTU (c(-+7) s k (75 ko, ¢))
0
+oo
_ / e Pty (c dt+/ e*F’(”T)u(c(twLT))dt
0 0

= / e Pl (c dt—&—/foo e P u(c(s))ds = U (c; ko)

0

Secondly, fix € > 0, and take
2¢

0<ée<———.
= Her)

Hence there exists & € A (ko) and é € A (k (73 ko, &)) such that

o(r,ko)—€e¢ < o(r, ko)——(l—&—e_m)

2
/
< / Ndt+e 77V (k (T;ko,&e))—ef’”%
0
< / e Pl (G (t))dt +e” pTU(CE,k‘(T;]{io,EE))
0
+oo ~
= / e Plu(é dt+/ e Py (Ce () dt
0 0
Now set
G (t if ¢t [0,
P X0 0.7

C(t—1) ift>T

Hence c. € L},, ([0, +00),R) and V¢ > 0: ¢, (t +7) = & (t). So:

+o00
o(r. ko) —€ < /0 e P (c. (1)) dt (1.51)

Finally, it is easy to show that c¢. € A (ko). Observe that k (-; ko, ce) = k (-; ko, &) in [0,7] by
definition of ¢, and by uniqueness. In particular k (7; ko, cc) = k (73 ko, Cc ), so that k (- + 7; ko, c)
and k (-; k(75 ko, Ce) ,(::5) have the same initial value; moreover, these two orbits satisfy the same
state equation (i.e. the equation associated with the control c. (- + 7)) and so they coincide,
again by uniqueness. Recalling that by definition & € A (ko) and ¢, € A (k (7; ko, &), we have
k (t; ko, ce) > 0 for all t > 0. Hence by (1.51) we can write

o (1,ko) — € < U (ce; ko)
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and the assertion is proven. O
Equation (1.50) is called Bellman Functional Equation.
A consequence of the above theorem is that every control which is optimal respect to a state,

is also optimal respect to every following optimal state. But Theorem 34 also suggests and

partially imply a useful characterization of optimal controls as solutions of an integral equation.

Theorem 35. Let kg > 0, ¢* € A (ko) . Hence the following are equivalent:
i) ¢* is optimal at ko

it) For every T > 0:
V (ko) = / e Plu(ct (t) dt +e PV (k (15 ko, "))
0

Moreover, i) or i) imply that for every T > 0, ¢* (- 4+ 7) is admissible and optimal at k (7 ko, c*).

Proof. 1) = ii) Let us assume that ¢* is admissible and optimal at ky > 0 and fix 7 > 0. Observe
that ¢* (- 4+ 7) is admissible at k (7; ko, ¢*) by Remark 33. Hence, by Theorem 34:

Viky) > /OTe_ptu(c* () dt + e~V (k (7: ko, ")

> /T e Plu(c* (t))dt +e U (¢* (- +7); k(15 ko, ¥))
0
“+oo
- /0 =Py (c* (1)) dt = U ("3 ko) = V (ko). (1.52)
Hence -
V (ko) = /0 e~Phu (¢ (1) dE + e~V (k (73 ko, ). (1.53)

ii) = i) Suppose that ¢* € A (ko) and (1.53) holds for every 7 > 0. For every ¢ > 0 pick
¢e € A (k (%;ko,c*)) such that:

v (k(Gikner)) - e (ak (Fine ). (1.54)

¢ (t) ift € [0,1]
Ce(t—1) ift>12

Then define

ce (t) ==

By the same arguments we used in the proof of Theorem 34 , ¢, € A (ko) and, obviously,
ce (t+ 1) =éc(t) for every t > 0.
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Hence, taking 7 = 1/¢ in (1.53), we have by (1.54):

V (ko) —ee P/¢ = /01/6 * (1)) dt 4 e P/e [V (k (1;1%,0*)) - e}
/01/6 (t))dt + e ?/U ( -k C;kzo,c*»
_ /01/6 () dt + /O+DO et )y <c€ (t + 1)) dt

1/e +o00
/ e Plu(c* (1)) dt + / e Pu(ce (s))ds (1.55)
0 1/e

IN

Now we show that the second addend tends to 0 as ¢ — 0 . First, using Jensen inequality and

the properties of the function vy, established in Lemma 20, we see that for every T' > 1/e:

. R s=T T s
/ e Pu(ce(s))ds = [e"’s/ u(ce (7)) dr +P/ e_ps/ u(ce (1)) drds
1/e 1/¢ s=1/e 1/e e

=T /O L (e () dr 1t p /1 Ze—f’s / " (e (7)) drds
i, (T) + /1/6 se”Pu (fo c ) ds

+oo
— p/ se” Py (fo ce ( ) ds asT — +oo (1.56)
1/e

IA

IN

(remembering that ¢, is admissible at ko). By point i) of Lemma 20, for every € < 1 and every
s>1/e

se Pu (fos e iT) dT) < se Pu (M (ko) [1 + e(L+€°)S] + Sj(\é(foe)o)>
< {u (M (ko)) + M (ko) u (0% +u (fﬁ“) }

(remembering that u is increasing and has the properties in Remark 19) which implies, together
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with (1.56), for every e < 1:

B e e I
< p [U (M (ko)) +u <]Z[4(_k£3>} /1200 se” Pds +

+oo

+ pM (ko)/ se”u (e(L+€°)S) ds.
1

/e
By Remark 3 the last integral converges, hence the upper bound tends to 0 as € — 0.

Hence, letting € — 0 in (1.55), we find:
+oo
V (ko) < / e Plu(c* (t))dt = U (c*; ko)
0

which implies that ¢* is optimal at k.

Finally, if i) holds, then by (1.52):

V(k(7;ko,c*)=U(c" (- +71); k(15 ko, c)) .

1.7.2 The value function as a viscosity solution of HJB

In many interesting cases the value function V' is non-differentiable. Moreover, in general it is
not possible to prove the differentiability of V relying only on the fact that it solves the Bellman
Functional Equation, or BFE (in our case, equation (1.50)), since the latter needs not have a
unique regular solution. Of course such equation has a natural “infinitesimal version” (usually
called Hamilton-Jacobi-Bellman equation, or HJB, which is in general a first order non-linear
PDE), and it can be proven that any continuously differentiable solution to BFE is indeed a
solution of HJB. This is of no help without information about the regularity of V'; furthermore,

HJB could have no classical solution (see e.g. [38]).

This is why the theory of viscosity solutions plays a key role in Dynamic Programming methods:
one wonders if the value function is a solution of HJB in a weaker sense. As pointed out in
the introduction, our case is a bit special meaning that the problem itself of the value function
being a viscosity solution of HJB equation must be proven to be meaningful. Indeed the “right”

equation involves an Hamiltonian function whose domain is not RY (in our case R?)!, so the

IThis turns out to be a consequence of the unboundedness of the the running cost v and, again, of the
non-compactness of the control space.
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test functions involved in the definition of viscosity solution must match this restriction. This is

ensured by asking that the candidate solution has a special property, stronger than monotonicity.

Definition 36. Let f € CY((0,+00),R); we say that f € C* ((0,+00),R) if, and only if, for
every ko > 0 there exist §,CT,C~ > 0 such that

f (ko +h) — f (ko)
h

f (ko +h) — f (ko)
h

>Ct Whe(0,0)

>C~ Yhe(—46,0)
We note that by Theorem 32, (ii) the value function V satisfies
V eClt ((0,+),R). (1.57)
Definition 37. The function H : [0,400) x (0,400) — R defined by
H (k,p) := —sup{[F (k) — ] -p+u(c) /c€0,+00)}

is called Hamiltonian.

The equation
pv (k) + H (k,v' (k)) =0 Vk>0 (1.58)

in the unknown v € C* ((0, +00) ,R) NC! ((0, +00), R) is called Hamilton-Jacobi-Bellman equa-
tion (HIB).

Observe that any solution of (1.58) must be strictly increasing, by Definition 36.

Remark 38. The Hamiltonian is always finite. Indeed

— sup {[F(k)—¢c-p+u(c)}>—-00 <= p>0.
c€[0,4+00)

If p > 0, since lim. 4o % (¢) = 0 we can choose ¢, > 0 such that «’ (¢,) < p; this implies by

the concavity of u:
Ve>0:u(c)—ep<ul(c)—u (¢p) e <uley) —u (¢p)cp,
so that

—F(k)p— sup {u(c)—cp}>—F(k)p—ul(cy) +u' (¢p)cp > —0c.
c€[0,+00)
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Otherwise, when p < 0, since lim._, . u (¢) = 400 we have

—F(k)p— sup {u(c)—ep}<—-F(k)p— sup wu(c)=—o0.
c€[0,+00) c€[0,+00)

Definition 39. A function v € C* ((0,+00),R) is called a viscosity subsolution [supersolution]
of (HJB) if, and only if:

for every ¢ € C! ((0,+00),R) and for every local maximum [minimum] point kg > 0 of v — ¢:

pv (ko) —sup {[F (ko) — c] - ¢" (ko) +u(c) /c€ [0,4+00)} =
pv (ko) + H (ko, ¢’ (ko))

VOIA
o o

If v is both a viscosity subsolution of (HJB) and a viscosity supersolution of (HJB), then we say

that v is a wviscosity solution of (HIB).

Remark 40. The latter definition is well posed. Indeed, let v € C* ((0,+00),R) and ¢ €
C((0,+00),R). If kg is a local maximum for v — ¢ in (0, +0o0), then for h < 0 big enough we
have:

v (ko) —v (ko +h) > (ko) — ¢ (ko +h) =

v (ko) — v (ko + h) < ¢ (ko) — ¢ (ko + h)

- <
0<C™ < N < 3

If ko is a local minimum for v — ¢ in (0, +00), then for A > 0 small enough we have:

v (ko) — v (ko + 1) < o (ko) — ¢ (ko +h) —>

v(ko) —v(ko+h) _ @ (ko) — (ko +h)
h

0< Ot <
<C = = h

In both cases, we have ¢’ (ko) > 0, so the quantity H (ko, ¢’ (ko)) involved in the definition is
well-defined.

By (1.57) we see that the value function is a good candidate to be a viscosity solution of HJB.
We are now going to prove that this is indeed the case. As pointed out in the introduction, this
will be done without any regularity assumption on H; nevertheless, this function can be easily

shown to be continuous, since for every k > 0, p > 0:

H (k,p) = F(k)p+ (—u)" (p),

where (—u)" is the (convex) conjugate function of the convex function —u.
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Lemma 41. Let ko > 0 and (cr)poo © A (ko) satisfying:
||CT||<>O,[0,T} < N (ko,T) VT >0.
where N is the function defined in Lemma 9. Hence
VT €[0,1]: V¢ € [0,7T] : |k (t; ko, cr) — ko| < TeM* [F (ko) + N (ko,1)] .
In particular k (T'; ko, cr) — ko as T — 0.

Proof. Set ko and (cr)p as in the hypothesis and fix 0 < 7" < 1. Hence integrating both sides
of the state equation we get, for every ¢ € [0, T:

t t
k (t: ko, or) — ko = / [F (ko) — er (5)]ds +/ [F (k (s: ko, ox)) — F (ko)] ds
0 0
which implies by Remark 7:

|k (t; ko, cT) — kol

IN

/\F(ko)—cT(s)\ds+/ \F (k (s: ko, ) — F (ko)| ds
0 0
< /0 |F(k0)—cT(s)|ds+M/0 |k (85 ko, cr) — ko|ds

Hence by Gronwall’s inequality and by the monotonicity of N (ko,-), for every T € [0,1] and
every t € [0,T):

|k (t; ko, cT) — kol

IN

~ T
eMt/O |F (ko) — ex (s)] ds.
TeMU[F (ko) + N (ko, T)]
TeMU[F (ko) + N (ko, 1)] .

IN

IN

Theorem 42. The value function V : [0,4+00) = R is a viscosity solution of (HIB).
Consequently, if V € C* ([0, +00),R), then V is strictly increasing and is a solution of (HJB) -

(1.58) in the classical sense.

Proof. In the first place, we show that V is a viscosity supersolution of (HJB).
Let ¢ € C1((0,+0c0),R) and kg > 0 be a local minumum point of V' — ¢, so that

V (ko) =V < @ (ko) — ¢ (1.59)
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in a proper neighbourhood of ky. Now fix ¢ € [0, +00) and set k := k (-; ko, ). As kg > 0, there
exists T, > 0 such that k > 0 in [0,7¢]. Hence the control

¢ iftel0,T]
0 ift>T,

is admissible at ko. Then by Theorem 34, for every 7 € [0, T.]:

Vi) -V EE) 2 [Certue@)an sy o) e 1]

u(c) /OT e Ptdt+V (k (1)) [e " —1].

Hence by (1.59) and by the continuity of k, we have for every 7 > 0 sufficiently small:

p(k(0) —pk(r) u(C)MJrV(k(T))@

Letting 7 — 0 and using the continuity of V' and k:
—¢ (ko) [F (ko) — c] = u(c) — pV (ko)
which implies, taking the sup for ¢ > 0:

pV (ko) + H (ko, ¢’ (ko)) >0

Secondly we show that V' is a viscosity subsolution of (HJB).
Let ¢ € C1 ((0,40),R) and kg > 0 be a local maximum point of V — ¢, so that

Vi(ko) =V = ¢ (ko) — ¢ (1.60)

in a proper neighborhood N (kg) of k.

Fix € > 0 and, using the definition of V, define a family of controls (cz.¢);, € A (ko) such that
for every T > 0:
V (ko) —Te < U (cr,e; ko) - (1.61)

Now take (CT,E)T as in Lemma 9 and set ¢r. := (cTﬁe)T for simplicity of notation (so that
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¢r.e € A(ko)). We have:

V (kO) —Te < U (CT,e; kO) < U (ET,G; kO)

T +o0o
= / e Py (ere (t)dt +e T / e P Dy (ere (s —T+T))ds
0 T
T
—_ / P (G (1)) dt + e~ 7TU (670 (- +T) s k (T ko, 1.0))
0
T
< / Pt (B (1)) dt + e~V (k (T ko, 1.0)
0

where we have used Remark 33.

By Lemma 41 we have for T > 0 sufficiently small (say T < T)),
k (T; ko, ET,e) S N(kﬁo) .
Hence, setting kr . := k (:; ko, ¢r.c), for every T < T, we have by (1.60):

¢ (ko) — ¢ (kre (1)) — e PTV (kre (T)) < V (ko) =V (kre (T)) — e PV (ke (T))

T
< / P (e (£)) dt — V (R () + Te
0

which implies

T
/O L (R (0) [F (Fre (1)) — e (8)] + ¢ Pu (ere (1)) dt
<V (ke (T)) [e7?T = 1] + Te. (1.62)

Observe that the integral at the left hand member bigger than:
T
/ —{l¢’ (ko) + w1 ()] [F (ko) — er.e (t) + w2 ()] + u(ere (8)} dt =
0
T
/ —{¢' (ko) [F' (ko) — er.e (t)] +u(Cr.e (1))} dt +
0
T
+/ —{¢" (ko) wa (t) dt + w1 (¢) [w2 (¢) + F (ko) — er.c (¢)]} dt (1.63)
0
where w1, we are functions which are continuous in a neighborhood of 0 and satisfy:

w1 (0) = Wy (O) =0.
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This implies, for T < 1:

/ ¢’ (ko) wa (t) dt+/ wi (t) [wa (t) + F (ko) — cr.c (t)] dt
0 0

T
< 1o/ (ko) o1 (T) + 02 (T) + / w1 (B)][F (ko) + ere (£)] dt

< |¢' (ko) 01 (T) + 02 (T) + [F (ko) + N (ko, T)] 03 (T)
< |¢' (ko)| 01

(ko) o1 (T') + 02 (T') + [F (ko) + N (ko, 1)] 03 (T)
where (T)
Jl“i—>0 zT =0

for i = 1,2,3. Observe that this is true even if the o;s depend on 7', by Lemma 41. For instance,

/OT wo (t)dt

T ‘F (lii'T,6 (TT)) —F (k‘o)‘
MT |k, (77) — ko| < MT2eM™ [F (ko) + N (Ko, 1)]

lor (T)| = < Tl["f)l%?]i|w2| =T |wz ()]

IN

Moreover, by the fact that V € C* ([0, +00),R) and by Remark 40, we have for any ¢ € [0, T):

—{¢ (ko) [F (ko) — er.c ()] + ulere (1)} = — sup {¢ (ko) [F' (ko) — ¢ + u(c)}

— H (ko' (ko)) > —o0,
by which we can write:
/ C ! (ho) [F (ko) — e (0] + 0 (B ()10 > T+ H (ko (ko).
Hence, by (1.62) and (1.63):
V (kr,e (T)) [e™?" — 1] + Te
-/ "1 (ko) [F (ko) — e ()] + e (1)) it
.

+ /0 - {(,0/ (ko) w2 (t) dt + wq (t) [LUQ (t) + F (ko) - ET,e (t)] dt}

> T H (ko, ¢ (ko)) + or—o (T)

for any 0 < T < 1,T. Hence dividing by T, and then letting 7' — 0, again by Lemma 41 and
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the continuity of V' we obtain:
—pV (ko) + € > H (ko, ¢’ (ko))

which proves the assertion since € is arbitrary. O

1.7.3 Reverse Dynamic Programming

The set of the viscosity solutions to a differential equation is, in general, not stable under the
change of sign of the equation. This particular phenomenon makes it interesting to ask wether

the value function is also a viscosity solution to the “reverse” HJB equation
—pv(k)—H (k,v' (k) =0, k>0. (1.64)
We will prove that this is true at points k that can be reached by an optimal trajectory.

We preliminary observe that the present section does not require a change of setting for the
problem, like for instance the introduction of a new set of admissible controls. We only need
to consider “backward” trajectories associated with standard “backward translated” admissible

controls. To this scope, we introduce the following notation.

Definition 43. Let kg > 0, T > 0. If ¢ is a non negative constant, the function 6 (-; ko, ¢) is the

unique solution to the following Cauchy Problem in the unknown 6:

ko
O(t)y=F (@B (@1)—c Yt<O0.

Ifc € L}, ([0,+00)), the function @ (+; ko, ¢ (- + T')) is the unique solution to the following Cauchy

loc

Problem in the unknown 6:

0(0) = ko
F(O(t) —c(t+T) Yte[-T,0].

Lemma 44. Let kg > 0, ¢ > 0. Then there exists Ty (ko,c) > 0 such that, for every T €
(0,71 (ko,c)) there exists yo (T') =y (ko, ¢, T) such that

Yo (T) >0
k(90 (T),c) >0 in [0,T]
k(T;y0(T) , ¢) = ko.
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Furthermore, yo (T)) — ko as T — 0.

Proof. Fix kg > 0 and ¢ > 0, and set 8 = 0 (-; ko, ¢) as in Definition 43. Choose T' (ko, ¢) > 0 such
that 8 > 0 in [T (ko,c),0], and take T" € (0,7 (ko,c)). Set yo (T') = 6 (—T) (which depends
also on kg and c since 6 does). Observe that the function k (- + Ty (T') , ¢) is well defined in
[-T,0] (even if the constant control ¢ may not be admissible at yo (1)), takes value yo () in
—T and satisfies the same differential equation as 6 in [T, 0] (given by the dynamics F (-) —c).
Hence

E(-+T;y0(T),c)=6 in [-T,0].

In particular
k(590(T),c) >0 in [0,T]
k (T’ Yo (T) P C) =40 (0) = k().
Obviously yo (T') — ko as T — 0 since the continuous function # is not defined upon 7' O

Corollary 45. The value function V is a viscosity subsolution of the “reverse” HJB equation
—pv(k)—H (k,v' (k))=0 Vk>0 (1.65)
in the unknown v, where

H (k,p) ::—sglg{p[F(k)—c]—l—u(c)} Yk >0,p>0.

Proof. Let kg > 0 be a local maximum point of V — ¢, where ¢ is a C! function defined in a
neighborhood of ky. We know by Theorem 34 that V satisfies the Bellman Functional Equation:

Yyo > 0:VT >0 :

V (yo) = sup {/0 e Plu(c(t))dt + e TV (k (T yo,c))}. (1.66)

c€A(yo)

The idea is to interchange the roles of the two states appearing as arguments of V' in the latter
relation: k (T';yo,c) “becomes kg” thanks to Lemma (44).

First we deduce the appropriate relation with constant controls. Fix a constant ¢ > 0; any
trajectory k (-;yo,c) - for yg > 0 - is strictly positive in an interval [0, 7z (yo,c)]; hence the
control 7y := €X[0,73(yo,c)] Pelongs to A (yo). Applying the above relation to vy leads to:

T
Vyo > 0:VT € (0,72 (y0,¢)) : V (yo) > u (c)/ e Ptdt + e PTV (K (T; yo,¢)).
0
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Now take Ti (ko,c) and, for T' € (0,7T; (ko,c)), yo (T') like in Lemma (44). Hence, for every
T e (0771 (k’o, C) ATs (yO (T) 76)):

V (yo (T)) > u(e) [y e Pt +e TV (ko)
<
V (3o (T)) = V (ko) + V (ko) (1 — e=?T) > u(e) [ e Ptdt

which implies, since yo (T') — ko as T — 0,

© (o (T)) — ¢ (ko) + V (ko) (1 — e ") > u (c>/0 ePtdt,

for T > 0 sufficiently small. Since yo (T)) = 0 (=T; ko,c) = 0 (=T) (as shown in the proof of
Lemma 44), dividing by T and passing to the limit for ' — 0 we obtain:

d

TP O () +pV (ko) = —¢' (ko) [F (ko) — ] + pV (ko)
|T=0

>u(c).
Thus, passing to the sup for ¢ > 0:
—pV (ko) — H (ko, ¢’ (ko)) <0,
which proves the subsolution condition. O

We now prove the analogous of Lemma 44 for optimal controls.

Lemma 46. Let kg > 0, ¢* € A (ko) optimal. Then there exists T (ko) > 0 such that, for every
T € (0,7 (ko)) there exists yo (T') = y (ko,c*,T) such that

Yo (T) >0
kE(;y0(T),c*) >0 4n [0,T)
E(Tig0 (T), ") = Fo.

Also in this case, ko (T) — 0 as T — 0.

Proof. Fix kg > 0, ¢* € A (ko) optimal at ky. We know that, by construction of the optimum,
c¢*(++T) < N (ko,T) almost everywhere in [T, 0]. Consequently, for T € (0, 1):

¢ (+4+T)< N (ko,1) a.e. in [-T,0],

76



since N (ko, -) is non-decreasing. Hence, by comparison,

0 (ko c™ (- +1T)) =6 ( ko, N (ko,1)) in [-T,0].

Clearly 6 (; ko, N (ko,1)) > 0 in [=T (ko) , 0] for some T (ko) > 0.
Thus, for 0 < T < To (ko) A1 =:T (ko):

0 (ko (-+T))>0 in [-T,0]

and in particular yo (T') := 0 (=T; ko, c* (-+T)) > 0.

Furthermore, setting k :=k (- + T;yo (T'), ¢*) we have:
i (1)
k(=T)

F(k(t) — ¢ (t+T) Vte[-T,0]
= Yo (T) )

which implies k = 0 (-; ko, ¢* (- + T')) in [T, 0]. Hence, by (1.68):

kE(5y0(T),c*) >0 in [0,T]
k(T;y0(T),c*) = ko.

Eventually observe that, by Proposition 31, for T' € (0,1):

V (ko +1)

F(+T)>g" (pe" F (ko)

so that 0 (-; ko, c* (- +T)) < 0 (+; ko, C* (ko)). This implies, remembering (1.67):

yo (T) =60 (=T;ko,c" (-+T)) = koas T — 0.

) =:C* (ko) a.e. in [-T,0],

(1.67)

(1.68)

O

Remark 47. The only property of optimal controls used in the proof of the previous lemma

is the existence of local bounds that are independent on the choice of the optimum. Anyway,

the Lemma may not guarantee that V' is also a viscosity supersolution of equation (1.65). The

starting point for proving this property should still be the Dynamic Programming Principle

(1.66), considered in the “<” direction - that is to say - as the assertion that V (yo) is the least

upper bound of the set at the right hand side. Or better, the following version of the principle

77



can be used:

Yyo > 0:Vc* € A(yg) optimal at yo : VT >0 :

T
V(yo) = /0 e Pl (c* (t))dt + e PTV (k(T;yo,c")), (1.69)

provided by Theorem 35. A given control ¢*, optimal at yg, can be the starting point of the
procedure. Consider a state ko > 0, a control ¢* optimal at kg and take yo (T') as in Lemma 46:
the point is that ¢* need not be optimal at yo (') - so (1.69) cannot be used for yo = yo (1),
even if it is true that k (T;yo (T),c*) = ko.

But if it is assumed a priori that, given ky > 0, we can start from some yy and ¢* optimal at

9o, then the proof can be accomplished.

Proposition 48. Let kg > 0 be an optimal point for the problem - that is to say, assume that
there exist yo, T > 0 and c* € A (yo) optimal at yo such that

ko =k (T;yo,¢").
Then we have

VT e (0,T]:
V (ko) = —/ (et (—t +T)) dt+ eV (0 (—73 ko, (- +T))). (1.70)
0
Consequently, the value function V' is a viscosity supersolution of the “reverse-restricted” HJB

equation:
—pv (k) — H (k,v' (k)) =0 Vk > 0 optimal for the problem

in the unknown v.

Proof. We first prove relation (1.70). Let kg > 0 be an optimal point for the problem, with
ko = k (T, yo,c*) for some yo, T > 0 and ¢* € A (yp) optimal at yg. By (1.69) we have:

V(yo) = [i ePlu (¢ (t)) dt + e TV (ko)

s=T—t
<~

V (ko) = — [y e u(c* (—s +T))ds + e*TV (yo).

It is easily seen that yo = 0 (=T;ko,c* (- +T)). Indeed, set for simplicity of notation 6p =
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0 (3 ko,c* (++T)) and kr := k(- + T;yo, c*); both functions are defined in [T, 0] and satisfy:

07 (0) = ko
Or (1) = F (Or (t)) —c* (t+T) Vte[-T,0]
kr (0) = ko

kr (t) = F(kr (t)) —c¢* (t+T) ¥te[-T,0],
where k7 (0) = ko by the optimality assumption on kg. Hence 7 = kr in [-T,0] and in
particular 7 (—=T) = yo. Thus

V (ko) :-/0 P (¢* (—s + T)) ds + TV (07 (~T)). (1.71)

The next step is to extend (1.71) to the interval (0, 7] in order to obtain (1.70).

Set 7 € (0,T). We know by Theorem 35 that a “forward optimality preservation principle”
holds, which implies that ¢* (- + T — 7) is optimal at k (T — 7;yo, ¢*).

Hence, relation (1.69) applied to these data at time 7 gives:

V(k(T —73yo,c%)) =

/OT e Pu(c(t+T—7)dt+e PV (k(r; k(T — 7590, ,c* (- +T —7))). (1.72)

We have
k(T —7590,¢") = 07 (—7) (1.73)
k(5k(T —T13y0,¢) ¢ (++T —7)=07(-—7) (1.74)

The first relation simply means that kr (—7) = 61 (—7), while the second is again a consequence
of the uniqueness of the trajectory: both functions have the same dynamics by definition and

the same initial state by (1.73). Consequently:
E(r;k (T —T590,¢"),¢" (- +T — 7)) = ko. (1.75)
Plugging (1.73) and (1.75) in (1.72) we obtain:
V(0r (7)) = /OT e Pu (¢ (t+T —7))dt +e PV (ko)

which is easily seen to be equivalent to (1.70) by the change of variable s = 7 — ¢.
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We now prove that the value function V is a viscosity supersolution of the reverse HJB equation
at optimal points.

Assume that kg > 0 is an optimal point for the problem and also a local minimum of V' — ¢
where ¢ is a C! function defined in a neighborhood of kq. Since 61 (—7) = ko we have, for

every 7 > 0 sufficiently small
V(07 (=7)) =V (ko) = ¢ (07 (=7)) — ¢ (ko)

Hence by (1.70), for every 7 € (0,7):

/OT ety (" (=t+T)dt =V (0r (—7)) = V (ko) + V (01 (—7)) (/™ — 1)
> o (01 (—7)) — ¢ (ko) + V (b7 (=) (" — 1)
_ / & (07 (—1)) [F (07 (—)) — ¢ (—t +T)] dt

+V(0r(—7))(em —1).

Since at both sides of the latter inequality the same quantity ¢* (—t + T') appears, we can take
the sup for ¢ > 0 (inside the integral, thanks to the integrability of the Hamiltonian):

[ s @)+ ¢! O (<) F 6 () = e 2 V (62 (=) (7 - 1),

c>0

Since the Hamiltonian is also continuous, dividing by 7 and passing to the limit for 7 — 0, we

obtain
—pV (ko) — H (ko, ¢ (ko)) > 0.

Thus also the supersolution condition is satisfied by V. O

Remark 49. Relation (1.70) can be regarded to as a “Backward Dynamic Programming Princi-

ple” for optimal points.
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Chapter 2

Shallow Lake models with

monotone dynamics

We examine the optimal control problem related to a general monotone dynamics version of the
Shallow Lake model, and we prove the existence of an optimum. In the last twenty years, a
literature about this model has grown up, but, in our knowledge, no direct existence proof has
been provided up to now. The optimal control problem has been introduced in [28], and has been
studied mostly via dynamic programming ([26]), or from the dynamical systems viewpoint (see
e.g. [24], [25] and [28]). The latter approach consists in the analysis of the adjoint system that
is obtained by coupling the state equation with the adjoint equation given by the Pontryagin
Maximum Principle. As it is well known, this principle provides conditions for optimality that

in general are merely necessary.

As pointed out in the introduction, the main technical difficulties in order to prove the existence
of an optimum arise from the fact that good a priori estimates for the controls and for the
states are missing, because of the infinite horizon setting and the unboundedness assumption on
the set of admissible controls. Indeed, the intimate nature of the model requires to be allowed
to choose a (locally integrable) control function that reaches arbitrarily large values in a finite
time. In addition, arbitrarily small positive controls are allowed, and this in fact reinforces
the unboundedness phenomenon when optimization is taken into account, since the objective
functional has logarithmic dependence on the control. As such, this is a further context where

the application of any compactness result is not straightforward.
The model describes the dynamics of the accumulation of phosphorus in the ecosystem of a
shallow lake, from a optimal control theory perspective. Precisely, the state equation expresses

the (non-linear) relationship between the farming activities near the lake, which are responsible
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for the release of phosphorus, and the total amount of phosphorus in the water, which depends
also on the natural production and on the natural loss consisting of sedimentation, outflow and

sequestration in biomass.

Following [28], we can assert that the essential dynamics of the eutrophication process can be

modelled by the differential equation:

P2 (t)

P(t) = —sP(t) + rm

L), (2.1)
where P is the amount of phosphorus in algae, L is the input of phosphorus (the “loading”), s

is the rate of loss, 7 is the maximum rate of internal loading, and m is the anoxic level.

After a change of variable and of time scale, we consider the normalized equation

2% (7)

.%"(T):—bx(T)-l-m

+u(r),
where 2 (1) :== P (-) /m, u(-) = L(-) /r and b = sm/r. We see that the dynamics, as a function

of the state, has a convex-concave behaviour.

In an economical analysis, the dynamics of pollution must be considered together with the social
benefit of the different interest groups operating in the lake system. The social benefit obviously
depends both on the status of the water and on the intensity of the agricultural activities near
the lake; the latter, in a way, can be measured by the amount of phosphorus released in the

water.

The objective functional to be maximized represents this social benefit. Mathematically it is a
function of the pollution released by the farming activities, and takes into account the trade-offs

between the utility of agriculture and the utility of a clear lake.

Farmers have an interest in being able to increase the loading, so that the agricultural sector
can grow without the need to invest in new technology in order to reduce emissions. On the
other hand, groups such as fishermen, drinking water companies and any other industry making
use of the water prefer a clear lake, and the same holds for people who use to spend leisure time
in relation with the lake. It is assumed that a community or country, balancing these different

interests, can agree on a welfare function of the form
logu —ex? (¢ > 0),
in the following sense: the lake has value as a “waste sink” for agriculture logu, where u is

the input of phosphorus due to farming; on the other hand, it provides ecological services that

decrease with the total amount of phosphorus x as —cx2.
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As a final consideration, we observe that clause iv) in Assumption 1 about the convex-concave
behaviour of the internal dynamics function F' could be substituted with a global lipschitz-
continuity or, equivalently, a super-linearity and sub-linearity requisite. This is because a proper
relation with affine functions is the only condition that F' is required to satisfy in order that the
results in Remarks 53 and 54 hold. Such remarks establish the basic comparative estimates for
admissible trajectories used in the proof of the existence of an optimal control.

In this respect, the situation is similar to the one in Chapter 1 (see the remark at the end of

subsection 1.1.2).

2.1 The optimal control problem

The present section is devoted to defining the optimal control problem and to deducing some
elementary consequences of the definitions. The results include the well-posedness of the state
equation and some basic comparison estimates between two admissible trajectories and between

an admissible trajectory and the solution of a linear ordinary differential equation.

According to the considerations made in the last part of the latter introduction, the dynamics

of the problem is described by the following evolution equation in the unknown x(-):

T (t)=F(x(t))+ul(t) t>0
x (0) = xo.
Assumption 1. The endogenous pollution dynamics F' has the following properties:
i) F €C([0,+00)), F' <0 in (0,+0c0)
1) F(0)=0, xkrile(x) = —00

i) Fi (0)=—sp <0, lim F'(z) = —sx € (—00,0)

T—>+00

iv) there exists T > 0 such that F' is convex in [0,Z] and concave in [T, +00).

Clearly, the behaviour of F' for negative inputs is not relevant for modelling purposes. Never-

theless, a conventional assumption for such domain is technically needed.

Assumption 2. Let —by := min{—sp, —Sc0 }. We assume that F(x) = —box for every x < 0.

These assumptions imply that F’ has discontinuity in 0 when sp < $o,. Anyway, this possibility

is by no means harmful, as shown by the following two remarks.

Remark 50. First observe that, by Cauchy’s Theorem, the dynamics F satisfies:
F(z) > —bpx Vx eR, (2.3)
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since F/ > —bg in (0, +00) while the equality holds for < 0.
Secondly, the function F is globally Lipschitz-continuous. Indeed:

_ F(z) = F(x)
T2 — X1

‘F (x1) — F (z2) <by Vri,12 €R. (2.4)

Ty — T2

If —sp < —S80, then F' is continuously differentiable in R with F’ > —by in R, and relation (2.4)
follows, again, from Cauchy’s Theorem.

In the case —sg > —so we have F (0) > F’ (0), and (2.4) is obtained in the following way.
If x1 > 22 > 0 then use again the latter theorem; if 1 < x2 < 0 then the equality holds. If
x1 - T2 <0, we have the following direct estimate, by (2.3) :

F(z1) — F(z2) < =bo (x1 —x2) forxz; <0< 29
F(x1) — F(z2) > —bo (x1 —x2) for xp <0 <y

which implies (2.4) for the present case.

We stress that, as a consequence of the definitions, F” satisfies:
—by < F'(z) <0 Vz >0.

Remark 51. (Solution to the state equation). For every fixed zo > 0 and u € L}, ([0, 4+0)),
the Cauchy’s Problem (3.1) admits a unique solution defined in the whole temporal half-line
[0, +00), as a consequence of (2.4). This is true even if the right hand side of the state equation
does not have continuous dependence on time. To prove this, we can use the following simple

fixed-point argument.

First, take 15 € (0, %) and consider the space X; := C°([0,79]) and the map F; : X1 — X3
such that 1 (x) (t) := xo + fot [F (z(s)) +u(s)]ds for every z € X1, ¢ € [0, 79].

If we consider the space X together with the distance induced by the L°° norm, then Fj is a
contraction mapping on X; with Lipschitz constant by < 1. Hence F' admits a unique fixed
point x (-;xp,w). This is indeed an absolutely continuous function which solves the integral
equation corresponding to (3.1) in [0,79]. To extend the solution to [rg, 27|, consider the
space Xo := CY([r0,270]) with the map F, : Xo — Xy such that F (2) (t) := x (70; 20, u) +
f:o [F' (2 (s)) +u(s)]ds for x € Xy and t € [1g, 279]; then argue in the same way.

The procedure can be repeated to obtain an essential solution of equation (3.1) defined in
[0, +00).

Notation 1. For every xop > 0 and every u € L}, ([0,+00)) the function

t— x(t;zo,u), t>0
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is the unique solution to the Cauchy’s Problem (3.1) in the unknown x (-).

Now we introduce the objective functional and its domain.
For every xy > 0, the set of the admissible controls is:
—+oo
A(zg) = {u € L. ([0, +00)) |u > 0 a.e. in [0,+00) and / e Plu(t)dt < +oo} ;
0
the objective functional that is to be maximized is defined by
+o0
B (zo;u) = / e " [logu (t) — ca® (t;zo,u)| dt  Vu € A(xo),
0

where p and c are fixed positive constants.

Observe that the integrability condition
—+oo
/ e Plu(t)dt < 400
0

on admissible controls prevents the objective functional to take value 400 — co. Indeed, if

u € A (xg), then the positive part of the above integral, i.e.

+oo "
/ e " [logu (t) — ca® (t;2z0,u)] " dt,
0

is certainly finite, since

IN

e—pt [1Ogu(t) - CxQ (tv Zo, U’)] X{u>exp ca2(t;zo,u)} (t)
e~ log u(t)x o) (1) < P (1),

Furthermore, such condition is the analogue of the classical condition w € L! ([0, T]), which is

normally required in a finite horizon problem for a control u to be admissible.

Definition 52. The function V : [0,4+00) — R such that

V(o) = sup B(zo;u) Vae >0
uEA(zo)
is called wvalue function.

C A (zp) is said to be mazimizing at x¢ if

A sequence (), oy €

lim B (zo;u,) =V (x0).

n—-+oo
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A control u, € A (xo) is optimal at zg if
B (z0;ux) =V (z0) -

As a last stage of the present introductory section, we state two basic properties of the trajec-
tories z (+; xg,u) for oy > 0, u € A(xg). These properties are needed throughout the paper in

order to carry out the calculations.

Remark 53. (Comparison with the decreasing exponential).
Fix 9 > 0, u € L ([0,+00)) and set, for simplicity of notation, z(-) := x (-;z0,u) and

loc

y (t) := e~ ot (ajo + fg ebosqy (s) ds). Then by (2.3) we have, for almost every ¢t > 0:

hence
d

dt

Since z(0) = y(0) = zg, this proves the following assertion.

[ () =y (O] ™'} > 0.

For every zg,t > 0 and every u € L. ([0, +00)) :
t
z (t;mg,u) > e ! (a:o +/ ey (s) ds) . (2.5)
0

Now take € > 0 such that —b := —s,, + € < 0. This implies that there exists a constant M > 0
such that
F(z)<—-bx+M Va>0. (2.6)

Fix 2o > 0 and u € A (x¢). In particular, v > 0 almost everywhere in [0, +00). Then, by (2.5),
x (;x0,u) > 0in [0,400). Hence, with the same argument as before, we can exploit (2.6) in

order to obtain the following estimate for z (-; xo, u).
For every xg,t > 0 and every u € A (x9) :

x (t; g, u) < e b (CEO + /Ot e’ (M +ul(s)) ds) . (2.7)

Remark 54. (Formula for the difference of two trajectories).
Let s1,82 > 0, ug,us € A(xp) and tg > 0.
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Set 1 = x (5 81,u1), T3 =  (+; $2,u2) and define:

F(z (1)) = F(22(7))
I (7’) — X9 (7’)

if 1 (1) # 29 (7)
h(zy,22) (1) :=

F' (21 (7)) if o1 (1) =22 (7).

The function h (21, z2) is continuous in [0, +00), since by (2.5) the trajectories z; and x5 take

non-negative values. Moreover —by < h < 0 and the following equality holds:

YVt >to:x1 (t) —22(t) = exp </ h(x1,22) (T) d7'> (z1 (to) — x2 (to))

to

+£m4l%mJMﬂwym®—w@Ms<M>

In particular, taking to = 0 and s; = s3:
t t
VE>0: 29 (t) — a2 (f) = / exp (/ h(x1,z2) (T) dT) (ug (s) —u2(s))ds (2.9)
0 s

Indeed, for every t > tg:

i1 (8) —da(t) = F(er ()~ F (w2 (1)) +ur (£) —uz (2)
= h (.’1?1,.’132) (t) [.’1?1 (t) — T2 (t)] + U (t) — U9 (t) .

Multiplying both sides of this equation by exp (— ftto h(x1,29) (1) dT) we obtain:

-2 s (- [ nton 010

— exp (— /t:h(xl,xz)(T)dT> (ur (£) — us (8) ¥t > to.

Fix t > to and integrate between ¢y and ¢; then (2.8) is easily obtained.

Remark 55. (Comparison between trajectories) Relation (2.8) implies a well known comparison

result, which in our case can be stated as follows.

Let s1,82 > 0 and uy,uz € A(xg); then for every to > 0 and every t; € (to, +00], if u1 > us

almost everywhere in [to, t1] and x (to; s1,u1) > x (to; S2, u2), then

X (t, sl,ul) 2 X (t; SQ,UQ) Vt S [to,tl] .
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2.2 Boundedness of the value function

In this section we show that the value function is bounded from above. That is to say, the
objective functional is always less than a fixed, finite quantity not depending on the control or
on the initial state.

Together with this result, we prove some estimates concerning the controls and states which
are “not too far” from being optimal; such estimates will be used in the construction of the
optimum.

Remark 56. The objective functional is not identically equal to —oo. As a trivial example,

consider the control u =1 € A (x¢) for every xg € R. Then by (2.7):

1— efbt
0 < (t;zo,u) < e Pag+ (M +1) 0
which implies
M +1)? M +1)?
2 (t) < <x§+( ;g ) )eZ”t+2(M+1):’:b()ebt+( ;2 ) .

Hence
—+oo
B (zo;u) = —c/ e Pa? (t; 20, u) dt > —oo0.
0

Proposition 57. i) The value function V' satisfies:

1
o <
p
where e is the Napier’s constant.

ii) For every xo > 0, there exist constants Ki (xg) , Ka (xo) > 0 such that, for every u € A (zo)
with B(xzo;u) sufficiently close to V(xg):

/+OC e Plu(t) dt < Ky (x0), (2.10)
0

+oo
/0 et (£ 30, ) (1) dt < Ko (20) (2.11)

We will also use the following weaker estimate relative to a control u € A (x¢) such that B(zo;u)

is sufficiently close to V(z):
¢
/ u(s)ds < Ky (zo)e” VYt >0. (2.12)
0
Proof. i) Let 29 > 0, u € A (x9), and, for simplicity of notation, x = x (;zo,u) and B(u) =
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B (zo;u).

As a preliminary remark, observe that, by Tonelli’s Theorem:

“+o00 t +oo +oo
/ e~ (pt+B)t / ePsu (s)dsdt = / e’*u (s) / e~ (PR tds
0 0 0 s

1 oo
= 74_&/ e’gsu(s) e~ (PtB)sqg
P 0
1 Feo
= m/ e Pu(s)ds (2.13)
0

for every constant 3 > 0. Since t — pe~dt is a probability density, by Jensen’s inequality we

+oo +oo
/ e P2 (t)ydt > p </ e Plx(t) dt)
0 0
—+o0 t
P </ e*(‘”rb")t/ e (s) dsdt>
0 0
2

- W(/()Jrooe—mu(t)dt) ,

in which we have used also (2.5), and (2.13) with 8 = by.

have:

2

2

v

Another application of Jensen’s inequality (to the concave function log) allows us to write down

the following estimate for B (u):

B (u)

—+oo —+oo
/ e P logu (t)dt — c/ e Ptz? (t)dt
0 0
1 too c too 2
— log (p/ e Pu(t dt) - (p/ e Pu(t dt) 2.14
5 ; (t) TS (t) (2.14)
L max | log z ¢ 22 L (log P+ bo 1)
~ max . B _
p >0 (p+bo)? p V2e 2
1 p+ bo)
= 710 .
P & ( V2ec

ii) Assume that B (u) > V (x0) — 1. Fix K (o) > 0 such that

IN

IN

¢ 522 <V (zg) — 1 Vz > K (x0) .

1
—logz — ————
p p(p+bo)
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Then by (2.14), the following relation holds:

+oo
/ e Py (t)dt <
0

This proves relation (2.10).
In order to prove (2.11), observe that by (2.7) and (2.13) (the latter with 8 = b) we have:

+o00 +o00 t
/ e Plr(t)dt < / e Pt {e_btxo + / D (M + u (s)) ds} dt
0 0 0
400 “+ o0 t
= xo/ e~ (Pt qy 4 M/ e*(’”b)t/ eP*dsdt
0 0 0

—+o00 t
+/ e_(”+b)t/ e (s) dsdt
0 0

Zo +oo +oo
= D + M/ ebs/ e~ (POt qtds
0

1 too
+— e Plu (t)dt
p+b/o 2

ZTo M

1 +oo
+ + “Ply () dt
p+b  p(p+0) p+b/o e u )

< ZTo + M K1 (Io)
T optb plptd)  p+b
=: KQ (xo)

2.3 Construction of an optimal control

In this section we prove our main result: the existence of a locally bounded optimal control for

the maximization problem defined in Section 2.1.

Theorem 58. For every xg > 0, there exists a function u, € A(xzg) such that:
B (zo;us) = V(o).
For every T € N, the function u* satisfies:
N (20, T) < uyx < N (20, T) a.e. in [0,T]

for two suitable constants n(xo,T), N(xo,T) > 0 not depending on u*. In particular, u, €
L ([0, +00)).
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Proof. See the end of the Chapter. O

According to the methodological description given in the introduction, we split the proof into
three steps.

- First, we set up the main tool of the construction: a pair of uniform localization lemmas that
allow to pass form a given maximizing sequence of controls (un),y (see Definition 52) to a
family of maximizing sequences with certain boundedness properties.

- Secondly, with fixed initial state xg, we interpolate between this family of sequences in order
to obtain a unique locally bounded maximizing sequence (v, n), ey and a candidate optimal
control u,, linked by the relation: logvy, , — logu, in L! ([0,T]) for every T' € N.

- Eventually, we prove that B (zo; vn,n) = B (o; us).

2.3.1 Step one: Uniform localization lemmas

The monotonicity assumption about the dynamics F' is used only in the proof of the next two

Lemmas.

Lemma 59. There exists a function N : [0,+00)> — (0,+00), continuously differentiable and
strictly increasing in the second variable, with the following property.
For every xo > 0, T > 0 and for every u € A (xg) with B(xo;u) sufficiently close to V (xq), there

exists a control uT € A (wg) satisfying:

B (xo; ﬁT) > B (xo;u)

" =uAN(20,T) a. e in [0,T].

In particular, the norm ’ N is bounded above by a quantity which does not depend on

[ [P
the initial control u.

Further, the state x (~; ﬂT,xo) associated with the control 4" satisfies:
0<z(;a",20) <z (su,20) in [0,+00). (2.15)
Eventually, the bound function N satisfies, for every xg > 0:
TETW Te T log N (x0,T) = 0. (2.16)

Proof. Fix zg, T > 0. The equation

log 8+ Bbg = —Tby, B >0 (217)
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has a unique solution, which is strictly less than 1. Call this solution Br, and define
N (20, T) i= K (o) B2 (T+5n), (2.18)

where K (z¢) = K (29) V1 and K (x9) is the constant introduced in Proposition 57.
Now fix u € A (x¢) with B(zp;u) large enough, so that, in particular, relation (2.12) holds for

such u, and consider the case T > 0.

If u < N (x9,T) almost everywhere in [0, 7], then set @7 := u. In this case there is nothing to
show about u, and we can pass directly to the last part of the proof, where the properties of the

function N(xg,-) are established.

If there exists a non-negligible subset of [0,7] in which u > N (z,T') then define

f::/o [ () = (€) A N (o, T)] dt

" :==uAN (0, T) " xp0,7) + (U + f) “X(T,T4p7] T U X(T+Br,+00)-

As an immediate consequence of the definition of admissibility, @ € A (zq), since u € A ()
and N (zo,T) > 0.

First we prove that relation (3.18) holds. Clearly z (-;a” xo) 0,b ) and the admissibility

of @*. For simplicity of notation we set N = N (zq,T) = ( ) and © = x (-;u, xg).
We have Zr < z in [0,7], by Remark 55
Fix t € (T, T + Br], and set h := h (Zr, ), like in Remark 54. Hence, by (2.9):

Fr(t)—z(t) = /OTeXp (/t h(T)dT) (u(s) AN —u(s))ds

+I /Tt exp (/t h(T)dT) ds.

Since h > —by, the first addend is estimated in the following way:

/exp</h d7> (5) AN —u(s))ds

IN

T
/0 et (4 (s) AN —u (s))ds

IN

T
—tbo u(s —u(s S
e / (u(s) AN —u(s))d

< —Je—(T+Br)bo

Since h < 0, the second addend is estimated from above by I3

Thus we obtain:
Tr(t)—x(t) < I (ﬁT _ e—(T+5T)bO> ’
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and the last quantity is zero, by definition of Br.

This implies that Zp < z also in (T'+ Sr, +00), again by Remark 55. Hence, relation (3.18)
holds.

Now we estimate the “logarithmic” part of the difference between B (gco; ﬁT) and B (zg;u). By

the concavity of the logarithm, we have:

+oo
/0 e " (loga” (t) —logu (t)) dt
= /0 e P {log (u(t) AN) —logu (t)}dt

. /T+BT o Pt {log (u (t) + I~) —logu (t)} de

T

v

T
/ e~ (u(t) ANY " {u () AN — u ()} dt

0

_ T+pBr N =1
+I / e=rt (u (t)+[) dt
T

_ %/O e {u(t) AN —u ()} dt

_ T+pBr N1
+I/ e Pt (u(t)—I—I) dt
T

Vv

T
%/0 (w(t) AN —u(t))dt
T+Br

—H:/T e Pt (u (t) —|—f)_1dt

7 (/TT+BT et (u (t) + f)_l dt — ;) . (2.19)

Moreover, by Jensen’s inequality:

T+pBr N -1 T+Br N =1
/ e rt <u(t)+1) dt > e P(T+Ar) / (u(t)+[) dt
T T

v

6%6—P(T+5T)

[ <u (t) + f) dt
1
[Ty ) dt + T

1
ST () at

Vv

6%679(T+,3T)

Vv

5%679(T+,3T)

where the penultimate inequality holds since S < 1, while the last inequality uses the fact that
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I< [ u(t)dt.
Now by Proposition 57 (formula (2.12)) we can complete the latter estimate in the following

way:

RN A7 ~1 2 —2p(T+pr)
e u()+1I) dt > K(zg)  pBre

= a(xgT). (2.20)

Observe that, by definition, N (29, T) = a (20, 7). Hence, joining (3.21) with (2.20) leads to

e —pt ~T T 1
/O e " (loga" (t) —logu(t))dt > I(a(wo,T)—W):O. (2.21)

This implies, by (3.18):
+oo
B (zo;a") — B(zo;u) = / e " (loga” (t) —logu (t)) dt
0

“+o0
e /O P {2 (1) — 2® ()} dt

> 0.

We now prove the regularity and monotonicity of N (zg,T) in T.

Define f(z) :=logx + box for every x > 0. This is a smooth, strictly increasing function which
maps (0, +00) onto R; hence it is - in particular - a monotone C*-diffeomorphism. Let ¢ be the
inverse of f; then the function T — ¢ (—Tby) belongs to C!(R). Recall that, by definition, 37 is
the unique solution of equation (3.16): this means that S = ¢ (—Tbg) for every T > 0, which
implies N(xo,-) € C'[0,+00), by (3.17).

With regard to the monotonicity of N(zo,-), observe first that the function T — T + Sr is

strictly increasing. Indeed, we have for every T' > O:

d bo 1 boSr

— (T+Br)=1—=byp' (-Tbo) =1— 7 (Br) 1+ bofr =0

dT

Moreover, St is a strictly decreasing function of T'. This shows that N (zg, -) is strictly increasing

since it is the product of positive strictly increasing functions.

Finally we prove relation (3.15). Observe that:

Br ~e T for T — +oo. (2.22)
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Indeed, with f defined as before, we have:

f(x) _

im =
z—0+ logx

Hence ¢ (y) ~ e¥ for y — —oo and 7 = ¢ (—Thg) ~ e~ L% for T — +oo.
It follows from (2.22) and (3.17), that:

Te "Tlog N (z9,T) = Te "TlogK (z0) + Te "1 log (552)
+2pTe " (T + Br)
~ Te "Tlog (B7?)

~ 2T%¢ Ty for T — +o0.

This shows that (3.15) holds. O

Lemma 60. There exists a function n : [0, +oo)2 — (0,400), smooth and strictly decreasing in
the second variable, with the following properties:
i) for every xo, T > 0:

1 (zo,T) < N (20,T),

where N is the function defined in Lemma 59;
i1) for every xo > 0 and every T > 1, if u € A (xg) and B(xo;u) is large enough, there exists
ul € A (x0) such that

B (zo;u”) > B(zo;u)
u” = (u AN (20, T)) V1 (zo,T) a. e in [0,T].

In particular the norm Hlog uTHLOQ([ 18 bounded above by a quantity which does not depend

0,T])
on u.
i1i) For every xg > 0:

lim Te *Tlogn (20, T) = 0. (2.23)
T—+oo

Proof. In order to define the function 7, we observe beforehand that, for every xy > 0, there

obviously exists a number L (x¢) > p such that
el@o)=r _ 9cp=le L) > 9cK, (20), (2.24)

where Ko () is the positive constant introduced in Proposition 57.

A simple computation shows that the function 7' — e(Z(#0) =T _ 9¢p=1Te~L(0)T ig increasing
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if
2
L(zo) > p+ ;C. (2.25)

Now choose L (xq) satisfying (2.24) and (2.25) and define
n (zo,T) := e~ L@IT,

The properties in ) and ii) are immediate consequences of the definitions of 7 and N. For the
first property, remind relations (3.16) and (3.17), from which it follows that N (z¢,T) > 1.

We now prove that the property in i) is satisfied by 7.

By the choice of L(xg) we have:

eL@)=nT _9ep=1re=L@)T _9eKy) (20) >0 Vao >0, T > 1. (2.26)

Fix 29 and u as in the hypothesis. This means in particular that relation (2.11) holds for
the trajectory x (-;x,u). Fix also T > 1 and take @’ as in Lemma 59. Define u’ := a7 if

@’ > n(x,T) almost everywhere in [0, 7], and

u” = (" vV (x0, T)) Xpo,1) + @' X (T 40)

if there exists a subset of [0, T'| of positive measure where @7 < 1 (2o, 7). In this case define also

T
= al (s —aT (s S.
= [T ) v -t o)

We show that
B (xo;uT) - B (xo;ﬁT) >0,

and the conclusion will follow from Lemma 59.

We provide two different estimates of the quantity « (-; zo, ur) — x (+; 2o, Ur).
Set, for simplicity of notation: zp = z (+; zo, ur), Tr =  (*; o, tr), h = h (xp, 1) (see Remark
54), and n = n (zo,T). Remembering that h < 0, we have by (2.9), for every ¢ € [0,T]:

xr (t) —Zr(t) = / efs h(rydr [u” (s) —a" (s)] ds

0

IN

T
/ eJi h(ndr [ﬂT (s)Vn— al (s)] ds
0
1.

IN
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The same estimate holds for ¢ > T, since u? = 4T in (T, +00). Hence:
xr —Zr <1 in [0,+00). (2.27)

Moreover, since n > 0:

T
[a” (s) vy —a” (s)] ds

= / [77 —ar (s)] ds
[0,TIN{a” <n}

< Tn.

~
I
S~

Hence
xp — I <Tn in [0,+00). (2.28)

By (2.27) and (2.28), using the convexity relation z? — y* < 2z (x — y), we obtain:

+oo oo
[ Temo-B@la < [ e @) - @l
0 0

“+oo
< zcl/ e Plop (t)dt
0
“+oo
— 9l / e~ [op (1) — #r (1)] dt
0
—+oo
+2CI/ e Pty (t)dt
0
+oo —+o0
< 2cIT77/ e_”tdt—i—QCI/ e Ptx (t;wo,u)dt
0 0
<

I <2CT77 + 2K (x0)> ,
p

where we also used (3.18) and (2.11) in the second-to-last and last inequality, respectively.

Moreover:
+oo T
/ e (logu” (1) —loga” (1)) dt = / e (log (a" (1) V) —loga (1)) dt
o 0
’ ot e —ar
> /0 e fLT(t)Vn<u (t)vn—a' (t)dt
1 T —pt (~T _~T
= ;/0 e (a" (t) vy —a' (t))dt
e=PT
> 1.
n
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Joining the last two estimates leads to:
“+o0
B (0:u”) - B (s0:7) = / e " (logu” (t) —loga” (¢)) dt
0
+oo
fc/ e P 2% (t) — &5 (t)] dt
0

I( STy (v, T) — 20K (w0)
> ————— —2-Tn(xo,T) — 2¢ 21‘0)
n(zo,T) “p

- 1 (e(L(%)*P)T — 2ep 1T HEIT _ 9k, (xo))

> 0,

where the last inequality holds by (3.13). O

2.3.2 Step two: Diagonal procedures

From this point on, the initial state zo > 0 is to be considered fixed.
The next Lemma applies a special diagonal procedure based on the monotonicity of the functions

N and 7 introduced in Lemmas 59 and 60.

Lemma 61. There exists a sequence of functions (v,),cny € A (w0) and a function v € A (o)
such that:

nEToo B (xo;vn) =V (20) (2.29)
v, — v in L' ([0,T]) VT >0 (2.30)
VT € N : almost everywhere in[0,T] : (2.31)

Yn>T:n(xe,T) <v,v, <N (20,T)
where N, n are the functions defined in Lemmas 59 and 60 .
Proof. Set B = B (xo;-) and fix (un),cy € A(xo) such that

lim B(up) =V (x9).

n—-+oo

Define, for every n € N, ul as the function obtained by applying Lemma 60 to u,, for T' = 1.
Then

ut = (up A N (20,1)) V1 (20,1) a.e. in [0,1]

n —

B(uy) > B(uy).
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Hence, as a consequence of the Dunford-Pettis criterion, there exists a subsequence (E}L)n of
(up,),, and a function u' € L ([0,1]) such that

n

ay, — ut in L' ([0,1]).

n

=1

Now apply Lemma 60 to the elements of the sequence (un)n in order to obtain a sequence (u2)

n/n

satisfying, for every n € N:

uZ = (@, AN (20,2)) V1 (z0,2) ae. in [0,2]

n

B (un) 2 B (1)

Take, again by Dunford-Pettis, (ﬂ%)n extracted from (ui)n and a function u? € L ([0,2]) such
that
w2 —u?in L' ([0,2]).

n

Iterating this process we define two families of sequences of functions:
{(I),|ITeN}, {@),|TeN}
and a family of integer-valued functions:
{or|T € N}.

The functions o7 : N — N are strictly increasing with o > Id, and the following relations hold
for every T,n € N:

Uy = ul () (2.32)
ul = (@ " AN (20,T)) V1 (0, T) ae. in [0,7T] (2.33)
B(u}) =B (u, ) (2.34)
@l —u in L ([0,T]) as n — oo. (2.35)

Fix T,n € N. We have:

al = Wy T2 (Hfﬂln) A N(“’O’T)> v (@o, T)
a.e.m_[o,T—l] —_T—1
- or(n)’

The last equality holds since relations (2.32) and (2.33) applied to the function EZT*(ln) imply
ﬂf;(ln) € [n(zo, T — 1), N (x9,T — 1)] almost everywhere in [0,T — 1], and by Lemmas 59 and
60 the function 7 (xo,-) is decreasing and the function N (xo,-) is increasing.
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Thus, for every n € N, there exists a full measure subset of [0, 7—1] in which % coincides with an
element of the sequence (%2 ~!),,en. Since a numerable intersection of full measure sets is a full

measure set, and remembering the properties of the function o, we deduce that the sequence

(Eg)n coincides - almost everywhere in [0,7 — 1] - with a sequence that is extracted from
(wX—1) . This implies u” ! = u” almost everywhere in [0, T — 1], by the essential uniqueness
n

of the weak limit.

Hence, defining
VE> 0w (t) = ulH (1)

we obtain v = u”" almost everywhere in [0, 7], for every T' € N. Consequently:
VI € N:@l — v in L'[0,T] as n — oo, (2.36)

by (2.35). Repeating the previous argument, we see that, for every T,n € Nand 1 < j < T —2:

_T a.e.inoT-1] _7T_1
Un - or(n)
a.e.in[0,T—2] _T_2

or—1007(n)

a.€e.in[0,T—j] _T—j
o or—j410-007(n)’

_T—j . —T—j . " )
Observe that (uoT_J+1o~~~oaT(n))n is a subsequence of (%,, /) since the composition op_j41 ©

-+ oo is strictly increasing and satisfies
or—j410---oop(n)>n VneN.

Hence, inverting the quantifiers “vn € N” and “a.e. in [0,7 — j]”, we observe that (ﬂz)n
coincides, almost everywhere in [0, T — j], with a subsequence of (ﬂg’j )n, for every T € N and
j=1,...,T—1.

Define v, := w, for every n € N. The latter assertion implies that, for every fixed T' € N, the
sequence (vp,),,s coincides with a subsequence of (uy,) almost everywhere in [0, 7. Hence,

by relations (2.32) and (2.33), (vy,), satisfies:

n>1’

VT € N : almost everywhere in [0,T] :
Vn>T:n(xe,T) <v, <N (x0,T). (2.37)

Moreover:

v, — v in L' ([0,T]) VT €N,
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by (2.36).
The extension to every T' > 0 is straightforward, and we obtain (2.30). Now fix T' > 0; a well

known property of weak convergence implies

liminf v, (t) < v (¢) < limsupw, (¢) for almost every ¢ € [0,T]. (2.38)

n—-+00 n——+oo

Considering the intersection between the two subsets of [0,T] where relations (2.37) and (2.38)

hold respectively, we obtain (2.31) also for v.

In order to prove (2.29), observe beforehand that (v, ), € A(zg) by construction: every function

in the sequence is actually obtained by applying Lemma 60. Moreover:

Bw) = B(ulw)=8(w)
= B (“Z:loan(n)) > 2B (”Z:ioan,loa”(n))

> B (u},lomwn(n» >B (ualo.,,wn(n)) .

Vv

Fix € > 0 and n. € N such that V (zg) — B (uy) < € for n > ne; since oy 0--- 00y, > Id, we have
V(xg) —B(v,) <€ VYn>ne.

Eventually we prove the admissibility of v. We have established that relation (2.31) holds for v:
this implies that v € L{2,([0, +00)) and v > 0 almost everywhere in [0, +00). In order to prove

loc

that the discounted integral of v is finite, start by observing that, since (v, )nen is & maximizing

sequence, relation (2.10) holds for the functions v, with n sufficiently big, i.e.:
—+oo
/ e P, (t)dt < Ky(wg) Yn > ng.
0
By (2.30), we have, for every fixed T' > 0:

T T “+00
/ e Ply(t)dt = lim e P, (t)dt < lim sup/ e Py, (t)dt < Ky (xo).
0 0

n=0o0 Jo n— 00

Passing to the limit for 7' — 400 we obtain:
+oo
/ e Plo(t)dt < Ki(zo). (2.39)
0

O

At this point we need to take into account the functions log(v,) and extract a subsequence
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(Vn,n)nen from (vy,),, o - in order to ensure that the values B (xo; vy, ) have the right asymptotic

behavior. This is done thorugh a “standard” diagonalization.

Lemma 62. Take (v,),cy and v as in Lemma 61. There exists a sequence

(Vnn)pens evtracted from (vy), oy, and a function u. € A (o), satisfying:

for every T € N :

log vy — logu,. in L' ([0,T7]) (2.40)
N (xo,T) <ux < N(x0,T) a. e in [0,T]. (2.41)

Moreover:
uxs <v a. e in[0,400). (2.42)

Proof. Observe that the sequence (logvy,),, ¢y is uniformly bounded in the L‘fg 1] horm, by (2.31).

Precisely, the following relation holds almost everywhere in [0, 1]:
logn(an 1) < logvn < IOgN(an 1) vn > 1.

Hence by the Dunford-Pettis criterion there exists a function f! € L!([0,1]) and a sequence

(Un,1),, extracted form (v,) such that
logv,1 — f' in L* ([0,1]).
Again by (2.31), (vn,1),, satisfies, almost everywhere in [0, 2]:
logn (20,2) <logvp,1 <logN (z9,2) VYn>2;
therefore there exist f2 € L' ([0,2]) and (vy,2),, extracted from (vy,1), such that
logvn2 — f* in L' ([0,2]),
and so on. This shows that, for every T € N:

almost everywhere in [0,T] : Vn > T :
logn (zo,T) <loguvy,, <logN (xo,T)
and there exists a function f € L}, ([0, +00)) such that
log v, — f in L*([0,T]) asn — oco.

Define u, := ef; then relations (2.40) and (2.41) are easy consequences of this definition and of
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the properties of the weak convergence.

We now prove relation (2.42). Fix 0 < tp < t; < T and let ¢y be a Lebesgue point for both

log u, and v. By Jensen’s inequality we have, for every n € N:

S Yogvn (s)ds _ o ( v (5) ds> ,

t1 —to t1 —to

since (vp,n),, is a subsequence of (v,),,, passing to the limit for n — +o00 in the previous relation,
we obtain by (2.30) and (2.40):

fttl log u. (s)ds (fttl v (s) ds>
Tto "2 T Cog [ T 7).

t1 —to t1 —to

Passing now to the limit for t; — to yields to logu. (to) < logw (tg). By the Lebesgue Point
Theorem, t( is a generic element of a full measure subset of [0, 7]. This implies (2.42). Hence,
by (2.39):

+o0 +oo
/ e Plu,(t)dt < / e Ply(t)dt < Ky (zo).
0 0

This relation, together with (2.41), proves that u, € A(xg). O

2.3.3 Step three: Functional convergence

In this last sub-section, we complete the proof of the existence of an optimal control for the
Shallow Lake problem with monotone dynamics. First we establish that the states associated
with the new maximizing sequence (v, ), converge pointwise to the state associated with the
control v obtained in Lemma 61. Then, relying inter alia on the relation between v and wu,
established in (2.42), we will be able to prove the final step of the main result, i.e. the convergence
B (x0;Vn,n) = B(zo; us).

Proposition 63. Let (v,), and v be as in Lemma 61. Then
x(5 o, vn) = x(5xp,v)  pointwise in [0, 400).

Proof. Fix T > 0 and set x,, := z (-;20,vp), & := x (-; 9, v). By Remark 55 and by (2.31), the

following uniform estimate holds:
|x — x| < (520, N (20,T)) in [0,T],Vn >T. (2.43)

Now fix t € [0,T] and n > T. Subtracting the state equation for x from the state equation for
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Zn, we obtain, for almost every s € [0, ¢]:

Zn(s) =@ (s) = F(a(s)) = F(x(s))+vn(s)—v(s)
= hn(s)[zn (s) =2 (s)] +vn(s) —v(s),

where h,, := h (z,,) is the function defined in Remark 54.

Integrating both sides of this equation between 0 and ¢, then taking absolute values yields to:

20 (1) =2 ()] < Jo 1l (5)] [ (5) = 2 (s)[ds + /0 [vn (8) v (s)]ds|.  (2.44)

Observe that, for every s € [0, t]:
[Fin (8)[ |2 (5) =2 (s)] < Doz (8520, N (20, T)),

by Remark 54 and by (2.43).

Since the function on the right hand side of the latter relation obviously belongs to L! ([0,1]),
passing to the limsup in (2.44) and remembering (2.30), we obtain by the Fatou-Lebesgue

theorem:
t
limsup |z, (t) — 2 (¢)] < lim sup/ [ (8)| |20 () — x (s)|ds
n—-+oo n—+oo JO
t
< / lim sup |hy, ()| |2n () — z (s)|ds (2.45)
0 m—+oo
t
< bo/ limsup |z, (s) — z (s)| ds.
0 n—+4oo

Hence by Gronwall’s inequality:

lim sup |2, (¢t) — z (t)| = 0,

n—+oo

for every ¢ € [0, T]. This is equivalent to
lim «, =2 in [0,7],
n—+00

which proves the thesis, since T' > 0 is generic. O

For completeness sake, we give a proof of the reverse Fatous’s Lemma.

Lemma 64. Let (E,o,u) a measure space, f, (n € N) and g p-measurable functions in E,
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F C E a full measure set such that:

VneN: f,<g inF

/ gdp < 400.
E

Then
lim sup/ frndu < / lim sup f,, du.
E E

n—-+oo n—-+oo

Proof. Casg 1. [, gdu = —oc. Then

limsup/ fndp = —00
E

n—-+o0o

and the thesis is trivially true.
Caskg IL. [}, gdp € — (00, +00)
The sequence

ap =g — sup [
k>n

satisfies

0<a,?1Tg—limsupf, in F.

m——00

Hence by Monotone convergence:

/ <g — sup fk) dp = / andp T/ (g — lim sup fm> dp. (2.46)
E k>n E E m——+00

Observe that the quantities

/ (— sup fk) dp = / <g — sup fk) dp — / gdp
E k>n E k>n E
/ < lim sup fm> du = / <g — lim sup fm> dp — / gdp
E m—+400 E m——+00 E
make sense and belong to (—oo, +00]. It follows from (2.46) that:
lim (— sup fk> dp = / (— lim sup fm> dy, (2.47)
n—+o Jp k>n E m—-+oo

by the assumption on fE gdu. Hence:

inf/ sup frdp = /limsupfmdu.
E E

neN k>n m—+o0o
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Finally, it is a consequence of the definition of sup that

limsup/ fmdu < inf/ sup frdu.
E neN Jg k>n

m——+oo

O

Now with a simple integration by parts we obtain a useful decomposition of the objective

functional:
+oo
Yue A(xg): B(xo;u) = / e " (logu (t) — cz® (t)) dt
0
+o0 +oo
= / e P logu (t)dt — c/ e Pta? (t)dt
0 0
_—
= i —p
TETOO e /0 logu(s)ds +
+o0 t c
p/ e Pt (/ logu (s)ds — —a? (t)) dt
0 0 P
T
=: lim e_pT/ logu (t) dt + By (zo; 1)
T—+oc0 0
where

+oo t c
Bi (zo;u) :== p/ e rt (/ logu (s)ds — —z2 (t; xo,u)> dt.
0 0 p
With this notation, we can complete the proof of the main result.

Proof of Theorem 58. Choose u, and (v, ,)nen as in Lemma 62. We are going to show that
B(zo;us) > V(xg). We can assume that relation (2.12) holds for the functions vy, ., for every

n € N. Hence, by Jensen’s inequality, we have for every ¢ > 0:

t t d
e_pt/ log v, (s)ds < te *'log (W)
0
K (o) et
< tePlog <(“Tt°)6> (2.48)

This implies that lim;_, o €7 fg log vy, (s) ds < 0 and consequently
B (‘rO;vn,n) é Bl (1’0; vn,n) . (249)

Moreover

+oo K pt
/ te=Pt log <(xf)€> dt < +o0. (2.50)
0

106



Set Tp.p = & (3T, Unn)s T := (;20,v) and z, := (; 2o, us). Relations (2.48) and (2.50) imply
that the hypotheses of Lemma 64 are satisfied for the functions:

iy = o ([ognn )5 - a2, 0)
g(t) = te Plog (W)

Combining this result with relations (2.49), (2.40) and with Proposition 63 we obtain, since

(Tn,n),, is extracted from (x),:

Vizg) = lim B(xo;vn,y) <limsup By (xo; vn,n)
n—+00 n—-+oo
—+o00 t c
= plim sup/ e Pt (/ log vy (s)ds — —a2 (t)> dt
n—-+oo J0 0 P ?
+oo t c
< p/ e~ P! lim sup (/ log vy (5)ds — —22 (t)) dt
0 n—+oo \Jo p

+oo t c

= p/ e Pt (/ log u, (s)ds — —x2 (t)) dt
0 0 P
+oo t c

< p/ e Pt (/ log u, (s)ds — —x2 (t)> dt
0 0 P

= Bi(zo;us).

The last inequality is a consequence of (2.42) and of Remark 55.
Finally observe that by (2.41), for every ¢t > 0:

t
te P logn (zo,t +1) < e*pt/ log u, (s)ds < te **log N (x¢,t + 1),
0

which implies that the estimated quantity vanishes for ¢ — 400, by (3.15) and (2.23).

Hence By (x0;us) = B (zo; ux), and this concludes the proof. O
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Chapter 3

Shallow Lake models with

non-monotone dynamics

In this chapter we prove the existence of optimal solutions to Shallow Lake problems with
non-monotone dynamics, under the assumption that the discount exponent in the objective
functional is sufficiently big with respect to the derivative of the dynamics. From the method-
ological viewpoint, such goal requires a significant improvement of the technique introduced in
the previous chapter: a new “discount reduction” procedure is implemented; the localization

procedure is empowered and the interpolation cycle is adapted to the new context.

Again the convexity-concavity hypothesis for the dynamics contained in Assumption 3 is not
essential in order to be able to carry out the proofs and could be replaced by a suitable compar-
ative relation with affine functions (see the final remark in subsection 1.1.2 and the comment at
the end of the introduction to Chapter 2).

This could be seen as a hint of a possible generalizability of the methods here developed to

higher dimensional optimal control problems.

3.1 Definition of the problem and preliminary results.

The dynamics of the problem is described by the following evolution equation in the unknown

(3.1)
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The state equation obeys to the following conditions.

Assumption 3. The dynamics F has the following properties:

i) Fecl([0,+00))

ii) F(0)=0, lim F(r)=-o00

T—r+00

iii) F7 (0) = —s0 <0, lim F'(x) = —s0 € (—00,0)

r—r+00

iv) there exists > 0 such that F is convex in [0, Z] and concave in [Z, +00)

v) a:=F'(Z) = max F' > 0.
[0,400)

Clearly, the behaviour of F' for negative inputs is not relevant for modeling purposes. Never-

theless, a conventional assumption for such domain is technically needed.

Assumption 4. Let —by := min{—sp, —Sc }. We assume that F(x) = —box for every x < 0.

The last assumption implies that F’ has discontinuity in 0 when sy < $s. Anyway, this

possibility is by no means harmful.

It is a consequence of these assumptions that

—by < F' < a.

Finally, we assume that the discount factor is sufficiently big with respect to the dynamics of

the problem.

Assumption 5.

p>a+bg.

Remark 65. In the case of the archetypal Shallow Lake model, namely:

2

F(z) = —bx + Vo >0,

2+
3v3

e
The case b > % is covered by the previous analysis, without any restriction on the value of p.

we have bg = sg = Seo = b, a = —b+ % > 0 (the non-monotonicity assumption) and p >
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Remark 66. i) The dynamics F': R — R is Liptschitz-continuous and satisfies:

F(x) > —byx VxeR
F(x)>—-bx—M VreR
F(z)<—-bx+M Vz>0,

for some constants b, M > 0.

ii) The state initial value problem (3.1) - for fixed #p > 0 and u € L}, ([0,+00)) - admits a

loc

unique solution, which we denote by x (+; zg, u).

The set of the admissible controls is:

+oo
A () = {u € L, ([0, +0)) ’u >0 a.e. in [0,+00) and / e Py (t)dt < —i—oo} ,
0

and the objective functional, defined for u € A (z9), is:

+oo
B (zg;u) := / e " [logu (t) — ca® (t; zo, u)] dt.
0

Remark 67. The objective functional is not identically equal to —oo. As a trivial example,

consider the control u =1 € A ().

Proposition 68. i) For every xg > 0, u € A (xg) and t > 0:

(xo + /Ot %%y (s) ds> (3.2)
(m + /0 t e’ [u(s) — M] ds) (3.3)
P lu(s) + M

<x0 + /Ote ] ds> . (3.4)

x (t; g, u) > e~ bot
x (t; g, u) > et
x (t;xg,u) < e b
it) For every xo > 0 and uy,uz € A (xo):

2 (20, u1) — 7 (£ 70, ) = /Ot exp (/t h (un, u2) (7) dT) (ur (s) —us (s)) ds, (3.5

where h (uy,uz) : [0,4+00) = R is a continuous function satisfying:

—bo S h(ul,uQ) (t) S a Vi Z 0.

i11) Let s1,82 > 0 and uq,us € A(zp); then for every ¢ty > 0 and every ¢; € (tg, +00], if u1 > uq
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almost everywhere in [tg,¢1] and x (to; s1,u1) > @ (to; S2, uz), then
x (t;s1,u1) > x (t;82,u2) Vt € [to, t1]. (3.6)

Proof. The proof of i) is a consequence of Remark 66, and is obtained essentially in the same
way as in Remark 53 of the previous Chapter. The proof of point ii) is analogous to that of

Remark 54, and point iii) follows from point ii). O

Definition 69. The function V : [0,400) — R such that

V(xg)= sup B(zg;u) Vag>0
u€A(zo)

is called wvalue function.

A sequence (uy,) C A (xo) is said to be mazimizing at x if

neN =

lim B (zo;un) =V (zg).

n—-+oo

A control u, € A (z) is optimal at zg if
B(IIJ(); u*) =V (LU()) .

The proof of the boundedness of the value function is the same as in the monotone case. We

state the result for completeness’ sake.

Proposition 70. i) The value function satisfies:

1 p—l—bo)
Vi(xg) < -1lo Vxg > 0,
(o)fp g(@ 0=

where e is the Napier’s constant.

it) For every xo > 0, there exists a constant K (xo) > 0 such that, for every u € A (z¢) with
B (zo;u) >V (xg) — 1:

+oo +oo
/ e Pl (t) dt, / e Plx (t;wo,u) dt < K (z0).
0 0

3.2 Proof of the main result

In this section we give a proof of the existence of an optimal control for any Shallow Lake type

problem with non monotone dynamics F'. Namely, we will prove the following theorem.

111



Theorem 71. For every xg > 0, the optimal control problem for the class A (xg) defined in
Section 3.1 admits a solution u, € LS ([0,+00)). Precisely, the optimum satisfies, for every
T >0:

N (20, T) < usx < N (20,T) a.e. in [0,7T],

where n (xo,T) and N (zo,T) are strictly positive quantities not depending on u..

The proof will be divided into various lemmas forming two subsections, following the scheme

outlined in the introduction.

3.2.1 Discount reduction and localization

In this subsection we will see how it is possible to improve a given admissible control (in the
sense of the objective functional B) in such way that the control obtained is bounded in a given
time interval [0,7T], by a quantity that does not depend on the initial control. To perform
this localization procedure, we need that the input control belongs to a special class of functions
whose integral in [0, +00) “bears” a bigger discount factor (i.e. a less negative discount exponent)
than a general admissible control. The first lemma of this subsection ensures that such an input

control can be chosen: we call this procedure discount reduction.

Both the localization procedure and the discount reduction procedure will preserve the values

of the given control at [0, 7], as well as the property of being “sufficiently close” to optimality.

Definition 72. i) For every xo > 0, the quantities T (), v (zo) are defined as follows:

If % <1, then
0

If 2bote < 1, then T (x¢) is such that T (x¢) > 1 and

2cxg
2b0+p 1
1 b — a.
og( 2cxq )T(x0)+0<p “

In this case:

2bo +p 1
=1 bg.
v (@) og( 2cxg ) T (z0) o

1

ii) For every xo > 0, K3 (z9) = A
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We introduce some additional notation. Herein, K (o) is the positive constant in point ii)

1,+
loc

of Proposition 70, while L;”" ([0,400)) denotes the set of all the functions which are locally

integrable and almost everywhere strictly positive in [0, +00).

We set:
S (o) = {u € A (a0) ’B(azo;u) >V (20) — 1}

loc

Ag (mg) = {u € L ([0, +00)) ’/OJFOO e Py (t)dt < K (xg) and B (xg;u) > oo}

loc

+o0o
VT >0: AT (zg) = {u e L1 ([0,400)) ‘/ e~ Pty (1) dt < e*TK (20) + K (xo)} .
0
Remark 73. By Proposition 70, ii) we have, for every z¢ > 0:

S (CE()) Q Ao ($0) Q A (LEQ)
AT (xo) - A (LC()) vT > 0.

Moreover, S (xg) is “closed under improvement”, in the sense that:

up € S (xp),u2 € A(xzp) and B (xg;uz) > B(zo;u1) = u2 € S (x0) -

Lemma 74 (Undiscounting lemma). For every xo > 0, take T (xg) as in Definition 72. Then,

for every T > T (x¢) and every u € Ag (x¢), there exists a control U (T, u) satisfying:

U(T,u) € AT ()
(T,u) =u n [0,T]
B(zo;U (T,u)) > B(xo;u).

Ny

In particular,
u € S (xg) = U(T,u) € AT (z0) NS (o).

Proof. Fix zg > 0, take v (x), T (xo) as in Definition 72, and fix T' > T (xo). We distinguish

two cases.

If 2;’3;;’) < 1 (which implies v (zg) = by and T (zg) = 1), set yr := bo.

> 1, set yp := log (M) 7 4 bo. Observe that in any case y¢ < v (x0) < p — a,

If 2bo+p
2cxo

2cxo
remembering Definition 72.
Now define:

U(T,u) () = u(t) xpo,ry () + (w () A ™) X(T 400 (F) -
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We have:

+o0 T +oo
/ e~ (=Y (T, u) (1) dt = / ee Pt (1) di + / ey (t) dt
0 0 T

+oo
§e“TK (300) + / e_(P—a—’YT)tdt
0

:eaTK ("EO) + #
p—a—="r
1
ge“TK x9) + —mM8M8M8M——
(o) p—a—(zo)
:BaTK (Io) + Kl (1‘0) . (37)

since u € Ag (x9).

Hence, U (T, u) € AT (x¢) by definition of AT (x4). Clearly, also the second required property is
satisfied by U (T, u).

Now we prove that B (zo;U (T,u)) > B (zo;u). For simplicity of notation, call & = U (T, u) and
¥ =x(;20,0).

Since B (xg;u) > —o0, we can write:

+oo
B (zo;U (T,u)) — B(xo;u) = / {e="" log@ (t) — logu (t)] + ce " [2* (t) — &> (t)] } dt.
0
(3.8)
Now observe that the non-positive function ¢t — e~ ** [log @ (t) — log u (¢)] has finite integral (i.e.,
> —oo ) if and only if f;oo e Ptlog (u(t) V1) dt < +oo.
Indeed, setting g (t) := e *tlogu (t) X{userr)} (t), we have:

+o0 Foo
/ e P log (u(t) v 1)dt :/ e " logu (t) X{us1y (t) dt

T T

[ e ogu () vy aer o ()0 (1) )t
i { )

The function g is non-negative, while the other function inside the integral satisfies:

0<e *logu(t) X{1<ugerrO} (t) < ypte ** for ae. t > 0.
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Hence:

S e Ptlog (u (t) V1) dt = +oo

—

g () = +oo.

On the other hand:

+oo
/0 e~ [logii () — logu ()] dt = e [yrt —logu (1)} dt

/(T,+oo)m{u>ew<~>}
= [Tt oy @ g 0}t

T
Since
0< 'yTte_”tX{uMwT(.)} (t) < yrte ** for ae. t >0,

we have:

f0+°o e Pt loga (t) —logu ()] dt = —c0
<~

fTJroog(t) = +o0.

Since u € A (x0), it is a fact that:

+o0 +oo
/ e P log (u(t) v1)dt < / e P (u(t)v1)dt

+o0 1

< / e Py (t)dt + - < +o0,
0 P

and consequently f0+°o e Pt logu (t) — logu (t)] dt > —oo. Hence, setting:

+oo

I :/0 e P! llog @ (t) — logu (t)] dt
“+o0

I =c /0 P[22 (1) — 3 (1)] dt,

we can write:

—+o00
/O [ flog i (£) — log u (1)] +ce~?" [a2 (t) — & (0)] Y dt = I, + I,
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Now we give estimates for I; and Iy. We have

+oo
I, = / e " [log (u(t) Ae’™") —logu (t)] dt
T

“+o0 efpt
> / MO [w(t) Ae™" —u(t)] dt

T
— /;Oo e~ Pt [ (8) A €T — i (2)] dt, (3.10)
and
I = C/0+oo e P [2? (t) — 2% ()] dt
> 9 /0 T e e (1) — 7 ()] dt

+oo
= 2c/ T(t)e P x(t) — 2 ()] dt.

T

By Proposition 68, i) and ii), we have for every t > T

F(t) > e 0lag;

2 () — () = /O eJE AT [ (5) — i (s)] ds

¢
= / ele h(r)dr [u(s) —u(s) Ae’T?]ds
T

t
> / eb0=9) [y (5) — u (s) A €77 ds.
T

Thus we obtain:

+o0 t
I, > 20:50/ e_(b°+”)t/ e 0= [y (5) — u (s) A e77°) dsdt
T

T
—+oo —+o0
= 2cx0/ P08 [ (5) — u (s) A 174 / e~ (hotP)tqds
T s
2 Hoe
= 2boca—c|?p /T e~ (P03 [y (5) — u (s) A e77°] ds. (3.11)

Focusing on the last integral in (3.10),we note that
“+o0
/ e~ (Pt [u(t) A" —u(t)] dt > —o0
T

by the admissibility of w.
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Hence:

2
/ (2[)063_::p —bot _ e”Tt> e P u(t) —u(t) Ae'] dt

/ e~ (p+r)t [ (t) A eIt _ oy, (t)} dt

261’0 oo —(p+bo)t t
t)—u(t) ANeT| dt
by + p/ e [u( Y—u(t)Ne ]

<L + 5. (312)

Going back to the definition of vyp, we wee that the function ¢t — (;fﬁf’pe*bot —e ’YTt> is

everywhere-non-negative. Indeed, if > 1, then vp = by. If, on the contrary, ZZbETp <1,
2bo+p

then vp = log ( Tezn ) % + bg. By a straightforward computation, this implies, for every ¢ > T

2by + 1
vyt > log (0 p) - +bo
2cxg t

2ex0  _pot
2by + p

2cxo
2bo+p

— e Tt > ),
By (3.12) this implies I; + I3 > 0; hence, by (3.8) and (3.9):

B (zo;U (T, u)) — B (zo;u) > 0.

Remark 75. If u € AT (2¢) then
—+o00
/ e (P (1) dt < Ko (x0) €T + K3 (x0)
0

for two suitable constants Ks (z¢) , K3 (xg) > 0.

Indeed, since z (t) < 2o + 4 + e~ fot ¥ u (s) ds for every t > 0 by (3.4), we have:

400 M 1 400 t
/ ety (t)dt < (mo+ — + / e (Pmate / ¢ u (s) dsdt
0 b)p—a 0 0

M\ 1 1 oo
_ —(p=a)t,, (1) dt
(m0+b>p—a+p+b—a/0 e u (t)

K(ﬂjo) T M 1
< —— e K —
_p+b—ae K (o) + | wo + b )p—a

= KQ (.%0) e“T + K3 (ZL'()) .
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Lemma 76 (Lower localization lemma). There exists a function n : [0,400)> — (0,+00),
continuous and strictly decreasing in the second variable, with the following property:

for every xg > 0, T > 0, and every u € AT (x¢) such that B(xo;u) > —oo, there ewists
ur € A(xo) satisfying:

ur =uVn(ze,T) a. e in [0,T]

B (zo;ur) > B(xo;u) .

In particular, logur is bounded below by a quantity which does not depend on u, almost every-
where in [0, T).

Proof. First, take the constants Ka (), K5 (o) as in Remark 75. Then set Ky (zg) := K3 (zo)+
aM 1

b p—a’

and define € (z¢) and L (z¢) in the following way:

1

€(w0) = 3 [Ks (z0) + K4 (20)]

2ce (z0)?

L(zo) > p+a—+2ce(xo) Ko (z0) a+ —a

Without loss of generality we can assume ¢ (z9) < 1. Now we define the function 7 and an

auxiliary function . For every, T' > 0:

1 (zo,T) := € (z0) e L(zo)T

e=PT Tn(xo, T
— 77( 0 )7K2(1}0)6aT7K4(I0).

¢ (o, T):= 2¢n (o, T) p—a

An easy but boring computation shows that
¢ (xo, T) >0 VT >0. (3.13)

Indeed, the choice of € (zg) is such that ¢ (zg,0) = 0, and the choice of L (x¢) makes sure that
2 (20, T) >0 for T > 0.
Now fix T > 0, g > 0 and take u € AT (zg). If u > 7 (xo,T) almost everywhere in [0, 7], then

choose ur := w and there is nothing more to prove.

If, on the contrary, there exists a subset of [0, 7] of positive measure where u < 1 (zq,T'), then
define:

ur = (uVn(xo, T)) Xjo,7] + UX(T\400)

J ::/0 [u(s)Vn(zo,T) —wul(s)|ds.
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Observe that

O<J:/ [u(s)Vn(xo,T)—u(s)]ds
[0, T1N{u<n}

< Tn(xo,T). (3.14)
Set for simplicity of notation zp = x (-; xo,ur), x = = (+; 29,u), n =1 (o, T).

We shall give two different estimates for the difference zp — x, one “multiplicative”, and one
“additive” in J. By (3.5), we obtain for every ¢ > 0:

T
oo () = () = [ eH IO g (5) — u ()] ds

< Je®,

By (3.3), (3.4) and (3.14) it follows that, for every t > 0:

xr(t) —z(t) < /Ot e =) [ug (5) — u (s) + 2M] ds

2M 2M

Moreover, since u € AT (z¢), by Remark 75 we have:
“+o0
/ e~ (P= Dty (1) dt < Ko (z0) €T + K3 (z0) -
0

The last three inequalities lead to the following estimate:
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IN

+oo oo
[Ten o -t ole < e[ et oo o)
o 0

IN

“+oo
QCJ/ e (=Dl (t) dt
0
+oo
— QCJ/ 6_(p_a)t [:L'T (t) i (t)] dt
0

“+o0
+2¢] / e~ (PmDty (t) dt
0

2M e
2¢J (b + Tn) / et
0

+2¢J [Ks (w0) eT + K3 (20)]

IN

[/ 2M 1
= 2cJ (b + T77> " + K (wo) e + K3 (5”0)]

! oM 1
= 2c] |Tn—— + K3 (x0) e*" + K3 (z0) + —— }
p—a b p—a

I 1
= 92¢J Tnm + Ko (20) T + Ky (xo)] )

in which we used the convexity relation 2% — 32 < 2z (z — y) at the beginning.

Additionally:

“+oo
/0 e " logur (1) — logu ()] dt =

%

u(t)Vn
T
= /O e P ut) vy —u(t)dt
e T
> J—.
n
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Finally, since B (xg;u) > —oo by assumption, we deduce from the last two estimates that:

+oo
B (zo;ur) — B(zo;u) = /0 e P! llogur (t) — logu (t)] dt

v
<

5 e Pt Tn (2o, T)
2¢n (o, T) p—a

= 2¢J( (20, T)
> 0.
where the last inequality holds by (3.13). O

The assumption p > a + by will not be used in the following lemma.
Lemma 77 (Upper localization lemma). There exists a function N : [0,+00) X (0,4+00) —
(0, +00), continuous and strictly increasing in the second variable, with the following properties:

i) N (z0,T) > n(x0,T) for every zo > 0, T > 0, where n is the function introduced in Lemma
(76).

ii)
lim Te *Tlog N (x0,T) = 0. (3.15)
T— 400
iii) for every xog > 0, T > 0 and for every u € Aq(xo), there exists a control ul € A (xq)
satisfying:
B (zo;u”) > B (w05 u)
u’ =uAN(20,T) a e in [0,T].

In particular, uT is bounded above by a quantity which does not depend on the original control

u, almost everywhere in [0, T].

Proof. For every fixed T' > 0, the equation

log 84 (a+bo) B =—Tby, B>0 (3.16)
has a unique solution, which is strictly less than 1. Call this solution 87, and define

ezp(T""BT)

N (0, T) := K5 (o) —Z
T

(3.17)

121



where K5 (z9) = K (z9) V 1 and K (x¢) is the constant introduced in Proposition 70, ii).

Set f(z) :=logz + (a+ by) x for z > 0; f is a strictly increasing, C! function with f/(z) > 0
for every x > 0. By definition, by = f~! (~Tby) for every T > 0, hence T — fBr is a strictly
decreasing, continuously differentiable function defined in [0, +00) with values in (0, 1).

Hence N (x,-) € C!([0,4+00)) and N (zo, ) is strictly increasing. Indeed, the same argument
shows that N (zg,-) € C* ([0, +00)).

Also the function T' — T + B is strictly increasing. Indeed:

d B d ,_; B
d*T(T+ﬂT)*1+d*Tf (=Tho) =1 -

bo bo
S D V)
I (Br) ﬂ%—l-a-&-bo

since a > 0.
The property N > 1 > n is an immediate consequence of the definitions.
With regard to the property in (3.15), a simple computation - remembering relation (3.16) applied to Sr
- leads to:
e20(T+Br)
7
=log K1 (z0) + 2p (T'+ Br) — 2log fr
=log K1 (z0) + 2T (p + bo) + 287 (p + a + bo) .

log N (29, T) = log K1 (2)

This shows that (3.15) holds, since fr — 0 as T' — +o0.

Now fix u € Ag (zg). If u < N (20, T) almost everywhere in [0, 7], then set u” := u, and the

proof is over.

If there exists a non-negligible subset of [0, 7] in which u > N (z¢,T) then define

T
I ;:/ =Pt [u (t) — u(t) A N (wo,T)] dt
0
u’ = u AN (z0,T) - Xjo,1) + (w+ 1) X(1,7+67] + U X(T+B7,+00)-

Obviously u?" € A (), since u € A (x¢) and N (zo,T) > 0.

First we prove an ordering relation between the orbits, i.e.:
0<z(s20,u”) <z (20,u) in [0,400). (3.18)

Clearly = (~;x0,uT) > 0, by the admissibility of «”. For simplicity of notation we set N =
N (z0,T), 27 =2 (';xo,uT) and © = x (-; o, u).
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The desired relation holds in [0,77] by point iii) in Proposition 68, since v < w in [0, T].
Fix t € (T,T + Br], and set h:=h (u7 uT)7 like in point ii) in the same Proposition. Hence:

r(t)—2T (1) = /Oef:th(u(s)—u(s)/\N)ds

t
—I/ efstthds.
T

The first term in the right hand side of the equality is estimated in the following way:

T T
| s —u) ANy s = [ et u) AN —ule)ds
0 0

T
> e bo(T+A1) / e P (u(s) AN —wu(s))ds
0

= e to(Ithr) (3.19)
The second term satisfies:
t, t
—I/ el thds > —I/ et=5)dqg
T T
_ I (ea(th) 1)
a
I
> _Z (e®PT _1q
)
> —IBre"fT
Thus we obtain:
et —aT () > 1 (e*’m(ﬂﬁﬂ - 5TeaﬂT) : (3.20)

and the last quantity is zero, by definition of Sr (relation (3.16)).

This implies that > zp also in (T + Br, +00), again by Proposition 68, iii). Hence, relation
(3.18) holds.
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By the concavity of log, we have:

+oo
/o e " [logu” (t) —logu (t)] dt
T
= /0 e P log (u(t) AN) —logu ()] dt

+ /TH?T e P log (u (t) + I) — logu (t)] dt

T 7ptu(t)/\N—u(t)
/Oe wAN O

T+Br e Pt
+[/ —dt

_ ;/{)Te_pt[u(t)/\N—u(t)]dt

T+Br e Pt
+I/ ——dt

T+Br e—Pt 1
= 1 </T Wdt — N) . (3.21)

Set p (T) = % [1—erPr] ie. p(T) = f;+ﬁT e~Ptdt. By Jensen’s inequality we obtain:

Y

T+BT —pt T+BT —pt

e el A =k
p(T)?
TS T et fu(t) + 1) dt
p(T)?

Jr T o=ty (8) dt + Br [} et [u(t) — u(t) A N]
o (1
B fOTHBT e,y (t)dt
e=2T [1-— e*pBT]Q

p? K (o)
e*Qp(T+ﬂT)5%

K5 (20)

>

where we have used fr < 1 and f0+oo e Pty (t)dt < K (x9).
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The latter relation, together with (3.21), implies:

. t ; T+pBr e pt 1
—p _ > ——dt — =
/0 e " [logu” (t) —logu ()] dt > I /T w(t) + Idt N
e~ 20(T+B1) 32 1 )
N Al 3.22
- ( K5 (wo) N .

= O’

by definition of N (relation (3.17)). This implies, by (3.20):

+oo
B (:z:o;uT) — B(zo;u) = /0 e Pt [log u® (t) —logu (t)] dt

+oo
+c/ e Pt [x2 (t; 20, u) — 2° (t;xmuT)] dt
0
0.

IV

This concludes the proof. O

We can resume the bounding properties of the two localization lemmas in the following
Corollary 78 (Localization Lemma). There exists two functions n, N : [0,400)*> — (0, +00)
satisfying:

i) for every xg > 0:

lim Te P71 T)= lim Te "TlogN T) = 0.
pim Te™"logn (zo,T) = lim Te " logN (z0,T) =0

n <N in [0,4+00)%.

iii) For every xo > 0, the functions n (zo,-), N (xo,-) belong to C* ([0, +00)) and are, respectively,

strictly decreasing and strictly increasing.

i) For every o >0, T > 0 and u € S (z9) N AT (xg) there exists L (T,u) € A (zg) such that

B (x0; £ (T, u)) = B (xo; u)
L(T,u)=uVn(xg,T) NN (x9,T) a. e in [0,T].

In particular £L(T',u) € S (o) and the norm ||log L (T, )| oo (o, 7] 5 bounded above by a quan-
tity which does not depend on u.

Proof. Points i) and ii) are proven taking n and N like in Lemmas (76) and (77). For point iii),

fix zg, T and w as in the hypothesis. Then we can apply Lemma (76) to u and obtain a function
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ur € S (xo), by Remark 73. In particular up € Ag (xg), thus it is possible to apply Lemma 77
to ur in order to obtain a function (ur)’ € S (q). Define £ (T, u) := (ur)": the properties of
L (T, u) follow from the statements of Lemmas (76) and (77). O

3.2.2 Interpolation and convergence of the values

From this point on, the initial state o > 0 is to be considered fixed. Consequently, we set

To = T (x0) for simplicity of notation, where T (x¢) is the quantity introduced in Definition 72.

Lemma 79 (Interpolation Lemma). There exist two functions v,u, € A(xg) and a sequence

(Wn)pen € S (z0) with the following properties.

MAXIMIZING PROPERTY :

nll)I_I‘_loo B (zo;wy) =V (x0) . (3.23)

CONVERGENCE PROPERTIES :
w, — v in L' ([0,T]) VT >0, (3.24)
logw, — logu, in L* ([0,T]) VT > 0. (3.25)

BOUNDEDNESS PROPERTY :

Vm € N : almost everywhere in[0,Ty + m] :
Vn>m:n(xe,To+m) < fr, < N (xo,To +m)
for fn = wp, v or uy, (3.26)

where n, N are the functions defined in Lemmas 76 and 77.

Moreover, the functions u, and v are in the following relation:
ur <o a.e. in [0,400). (3.27)

Proof. We split the proof into two steps. We will omit the dependence of the functions 1 and

N on xg, for the sake of simplicity.

Step 1. We define the function v and an auxiliary sequence (vy,),cny € Ao (70). We prove that
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v € A (z) and v satisfies:

VYm € N : almost everywhere in [0, Ty + m] :

n (zo, To +m) <v < N (20, To +m), (3.28)
while (v,),, oy satisfies

Vm € N : almost everywhere in [0, Ty + m] :

Y >m:n(x,To +m) < v, < N (x9,To +m), (3.29)
HETOOB(%;%) =V (20). (3.30)

Then we will prove that v and (v,,),, are tied by the relation:
v, — v in LY ([0,T]) VT > 0; (3.31)

this will conclude the first step.

C A (x0) such that

Consider a sequence (), oy €

lim B (zg;un) =V (zg).

n—-+oo

We can assume that (u,) C S (x0); thus in particular (uy) C Ay (z9), by Remark 73.

neN neN =

We want to apply the Localization Lemma 78, starting from (u,) in order to gain some

neN?
compactness property. Actually, such lemma requires that the input control belongs to some
AT (x0) - and this will lead us to use the Undiscounting Lemma 74. So the procedure will follow

the scheme:
... = undiscounting — localization < extraction of a convergent subsequence < undiscounting...

where each new cycle refers to a bigger interval.

The key point is that both the undiscounting procedure and the localization procedure preserve
the values of the function at smaller intervals, as well as the property of being in S (z¢). To see

this, fix u € S (z9) and assume that, for a certain m € N:
n(To+m) <u<N(To+m) ae. in [0,Ty+m]. (3.32)

Using the notation of Lemmas 74 and 78, we see that the control U (To +m + 1,u) is well-
defined (since u € Ag (z9)) and belongs to ATo+™+1 (20) NS () (since u € S (z0)). Hence, also
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the control £ (To+m + 1,U (Ty + m + 1,u)) is well-defined and belongs to S (z). We have,
almost everywhere in [0, Ty + m]:

L(To+m~+1L,U(To+m+1,u))
= UTo+m+1Lu)vn(To+m+1)AN Ty +m+1)
= uVnTo+m+1)ANTo+m+1)
= u (3.33)

The first equality holds by definition of the operator L, the second is a consequence of the
definition of the operator I, and the third follows from (3.32) and the monotonicity of n and N.

m
n

such that u™ € L' ([0, Ty + m]), and a family of functions {o,, | m € N} such that o,,, : N — N,
O is strictly increasing. Recall that, by the Dunford-Pettis criterion, a sequence (uj'), oy

which is bounded in L> ([A, B]) (thus, in L' ([A, B])) admits a subsequence (um ) , weakly
ne

o(n)

We define recursively: a family of sequences {(u Jnen | M € N}, a family of functions {u™ | m € N}

converging in L' ([A, B]).
Call ¥ the class of all the strictly increasing functions ¢ : N — N (thus such that o > Id).
Define:

ud = L (To,U (To,u,)) Vn €N
oo € 2,u’ € L' ([0, Tp)) s.t. ugo(n) — % in L' ([0, Tp))

VYm € N :
unm+1:£(To+m+1,U<To+m+1,um )) Vn e N

Om (”)

Omg1 € S, € LV([0, Ty +m + 1)) s.t. o™ "2 ym 4 in L1 ([0, Ty 4+ m + 1))

o'm+1(n)

We proceed to define v and (v,,) For every m,n € N we have, by construction:

neN’

u” £(T0+m,U<TO+m,u;”_l )) ,

om(n) = m—100m(n)

and this implies uy’ .\ € S(xo) and uy’ ) (1) € [n(To +m), N (To +m)] for almost every

t € [0,To + m]. Hence, by the implication (3.32) = (3.33), we have:

Wt = L(Totm+ LU (To+m+ 10y )
= uglmoam+1(n) a.e. in [07 TO + m} . (334)
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Consequently, for every fixed m € N and every g € L* ([0, Ty + m]) we have:

To+m To+m
/ g(®)u™ (t)dt = lim g(®)u™ ™t o dt
0

n=so0o 0 0'm,+1(n)
To+m
= lim g () uginoamﬂ(")dt

n—oo 0
To+m
= lim g () ug’ (nydt

n—oo Jq om(n
To+m
- [ s
0
since oy, +1 € X. This implies
u™ =™ ae. in [0,Ty +m].
Since this holds for every m € N, we can define without ambiguities the following function:

w(t) iftel0,T;
v (t) = ®) 0, 7o} vt > 0.
u™(t) ift € [0,Tp +m] for some m € N

This definition has two immediate consequences:

v € Lj,. ([0,+00)),
Ug' (k) P20 in LY([0,To +m]) Vm e N. (3.35)

Hence, for every m € N:

To+m . To+m . “+o00 .
/0 e P (t)dt = lim e ug’ gy (t)dt < lim sup/O e ug’ gy (1) dt < K (z9),

k—oo Jo k—o0
since ug! ;) € Ag (o). Thus

+o0
/ e Py (t)dt < K (0). (3.36)
0
Again by (3.35), we have

likn_1>i£f Upr (k) SV < lilrcnsup Uy (k) @ € in [0,Tp+m],
— 00

by a well known property of weak convergence. We have already observed that for every m, k €
N, ug’ ) € [n(To+m), N (To + m)] almost everywhere in [0,y + m]; hence, remembering

that a numerable intersection of full measure sets is a full measure set, we can exchange the
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quantifiers “Vk € N” and “a.e. in [0,To + m|” . Thus we obtain for every fixed m € N:

almost everywhere in [0, Ty + m] :

likm infug’ oy = n(To +m)
— 00

limsupuy,’ ) < N (To +m).

k—o0

Combining the last three relations we obtain (3.28). As a consequence of the latter relation,

v e L2 ([0,+00)) and v > 0 almost everywhere in [0, +00). Hence, remembering (3.36), we

deduce that v € A (z9).

We now define (vy,),,cy as the diagonal sequence:
Vn € Ny i=uy ()

Clearly (vn),,cn € S (7o) , since every function in the range of the operator £ has this property.

We prove (3.29). It follows from (3.34) that for every m,n,j € N:

m+j o m ]
UUm+j (n) — ua‘mo-.-ogm+j(n) a.e. 1n [07 To + m] .

This is proven by an easy induction on j, and implies that, for every n,m € N, with m < n we

have ( setting j =n —m):

_.n _ ., m+J . m
Un = uo'"(n) - uo'm+j (m+j) — uo'mo~woo'm+j (m+3)
_,m :
= Uy oo romoon(n) &€ 0 [0,To +m]. (3.37)

Note that this makes sense also if n = m. By definition of (u;” (k)>k .
c

Vm € N :¥n > m : almost everywhere in [0, Ty + m] :

n(To +m) <v, <N ((Tp+m),

which implies (3.29), by an exchange of quantifiers.

To prove (3.30), start by observing that, for every n € N and every j € [0, n], we can prove by
induction on j that:

. L d
B (.CL'(), Un) 2 B (xo’ ua'n—jo'“oo'n(n)> ’
by definition of {(uﬁ)neN | m e N}, because every application of the operators U, L gives a
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bigger value of the functional B (xo,-) (see the statements of Lemmas 74 and 78). Hence:

B(xo;vn) > B(Io;ugoomoon(n))

> B (xo;uoooWoan(n)) .

Relation (3.30) follows from the fact that (ugoo.--oan(n))neN

0pgo---00, €Y - and the latter is a maximizing sequence by assumption.

is extracted from (uy), oy - since

Finally we prove relation (3.31).

By (3.37), we have for every m € N and n > m:

Up = a.e. in [0,Ty +m],

m
Ug,oTm (n)

where 7, : N — N is defined as

(n) n ifn<m+1
T (R) 1=
Om410--00,(n) ifn>m+1.

Actually 7,,, € X for every m € N: indeed, 7,, is the identity on [0, m] and, for every n > m + 1:

Tm (N) < T (n+ 1)
<~
Om410 00, (N) <Opmy10- 00,000,471 (R+1)
<

n < opt1(n+1),

which is certainly true since op,41 (n+1) > n+ 1.

Exchanging again the quantifiers, we obtain that, for every fixed m € N, (v,) can be

n>m

regarded as a sub-sequence of (u;" (k))k N in [0, Ty + m], and (3.31) follows from the definitions
m €

of v and (u;"m(k))keN. This concludes the proof of the first step.
Up to now, we have repeatedly used the fact that every function in the range of the operators
L (T,-) is bounded below - almost everywhere - in [0, T] by a positive quantity (depending only
on zg and T'). Nevertheless, we could have invoked the Dunford-Pettis criterion relying only on
the fact that £(T,u) € [0,N (z9,T)] a.e. in [0,T] - and for this only one localization lemma
would have been necessary.

Step 2. We define (wy,),,c as a sub-sequence of (vy,) In order that the former can be chosen

neN-
to satisfy (3.25), it will be crucial that v, > n (29, T) a.e. in [0, T].

Set v := v, for every n € N. By (3.29) , for every T' > 0, the sequence (log vg)n is uniformly

€N
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bounded (with respect to n) in the L%’T] norm. Hence, with a standard diagonalization and

m+1

repeatedly using the Dunford-Pettis criterion, we can extract - recursively in m - (v*)

from (v]}'), oy in such way that

Vm € N : almost everywhere in [0,7p + m] :

Vn € N:logn(To +m) <logv, <logN (To +m),
and that

vm e N:3f, € L' ([0,Ty +m]) :
logv™ "= £, in L' ([0, Ty +m]).

Define

Uy 1= €XP fOX[O,To) + Z me[Toerfl,Toer)
m>1

By the essential uniqueness of the weak limit, f,,4+; = fm, a.e. in [0,To + m] , for every m,j € N.

n

Hence, for every fixed m € N, f,, = logu, a.e. in [0,Ty + m]; furthermore, (v

Jn>m 18 a sub-

sequence of (vy'), ;. Thus
log v — logu, in L' ([0, Ty +m]).

Define w,, := vy;, for every n € N. Then (3.25) holds, and, since (wy),, is a sub-sequence of
(vn),,, also (3.23) and (3.24) hold, by (3.30) and (3.31). For the same reason, relation (3.29)
implies that (3.26) hols for w,. Also the function u, satisfies (3.26): with the same argument
used for v, we obtain logn (T + m) < logu. < log N (Tp + m) almost everywhere in [0, Ty + m]

, for every m € N.

Finally we prove (3.27). Fix 0 < tg < t; < T and let g be a Lebesgue point for both logu, and

v. By Jensen’s inequality we have, for every n € N:

t1 tl
logw,, (s)ds wy, (s)ds
Jig Tog s (5 §10g<t0 (5 )

t —to
Passing to the limit for n — +oc0 in the previous relation, we obtain by (3.25) and (3.31):

j‘ttol loguy (s)ds < log (f;l v (s) ds)

t1 — 1o t1 —to

Passing now to the limit for t; — o yields to logu. (to) < logv (). By the Lebesgue Point
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Theorem, ¢ is a generic element of a full measure subset of [0, T]; hence (3.27) follows.

In particular f0+oo e Plu, (t)dt < K (z0); hence, by (3.26), u, € A (xg). O

At this point we can complete the proof of Theorem 71 with the same steps as in the monotone
dynamics case. Proposition 63 holds also in the present case with the same proof up to substi-
tuting by with by + a. Hence, we have the pointwise convergence of the maximizing sequence of
states to the state controlled by the function v in Lemma 79. The final argument is the same
as in the proof of Theorem 58, with the sequence (wy,),, defined in Lemma 79 considered in the

place of the sequence (vy, n)

n'
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