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A MODEL FOR THE OPTIMAL MANAGEMENT OF INFLATION

SALVATORE FEDERICO, GIORGIO FERRARI, AND PATRICK SCHUHMANN

ABSTRACT. Consider a central bank that can adjust the inflation rate by increasing and de-
creasing the level of the key interest rate. Each intervention gives rise to proportional costs,
and the central bank faces also a running penalty, e.g., due to misaligned levels of inflation
and interest rate. We model the resulting minimization problem as a Markovian degenerate
two-dimensional bounded-variation stochastic control problem. Its characteristic is that the
mean-reversion level of the diffusive inflation rate is an affine function of the purely controlled
interest rate’s current value. By relying on a combination of techniques from viscosity theory
and free-boundary analysis, we provide the structure of the value function and we show that
it satisfies a second-order smooth-fit principle. Such a regularity is then exploited in order to
determine a system of functional equations solved by the two monotone curves that split the
control problem’s state space in three connected regions.

Keywords: singular stochastic control; Dynkin game; viscosity solution; free boundary;
smooth-fit; inflation rate; interest rate.

MSC2010 subject classification: 93E20, 91A55, 491.25, 49J40, 91B64.

1. INTRODUCTION

Inflation and interest rates are linked fundamental macroeconomic quantities. In general, as
interest rates are reduced, more people are able to borrow more money, consumers have more
money to spend, and, as a consequence, economy grows and inflation raises. On the other hand,
if interest rates are increased, consumers are more inclined to save since the returns from savings
are higher. Hence, the economy slows and inflation decreases. Central banks main aims are to
maintain maximum employment and stable inflation. For example, the monetary policies of the
European Central Bank and of the U.S. Federal Reserve (Fed) are planned for inflation rates of
below, but close to, 2% over the medium term. Some inflation is good since it helps to avoid that
prices sink during times of slow growth, while a deflation (i.e. negative inflation) is dangerous
because induces a delay in the purchases, with a possible negative spiral for the economy. It is
a recent news (September 6, 2019) that the Bank of Russia Board of Directors decided to cut
the key rate to 7.00% per annum in order to dam the “continuing inflation slowdown”. Also, in
July 2019, the Fed decided to lower its key short-term interest rate “in light of the implications
of global developments for the economic outlook as well as muted inflation pressures”. In fact,
for the first half of 2019 inflation has remained below the Fed’s annual 2% target.

In this paper, we propose a continuous-time stochastic model for the optimal management
of the inflation. A central bank can adjust the level of inflation by acting on the key interest
rate. We assume that the inflation has diffusive dynamics of Ornstein-Uhlenbeck type, with
mean-reversion level that is an affine decreasing function of the current level of the key interest
rate. The latter follows a purely controlled dynamics whose level can be increased and decreased.
Since central banks wish to guarantee stable interest rates, they are usually reluctant to make
large changes in the rate. We model this fact by assuming that each intervention on the key
interest rate is costly, and that, in particular, central bank’s actions give rise to proportional
costs with marginal constant costs. The central bank also faces a running cost due, e.g., to
misaligned levels of inflation and interest rates. In our formulation, the resulting central bank’s
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2 FEDERICO, FERRARI, AND SCHUHMANN

cost-minimization problem takes the form of a Markovian degenerate, two-dimensional singular
stochastic control problem with controls of bounded variation over an infinite time-horizon (see,
e.g., [2], [23], [33] as early contributions on singular stochastic control problems). It is Markovian
and two-dimensional since the state-variable is a Markov process and consists of the current levels
of inflation, X, and of the key interest rate, R;; it is degenerate since the dynamics of the interest
rate does not have any diffusive component; finally, it is a bounded-variation stochastic control
problem since we interpret the cumulative amounts of increase/decrease of the key interest rate
as the central bank’s control variables.

The coupling between the dynamics of the inflation and key interest rates makes the problem
quite intricate. Our analysis is mainly devoted to the value function and the geometry of the
problem’s state space, being the main contribution of our work the determination of the structure
of the control problem’s value function V' and the study of its regularity. More in detail: (i)
we show that the state space is split into three connected regions by two monotone curves (free
boundaries); (ii) we provide the expression of the value function in each of those regions; (iii)
we prove that V is continuously differentiable, and admits second order derivative V, which
is continuous in the whole space (second-order smooth-fit). This latter regularity allows us
to obtain a system of functional equations that are necessarily solved by the free boundaries.
Further properties of the latter are also determined.

In order to perform our analysis we do not rely on the so-called “guess-and-verify” approach,
usually employed in the study of two-dimensional degenerate singular stochastic control problems
(see, e.g., [1], [15], [16], and [26]). Indeed, given the dependency of the (uncontrolled) inflation
rate dynamics on the current value of the (controlled) interest rate, such an approach seems not
to be viable. Instead, here we follow a direct study of the control problem’s value function. First
of all, by exploiting the convexity of the value function, we show that V' € I/Vlicoo (R%;R); i.e., by
Sobolev’s embedding, it is continuously differentiable and admits second order (weak) derivatives
that are locally bounded on R2. Then, through a suitable (and not immediate) approximation
procedure needed to accommodate our degenerate setting, we can employ a result of [12] and
show that the derivative V; is the value function of a related stopping game (Dynkin game). The
main characteristic of such a game is that its functional involves the derivative V, of the control
problem’s value function in the form of a running cost; the presence of this term is due to the
coupling between the two components of the control problem’s state space (see also [12]). The
fact that V.. identifies with the value of a Dynkin game, together with the convexity of V', allows
us to obtain preliminary information about the geometry of the state space of our problem.
We show that there exist two monotone boundaries that delineate the regions where V,. equates
(up to a sign) the marginal costs of increasing and decreasing the key interest rate, K; and
K>, respectively (action regions). We then move on by studying the Hamilton-Jacobi-Belmann
(HJB) equation associated to V. This takes the form of an ordinary differential equation with
the gradient constraint —K; <V, < Ko (variational inequality), and we prove that V solves it
in the viscosity sense. Such a result paves the way to the determination of the structure of the
value function; indeed, V is shown to be a classical solution to the HJB equation in the region
between the two boundaries (inaction region), and therefore it is given there in terms of the
linear combination of the two strictly increasing and decreasing eigenvectors of the infinitesimal
generator of the Ornstein-Uhlenbeck process. The structure of V' in the two action regions is
then obtained by exploiting the continuity of V' and the gradient constraint.

The regularity of V is further improved by proving that the second-order mixed derivative,
Var, is continuous (second-order smooth fit). This proof exploits the fact that V' is a viscosity
solution to the HJB, as well as the preliminary properties of the free boundaries, and can be
obtained by suitably adjusting to our setting the arguments of the proof of Proposition 5.3 in
[20]. The structure of V' and the second-order smooth fit property have a number of notable
implications. They allow to provide the asymptotic behavior of the free boundaries and, in



OPTIMAL INFLATION TARGETING 3

the relevant case of a separable running cost function, to obtain their strict monotonicity, and
therefore the continuity of their inverses g; and go. These latter curves are then shown to
necessarily satisfy a nonlinear system of functional equations which, in the case of decoupled
dynamics of inflation and interest rates, coincides with that of Proposition 5.5 in [20]. However,
in contrast to the lengthy analytical approach followed in [20], our way of obtaining the equations
for g1 and g5 is fully probabilistic as it employs the local-time-space calculus of [27] and properties
of one-dimensional regular diffusions (see [0]). Unfortunately, the highly complex structure of
the equations for g; and go makes a statement about the uniqueness of their solution far from
being trivial, and we leave the study of this relevant issue for future research.

In a final section of this paper, we show that an optimal control is given in terms of the
solution (if it exists) to a suitable Skorokhod reflection problem at the boundary of the inaction
region. Existence of multi-dimensional reflected diffusions is per se an interesting and not trivial
question, that is linked to the regularity of the reflection boundary and direction of reflection.
We do not investigate in detail such a problem, but we discuss conditions on the free boundaries
ensuring the existence of a two-dimensional process (X*, R*) that is reflected at the boundary
of the inaction region. In particular, global Lipschitz-regularity of the free boundaries would
make the job.

The closest papers to ours are [12] and [20]. In fact, from a mathematical point of view,
our model can seen in between that of [12] (see also [11] for a finite-horizon version) and that
of [20] (see also [26]). On the one hand, we propose a degenerate version of the fully two-
dimensional bounded-variation stochastic control of [12]; on the other hand, the problem of [20]
can be obtained from ours when the dynamics of inflation X and interest rates R decouple. It
is exactly the degeneracy of our state process that makes the determination of the structure of
the value function possible in our problem, and it is the coupling between X and R that makes
our analysis much more involved than that in [20]. To the best of our knowledge, the only other
paper dealing with a two-dimensional degenerate singular stochastic control problem where the
dynamics of the two components of the state process are coupled is [18]. There it is considered
a dividend and investment problem for a cash constrained firm, and both a viscosity solution
approach and a verification technique is employed to get qualitative properties of the value
function. It is important to notice that, differently to ours, the problem in [1&] is not convex,
thus making it hard to prove any regularity of the value function further than its continuity.

The rest of this paper is organized as follows. In Section 2 we set up the problem and provide
preliminary properties of the value function. The related Dynkin game is obtained in Section 3,
where we also show preliminary properties of the free boundaries. Section 4 gives the structure
of the control problem’s value function, while the second-order smooth-fit property is proved
in Section 5. Such a regularity is then used in Section 6 for the proof of further properties of
the free boundaries and the determination of the system of equations solved by the latter (cf.
Subsection 6.2). Section 7 discusses the structure of the optimal control. Finally, Appendix A
provides the proof of the main theorem of Section 3.

1.1. Notation. In the rest of this paper, we adopt the following notation and functional spaces.
We will use | - | for the Euclidean norm on any finite-dimensional space, without indicating the
dimension each time for simplicity of exposition.

Given a smooth function h : R — R, we shall write A/, h”, etc. to denote its derivatives.
If the function h admits k continuous derivatives, k& > 1, we shall write h € C*(R;R), while
h € C(R;R) if such a function is only continuous.

For a smooth function h : R? — R, we denote by hy, hr, haz, hrr, etc. its partial derivatives.
Given k,j € N, we let C*J(R%;R) be the class of functions h : R?> — R which are k-times
continuously differentiable with respect to the first variable and h-times continuously differen-
tiable with respect to the second variable. If k = j, we shall simply write C*(R2;R). Moreover,
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for an open domain O C R%, d € {1,2}, we shall work with the space Cllf)’CLlp((’);R), k> 1,
which consists of all the functions A : O — R that are k times continuously differentiable, with
locally-Lipschitz kth-derivative(s).

Also, for p > 1 we shall denote by LP(O; R) (resp. LT (O;R)) the space of real-valued functions
h : O — R such that |hJP is integrable with respect to the Lebesgue measure on O (resp.
locally integrable on ©). Finally, for & > 1, we shall make use of the space W¥*?(O;R) (resp.
WP(O;R)), which is the space of all the functions h : © — R that admit kth-order weak

loc

derivative(s) in LP(O;R) (resp. L} (O;R))).

loc

2. PROBLEM FORMULATION AND PRELIMINARY RESULTS

2.1. Problem formulation. Let (2, F,F := (F;):>0, P) be a complete filtered probability space
rich enough to accommodate an F-Brownian motion W := (W});>0. We assume that the filtra-
tion F satisfies the usual conditions.

Introducing the (nonempty) set

A:={¢:Q xRy — R: F-adapted and such that ¢ — & is a.s.
(2.1) cadlag and (locally) of finite variation},

for any ¢ € A we denote by £ and £~ the two nondecreasing F-adapted cadlag processes
providing the minimal decomposition of &; i.e. £ = €T — ¢~ and the (random) Borel-measures
induced on [0,00) by T and £~ have disjoint supports. In the following we set foi_ =0 a.s. for
any ¢ € A.

Picking &£ € A, we then consider the purely controlled dynamics

(2.2) R =r+& —¢, t>0, RFS=rcR,

giving the evolution of the key interest rate. Here, & (resp. &) represents the cumulative
increase (resp. decrease) of the key interest rate made by the central bank up to time t > 0.
Notice that we do not restrict to cumulative actions of the central bank that, as functions of
time, are absolutely continuous with respect to the Lebesgue measure. In fact, also lump sum
and singular interventions are allowed.

The central bank acts on the level of the key interest rate in order to adjust the long-term
mean of the inflation, which we assume to have a mean-reverting dynamics. In particular, for
any given £ € A, the inflation rate evolves as

23 X7 = (b (7= BS) = XP7E)dt + Wi, >0,
' X5 — 3 € R,

where n > 0 is the inflation’s volatility and € > 0 is the speed of mean reversion. Defining, for
some u € R, 7 € R,

A(r) = i+ b(F )
as the key interest rate-dependent equilibrium (or long-term mean) of the inflation, the unique
strong solution to (2.3) can be obtained by the well known method of variation of constants and
is given by

t t
(2.4) XPTE = pe 0 4 g0 / e i(R™%) ds + ne? / 5 Aw,, Vee A t>0.
0 0

Notice that when b = 0, the central bank’s actions do not affect the inflation’s dynamics, which
in such a case evolves as an Ornstein-Uhlenbeck process with mean-reversion level .

The central bank faces a running cost depending on the current levels of inflation and key
interest rate. Such a cost might be thought of as a penalization for having any misalignment
of those macroeconomic quantities from exogenously given reference levels; for example, the
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monetary policy of the European Central Bank is planned for inflation rates of below, but
close to, 2% over the medium term. However, it is also well known that central banks wish to
guarantee stable interest rates, and are therefore reluctant to make large changes in the rate.
We model this fact by assuming that each intervention on the key interest rate is costly, and
that, in particular, central bank’s actions give rise to proportional costs with marginal constant
costs K1 > 0, when increasing, and Ko > 0, when decreasing. The central bank is then faced
with the problem of choosing a monetary policy ¢ € A such that, for any (z,7) € R?, the cost
functional

o0 oo oo
(2.5) T (z,r;€) = E[ / e PLF(XE RYS)dE + / e K dE + / e P K, dgt}
0 0 0

is minimized; that is, it aims at solving

(2.6) V(z,r) = 5igﬁ‘j(w,r; €), (z,7) € R%

In (2.5), the parameter p > 0 is a measure of the time-preferences of the central bank’s gov-
ernor, while the running cost function f : R? — R+ satisfies the following standing assumption.

Assumption 2.1. There exists p > 1, and Cy, C1,Cy > 0 such that the following hold true:
(i) 0 < f(2) < Co(1+ |2|)", for every z = (z,7) € R?;
(ii) for every z = (z,7),2' = (a/,7") € R?,

1(2) = FE < CL(L+ 2]+ 12])7 7 e = 2
(iii) for every z = (x,r),2' = (2/,r') € R? and X € (0,1),
0 < Af(2) + (L= NFf(2) = fFOz+ (1= A)2) < CoAM1 = N1+ |2 + |Z/)® D7 |2 — /%

in particular, f is convex and locally semiconcave, and, by Corollary 3.53.8 in [10], it belongs to

1,Li 2,
Cloc " (R%:R) = Wior® (R%: R);

loc
(iv) =+ fr(x,7) is nonincreasing for any r € R.

Remark 2.2. A function f satisfying Assumption 2.1 is, for example,
flz,7) =alz—2)* +B(r—7)? (z,7) € R?

for some constant target levels T € R and 7 € R of inflation and key interest rate, and for some
constants o, 8 > 0.

Remark 2.3. Our modeling choice of considering a (possibly) unbounded key interest rate (cf.
(2.2)) is made for mathematical simplicity. Indeed, introducing exogenous bounds on the level
of R, the dynamic programming equation (see (4.4) below) associated to problem (2.6) would be
complemented by boundary conditions leading to a more complex analysis. We leave the case of
bounded R for future research.

Also we do not consider fixed costs associated to the central bank’s actions, that would lead to
a two-dimensional stochastic impulse control problem (see, e.g., [5]). For this class of optimal
control problems we are not aware of any work providing the structure of the value function and
of the state space in multi-dimensional settings with coupled dynamics as ours (2.2) and (2.3).

2.2. Preliminary Properties of the Value Function. We now provide some preliminary
properties of the value function. Their proof is classical, but those properties will play an
important role in our subsequent analysis. We notice that the linear structure of the state
equations yields

(2.7) X5 - XEE = (z—2)e 4 (P —r)(1—e ), Y(z,r), (&,7) e R%, VE€ A, Vi > 0.
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Proposition 2.4. Let Assumptz'onA 2.1 hoAld and let p > 1 be the constant appearing in such
assumption. There exist constants Cy, C1,Co > 0 such that the following hold:
(i) 0<V(2) < C’o(l + |z[P) + ( — K1 min{r,0} A Ky max{r,0}) for every z = (z,r) € R?;
(ii) there exists C1 > 0 such that, for every z = (x,r),2 = («/,1') € R,

V(z) = V() < Ca(1+ o] + )z = 2
(iii) for every z = (x,7),2' = (z/,r') € R? and X € (0,1),
0< AV + 1A=V = VAz+ (1= A)2) < CoA1 = N1 + |z + |Z)P27 |z — /%

n pqrticular, V is convex and locally semiconcave, and, by Corollary 3.3.8 in [10], it belongs to
Croe "(R%R) = Wi (R R).

loc

Proof. Due to (2.7), the properties of f required in (ii) and (iii) of Assumption 2.1 are straightly
inherited by V (see, e.g., the proof of Theorem 1 of [14], that can easily adapted to our infinite
time-horizon setting).

We prove (i), which requires a slightly finer argument. Let z = (z,7) € R? and assume r > 0.
Consider then the admissible control & such that §_t+ =0 and Et_ =7 for all t > 0 a.s. We then
have

00 t t
J(x,r;6) <E [/ e tf (xe_et + 96_0t/ e (0) ds + ne_gt/ e dWs,()) dt} + K5 max{r,0}.
0 0 0
Symmetrically, if » < 0, pick the admissible é such that é:r = —r and ét_ =0 forallt>0 as.
and obtain

o] t t
J(z,r; &) <E [/ e tf (a:e_et + 96_(%/ e (0) ds + ne_at/ e dWs,O) dt} — K min{r,0}.
0 0 0

Then, since V(z,7) < J(z,7;€) A T (z,7; é), the claim follows by Assumption 2.1-(i), (2.7) and
standard estimates. O

3. A RELATED DYNKIN GAME

In this section we derive the Dynkin game (a zero-sum game of optimal stopping) associated
to Problem (2.6). In order to simplify the notation, in the following we write X*", instead of
X*™9 to identify the solution to (2.3) for £ = 0.

Denote by T the set of all F-stopping times. For (o,7) € T x T, and (x,7) € R?, consider
the stopping functional

TNO
V(o,7;2,7):=E {/ e*Pt( — OV (X" r) + fr(Xf’r,r)> dt
0

(31) —e TK; ]1{7.<0} -+ epUKQ]l{T>U}:| ,

where V,, is the partial derivative of V' with respect to x (which exists continuous by Proposition
2.4).

Consider now two agents (players), playing against each other and having the possibility to
end the game by choosing a stopping time: Player 1 chooses a stopping time o, while Player 2
a stopping time 7. If Player 1 stops the game before Player 2, she pays e #? K5 to Player 2. If
Player 2 stops first, then she pays e #" K to Player 1. As long as the game is running, Player
1 keeps paying Player 2 at the rate —0bV, (X", R}) + f.(X;"", R}). Clearly, Player 1 aims at
minimizing functional (3.1), while Player 2 at maximizing it. For any (z,r) € R?, define now

(3.2) u(x,r) :=sup inf V(o,7;2,7r), u(x,r):= inf sup¥(o,7;2,7)
reT o€T o€T reT



OPTIMAL INFLATION TARGETING 7

as the lower- and upper-values of the game. Clearly, u < u. We say that the game has a value
if u = w =: u; in such a case,

wu(z,r) = inf sup ¥ (o, m;2,7) = sup inf ¥(o, 7;2,7).
( ) ) UGTTGIIY)‘ (7 ) ) ) TE?’O‘GT (? ) ) )

Moreover, given (z,7) € R? a pair (04, 7y) 1= (0x(z,7), 7e(z,7)) is called a saddle-point of the
game if
(3.3) U(og, T52,7) < U(ow, Ta;2,7) < (o, To; 2, 7)
for all stopping times o,7 € T.
We then have the following theorem, whose proof follows from Theorems 3.11 and 3.13 in

[12], through a suitable (and not immediate) approximation procedure needed to accommodate
our degenerate setting. Details are postponed to Appendix A.

Theorem 3.1. Let (z,7) € R%2. Then the game has a value given by

(3.4) Vi(x,r) = inf sup ¥(o,7;x,r) = sup inf ¥(o,7;2,7),
o€T reT reTo€T

and the couple of F-stopping times (T«(x, ), 0x(x, 7)) := (T4, 04) such that
(3.5) o i=inf {t >0: V(X" r) > K2}, 7o:=inf{t>0: V(X" ,r)<—-K}
(with the usual convention inf () = +o00) form a saddle-point; that is,

VreT Yo 1x,r) <V.(e,r)=¥(c",7%2,7) < V(o,7%2,7r) VYo eT.

As it is discussed also at p. 1196 of [11], the Dynkin game introduced above can be thought
of as the game between two different components in the board of the central bank: the one
which aims at choosing when to pursue monetary stability by increasing the key interest rate,
and the one which instead wishes to optimally time a decrease of the key interest rate in order
to stimulate the economy.

From (3.4) it readily follows that —Kj < V,.(x,7) < K3 for any (z,7) € R?. Hence, defining

Z:={(z,r) eR*: Vi(z,r) = —K1i},

(3.6) C:={(z,r) eR?: —K; < Vy(z,r) < K2},
D:={(z,r) eR*: V,(z,r) = Ka},

we have that those regions provide a partition of R2.

By continuity of V, (cf. Proposition 2.4), C is an open set, while Z and D are closed sets.
Moreover, convexity of V' provides the representation

C={(z,r): bi(z) <r <baz)},
Z=A{(z,r): r<bi(z)}, D={(z,7r): r>by(x)},
where the functions b7 : R — R and by : R — R are defned as
(3.7) bi(z) :=inf{r e R | Vi(z,r) > =K1} =sup{r e R | V. (z,r) = =K1}, z€R,
(3.8) ba(z) :=sup{r e R | V.(z,7) < K2} =inf{r e R | Vi(z,r) = K3}, x€R,
(with the usual conventions inf () = oo, inf R = —o0, sup) = —o0, supR = c0).
Lemma 3.2. V,.(-,r) is nonincreasing for all r € R.

Proof. Since x — V(z,r) is nondecreasing for any r € R by convexity of V' (cf. Proposition
2.4) and = — fq(z,7) is nonincreasing by Assumption 2.1-(iv), we have that ¥(o,7;-,7) is
nonincreasing for every r € R and 0,7 € T. Then the claim follows by (3.4). O

The monotonicity of V,. proved above, together with its continuity, allows to obtain preliminary
properties of by and bs.
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Proposition 3.3. The following hold:

(i) b1 : R = RU{—o0}, by : R > RU{o0};
(ii) b1 and ba are nondecreasing;
(ili) bi(x) < ba(x) for all x € R;
(iv) by is right-continuous and by is left-continuous.

Proof. We prove each item separately.

Proof of (i). We argue by contradiction and we assume that there exists x, € R such that
b1(z,) = 0o. Then, we have that V,.(z,,r) = —K; for all » € R and therefore

V(xo,m +1") = V(xg, 1) — K17’

for all r,7" € R. Using now the fact that V is nonnegative, and that V(x,,r) < J(z,,7;0) < 0o
by Proposition 2.4, one obtains

Kir' < V(zo,7) < J(20,7;0) < 00 Vr,7' € R.

Since the right-hand side of the latter is independent of 7’ and bounded, we obtain a contradiction
by picking r’ sufficiently large. A similar argument applies to show that by takes values in
R U {o0}.

Proof of (ii). The claimed monotonicity of b; and by easily follows by Lemma 3.2.

Proof of (iii). The fact that by(z) < ba(x) for any = € R is due to the convexity of V with
respect to r and to the fact that V,.(z,-) is continuous for any = € R.

Proof of (iv). We prove the claim relative to by, as the one relative to by can be proved
analogously. Let ¢ > 0. Then for z € R we have bi(z) < bi(x + ¢), by (ii) above. Hence,
also bi(x) < limggbi(x + ) =: bi(x+), where the last limit exists due to monotonicity of b;.
However, the sequence (z + &,b1(x + €))->0 C Z, and, because Z is closed, we therefore obtain
in the limit (z,b1(z+)) € Z. It thus follows by (z) > bi(x+) by (3.7), and the right-continuity of
b1 is then proved. O

Let us now define

(3.9) by :=supby(z), by := inf by(x), by :=supba(x), by := inf bo(x),
zE€R z€R z€R z€R

together with the pseudo-inverses of b; and by by
(3.10) gi(r) :=inf{z e R:by1(x) >r}, ga(r) :=sup{x € R: ba(z) <7},
with the conventions inf ) = co and sup () = —oc.

Proposition 3.4. The following holds:

(i) g1(r) =sup{z e R: Vi (z,7) > =K1}, g2(r) =inf{z € R: Vi(z,r) < Ka};
(ii) the functions g1, g2 are nondecreasing and g1 > ga;
(iii) If by < oo, then go(r) = oo for all r > by and if by > —oo, then gi1(r) = —oo for all
r<b.

Proof. Claim (i) follows by definition, while (ii) is due to Proposition 3.3-(ii). To show (iii),
assume by < oo and suppose, by contradiction, that lim, ,o g2(7) = § < co. Then, one has
ba(z) = oo for all = € (g, 00), and this clearly contradicts by < co. The statement relative to g1
can be proved analogously. O
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4. THE STRUCTURE OF THE VALUE FUNCTION

In the previous section we have derived a representation of the derivative V,. of the value
function defined in (2.6), and we have shown how the state space can be split in three regions,
separated by nondecreasing curves. In this section, we exploit these results and we determine
the structure of the value function V.

For any given and fixed r € R, denote by L" the infinitesimal generator associated to the
uncontrolled process X%™0. Acting on o € C%(R;R) it yields

2
(Lra)(z) := %a"(m) +0(u+b(F —r)—x)d(x), ze€R.

Recall that fi(r) := p+ b(rF — r). For frequent future use, it is worth noticing that any solution
to the second-order ordinary differential equation (ODE)

(L7a)(z) — pa(z) =0, z€R,
can be written as
a(z) = A(r)y(z — p(r)) + B(r)e(z — p(r)), = €R,

where the strictly positive functions ¢ and ¢ are the strictly increasing and decreasing funda-

mental solutions to the ODE
2

(4.1) %C”(x) —0x¢'(z) — pl(z) =0, z€eR.
The functions ¢ and ¢ are given by (see page 280 in [22], among others)
(4.2) b(z) = egj;;;’D_% < - 2\@) and  o(z) = e%p_g <"f]\@>
where
2
(4.3) D) = I?(_“B) /D Tl Sty 5 <,

is the Cylinder function of order 5 and I'(-) is the Euler’s Gamma function (see, e.g., Chapter
VIII in [3]). Moreover, 9 and ¢ are strictly convex.

By the dynamic programming principle, we expect that V identifies with a suitable solution
to the following variational inequality

(4.4) max{ —vp(x,r) — K1, ve(z,7) — Ko, [(p— L )v(-,7)](x) — f(x,r)} =0, (z,7)€R%

By assuming that an optimal control exists, the latter can be derived by noticing that in the
optimal control problem (2.6) only three actions are possible at initial time (and, hence, at any
time given the underlying Markovian framework): (i) do not intervene on the key interest rate
for a small amount of time, and then continue optimally; (ii) immediately adjust the interest rate
via a lump sum decrease having marginal cost K5, and then continue optimally; (iii) immediately
adjust the interest rate via a lump sum increase having marginal cost K;, and then continue
optimally. Then, by supposing that V' is smooth enough, an application of It&’s formula and a
standard limiting procedure involving the mean-value theorem leads to (4.4) (we refer to [20]
for details in a related setting).

We now show that V' is a viscosity solution to (4.4). Later, this will enable us to determine
the structure of V' (see Theorem 4.5 below) and then to upgrade its regularity (cf. Theorem 5.1)
in order to derive necessary optimality conditions for the boundaries splitting the state space
(cf. Theorem 6.5).
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Definition 4.1.
(i) A functionv € C°(R%;R) is called a viscosity subsolution to (4.4) if, for every (x,r) € R?
and every a € C*Y(R%;R) such that v — « attains a local mazimum at (x,7), it holds

Inax{ —ap(z,r) — K1, ap(z,r) — Ko, pa(z,r)— [L a(-,r)](x) — f(:n,r)} <0.

(ii) A function v € C°(R?;R) is called a viscosity supersolution to (4.4) if, for every (z,r) €
R? and every a € C**(R?;R) such that v — « attains a local minimum at (z,r), it holds

max{ —ap(z,r) — K1, ap(z,r) — Ko, palz,r)—[L a(-,r)](z) — f(x,'r)} > 0.

(iii) A function v € C°(R%;R) is called a viscosity solution to (4.4) if it is both a viscosity
subsolution and supersolution.

Following the arguments developed in Theorem 5.1 in Section VIIL.5 of [21], one can show
the following result.

Proposition 4.2. The value function V is a viscosity solution to (4.4).

Remark 4.3. Clearly, due to Lemma 5.4 in Chapter 4 of [31], a viscosity solution which lies
in the class WQ?)’:O(RQ;R) (as our value function does; cf. Proposition 2.4-(1ii)) is also a strong
solution (in the sense, e.g., of [3]; see the same reference also for relations between these notions
of solutions); i.e., it solves (4.4) in the pointwise sense almost everywhere.

Our choice of using the concept of viscosity solution is motivated by the fact that we will deal
afterwards (see Proposition 4.4 and Theorem 5.1 below) with the variational inequality (4.4)
on sets of null Lebesque measure (reqular lines). Indeed, the concept of viscosity solution still
provides information on what happens on those sets, as the viscosity property holds for all (and
not merely for a.e.) points of the state space R?.

For future frequent use, notice that the function
oo
(4.5) V(z,r) = E[/ eTPLE(XTT ) dt],  (x,7) € RY
0

is finite and that, for any » € R, by Feynman-Kac’s theorem it identifies with a classical particular
solution to the inhomogeneous linear ODE

(4.6) (L7 = pal-s (@) + flwr) =0, weR

Moreover, V is continuously differentiable with respect to r, given the assumed regularity of f,
and f.

Recall the regions C, Z and D from (3.6), and that V,, = —K; on Z, while V, = K5 on D. The
next proposition provides the structure of V' inside C.
Proposition 4.4. Recall (3.9) and let r, € (by, b2).

(i) The function V (-,1,) is a viscosity solution to
(4.7) po@,ro) = [L7a(m0)](x) — f(@,75) =0, @ € (g2(ro), 91(ro))-
(i) V(7o) € Cige ™ ((92(r0), 91(70) )i R).
(iii) There exist constants A(r,) and B(r,) such that for all x € (g2(ro), g1(70))
V(w,10) = Aro)(w — fi(ro)) + Blro)p(w — fi(ro)) + V(. 7).

where the functions ¢ and ¢ are the fundamental strictly increasing and decreasing so-
lutions to (4.1) and V is as in (4.5).
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Proof. We prove each item separately.

Proof of (i). We show the subsolution property; that is, we prove that for any z, €
(92(70),91(r0)) and a € C?((g2(r0), g1(70)); R) such that V(-,7,) — a attains a local maximum
at x, it holds that

POZ(IEO, 7‘0) - [ﬁroa('a 7"0)](1'0) - f(:EOa ro) <O0.
First of all, we claim that

(Vi(2o,70), o/(xo), a//(xt))) € Da2&’17+v($07 To)s

where D?5HV (z,,7,) is the superdifferential of V' at (x,,7,) of first order with respect to r and
of second order with respect to = (see Section 5 in Chapter 4 of [34]). This means that we have
to show that

(4.8)
) V(z,r) = V(Z0,70) — Vi(To, 7o) (1 — 10) — & (20)(z — To) — 50" () (x — 20)?
lim sup 5 <0.
(z,r)—=>(z0,70) |’I” - 7"0‘ + ‘.ﬁ - xo|

In order to prove (4.8), notice first that V' (z,, ) is continuously differentiable, and therefore

V(z,r) = V(z,ro) — Vi(o,m0)(r — 16)

(49) lim =0 uniformly in x € (z, — 1,2, + 1).
r—ro |1 — 70|
Using now Lemma 5.4 in [34], we have that

(& (z0),a"(x0)) € D%JFV(Q:O, To),

where D2V (z,,7,) denotes the superdifferential of V (-, 7) at z, of second order (with respect
to x); i.e.

(4.10) lim sup V(x,75) = V(0,70) — o (20) (& — o) — 50" (w0) (x — 7o)

<0.
T—To ’1‘ - xo’2 -

Adding and substracting V(z,7,) in the numerator of (4.8), and using (4.9) and (4.10), we
obtain (4.8).

Using again Lemma 5.4 in [34], we can then construct a function @ € C?*(R?;R) such that
V — @ attains a local maximum in (z,,r,) and
(4.11) (@ (20, 70), Az (T0, 7o), Az (o, 70)) = (Vi (0, 70), & (0), 0 (5))-

Since (z,,70) € C we know that —K; < V,.(z,,r,) < Ks, and because V' is a viscosity solution
to (4.4), we obtain by (4.11) that

pa(zo,70) — [La(,70)[(%0) — f(T0,70) <0,

thus completing the proof of the subsolution property. The supersolution property can be shown
in an analogous way and the proof is therefore omitted.

Proof of (ii). Let a,b € R be such that (a,r,),(b,7,) € C and a < b. Introduce the Dirichlet
boundary value problem

(4.12) {(U" —p)q(z) + f(z,10) =0, = € (a,b),

q(a,r,) =V(a,r), q(b,ro) =V (b,1o).

Since f(-,7,) € Cl’Lip((gg(ro), 91(r0)); R), by assumption, and V (-, r,) € C([a,b]; R), by classical

loc

results problem (4.12) admits a unique classical solution § € C%([a, b); R) NCZXP((a,b); R). The

loc
latter is also a viscosity solution, and by (i) above and standard uniqueness results for viscosity
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solutions of linear equations it must coincide with V(-,r,). Hence, we have that V(-,r,) €
CHLP((gy(r5), 91(r6)); R) and V (-, 1) is a classical solution to

loc
(L7 = p)V (o)) + fl2,70) = 0, @ € (g2(ro), 91(r0)),

given the arbitrariness of (a,b) and the fact that C is open.

Proof of (iii). Since any solution to the homogeneous linear ODE (L™ — p)q = 0 is given
by a linear combination of its increasing fundamental solution ¢ and decreasing fundamental
solution ¢, we conclude by (ii) and the superposition principle. O

With the previous results at hand, we are now able to provide the structure of the value
function V.

Theorem 4.5. Define the sets
(4.13) O1:={zeR: bi(x)> -0} Oy:={zecR: byx)<oo}.
There exist functions

A, B € Wi ((by,b2)iR) = Cpo " ((by, b2)iR), 212 012 > R

such that the value function defined in (2.6) can be written as

~

A(r)y (@ — fi(r)) + B(r)e(z — a(r)) + V(z,7) onC,

(4.14) V(z,r) =1 z1(x) — Kyr on T,
zo(x) + Kaor on D,

where C denotes the closure of C,

(4.15) z1(x) .=V (x,bi(x)) + K1b1(z), =€ Oy

and

(4.16) zo(x) = V(x,ba(z)) — Kaba(x), x € Oa.

Proof. We start by deriving the structure of V' within C. Using Lemma 4.4, we already know
the existence of functions A, B : (b, b2) — R such that

(4.17) V(a,r) = A(r)(@ — (r)) + B(r)p(e — a(r)) + V(z,7), (z,r) €C.

Take now 7, € (by,b2). Since C is open, by Proposition 3.3, we can find = and Z, x # Z, such
that (x,r),(z,r) € C for any given r € (r, — €,7, + €), for a suitably small € > 0. Now, by
evaluating (4.17) at the points (z,7) and (Z,r), we obtain a linear algebraic system that we can
solve with respect to A(r) and B(r) so to obtain

Ay = V) = Vi r)e(e = i) = (V(E.r) ~ V(E,r)ele — ilr)
b~ p(n)e(E — ) — v — aln)e(@ — a(r)

V(z,r) = V(& r)l@ — p(r) = (V(z,r) = V(z,r)@ -
(= a(r)e(@ — [(r) — (@ — a(r))e(z — a(r))
Note that the denominator does not vanish due to the strict monotonicity of ¥ and ¢, and to
the fact that x # Z. Since r, was arbitrary and V,. and XA/T are continuous with respect to r, we
therefore obtain that A and B belong to W2>°((by,b2); R) = CL P ((by,be); R). The structure
of V in the closure of C, denoted by C, is then obtained by Proposition 4.4 and by recalling that
V is continuous on R? and that A, B, and V are also continuous.
Given the definition of z; and 29, the structure of V inside the regions Z and D follow by
(3.6) and the continuity of V. O

(4.18)

(4.19) B(r) =
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Remark 4.6. Notice that in the case when by (resp. by) is finite we have from (4.18) and (4.19)
that A and B actually belong to W™ up to by (resp. ba).

5. A SECOND-ORDER SMOOTH-FIT PRINCIPLE

This section is devoted to the proof of a second order smooth-fit principle for the value function
V. Precisely, we are going to show in Proposition 5.1 that the function V,, is jointly continuous
on R?. The proof of such a property closely follows the arguments of Proposition 5.3 in [20];
however, we provide a complete proof here in order to have a self-consistent result and also to
correct a few small mistakes/typos contained in the aforementioned reference. Notice that

Vie(z,r) =0 V(20,70) € R? \C.

According to that, the main result of this section establishes a smooth-fit principle for the mixed
derivative.

Theorem 5.1. It holds
(5.1) lim Vig(z,r) =0 V(0,70) € OC.

(z,r)—= (z0,70)
(z,r)eC
Proof. We prove (5.1) only at 9'C := {(x,r) € R? : V,(2,7) = —K;}, and we distinguish two
different cases for (z,,7,) € 9'C.

Case (a). Assume that r, = b1(z,). Define the function
(5.2) V(w,r) = A(r)(z — (r)) + B(r)p(e — a(r) + V(z,r), (¢,7) € R,

where A, B are the functions of Theorem 4.5. Then, one clearly has that V € C%!(R% R).
Moreover, the mixed derivative V., exists and is continuous. Since V = V in C, by Lemma 3.2
we conclude that V;, <0 in C. Then by continuity of V;,, in order to show (5.1) we have only
to exclude that

(5.3) Viz(2o,70) <0,

Assume, by contradiction, (5.3). Due to the continuity of V', we can then find an £ > 0 such
that

(54) ‘77‘1‘(1:7 T) S —& v($7r) € Nﬂ?oﬂ"o’

where Ny, ,, is a suitable neighborhood of the point (x,,7,) € 9'C. Notice now that V,.(z,,7,) =
Vi (20,7,) = —Kj, because (z,,7,) € 0'C, and V = V in Ngooro N C. Then, using (5.3), we
can apply the implicit function theorem to V,.(z,7) + K71, getting the existence of a continuous
function gy : (r,—8,7,+6) — R, for a suitable § > 0, such that V,.(r,g1(r)) = =K1 in (ro— 8,70+
§). Moreover, taking into account the regularity of A, B, we have that g € W1 (r, — 8,7, + 0)

as
_ Vor(r, g1(r)) :
/ i
gi(r) = —=——""— ae.in (r, — 6,7, +9).
=Y ) )
Hence, by (5.4) and the fact that A, B € W/li’fo((bl,gg);R) (see also Remark 4.6 for the case

ro = by), there exists M. > 0 such that
(5.5) 91(r) = g1(s)| < Me|r —s| Vr,s € (ro— 6,70 +9).

Furthermore, recalling the definition of ¢g; in (3.10), g1 and ¢; coincide in (r, — 0,7, + 9).
Therefore, g is continuous in (r, — 4,7, + ), and this fact immediately implies that b; - which is
nondecreasing by Proposition 3.3 - is actually strictly increasing in a neighborhood (z, — 9, x, +
), for a suitable ¥ > 0. Hence, g; = by * over by ((z, — 0,2, +9)), and from (5.5) we find

(5.6) Me|bi(z) = b1(y)| = 91(b1(2)) = G2 (b1r(v))| = [ —yl,  Va,y € (ro — 6,70 +9).
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Recalling again that by is strictly increasing in bi((x, — ¥, 2, + 0)), hence differentiable a.e.
overthere, from (5.6), we obtain

1
(5.7) 3 b (x) > A Ve e,

where ) is a dense set (actually of full Lebesgue measure) in [z, zo + 9).
Consider now the function [z,,z, +19) > & — V(x,7,) € Ry. Since b; is strictly increasing,
we have that the set K := {(z,7,) : © € [0, 20+ )} C Z, and therefore by Theorem 4.5 that

(5.8) V(z,ro) = —K110 + z1(x) VX € [20, 0 + V).
Furthermore, defining the function
[To, 70 +19) = R, x> 21(x) = V(z,b1(2)) + Kib1(z) = V(x,b1 (7)) + K1b1 (),
and applying the chain rule we get that
(5.9) 3 21 () = Vi(z, b1(2)) + Vi(, b1 (2))b) (2) + K1b) (), Vo€ .
Since by definition of b; we have that V,.(x,b1(x)) = V,.(z,b1(z)) = — K, we obtain from (5.9)
21 (z) = Vo(z,b1(x)), Ve,

Using this result together with (5.8) we obtain existence of V;(x,r,) for all € } and moreover

(5.10) Ve, ro) = 21 () = Va2, b1(x)) Vo € V.

Using again the chain rule in (5.10) we obtain existence of V. (z,7,) for all z € J and
(5.11) Viw(2,10) = 21 (2) = Vu (2, b1 (2)) + Vr(z, b1 (2))b) (z) Vo € V.
Combining (5.11) with (5.7) and (5.4) one obtains

(5.12) Voo (2,70) < Vaa(, b1 (2)) — Mi vz e Y.

15
Using now that V' is a viscosity solution to (4.4) (in particular a subsolution) by Proposition
4.2, that V, exists for all points x € ), and (5.10) and (5.12), we obtain that

f(zyre) = pVi(x,10) — O(p 4+ b(F —10) — ) Va(x,70) — %nQVm(x, o)

(5.13) = pV (@, 10) = 0(p+ (T —1o) = 2)Va(, b () — %n2(vm(x, b)) = 37)

for all z € Y. Since Y is dense in [z,,z, + 0), we can take a sequence (z")peny C Y such that
" | x,. Evaluating (5.13) at x = 2", taking limits as n 1 oo, using the right-continuity of b,
the fact that r, = by (z,), and the fact that V € C12(R?;R), we obtain

(5'14) f(l‘o, 7“0) = ,0‘7(:1}0, To) - H(M + b(f - TO) - xO)Vx(xm ro) o %nQ (‘Zﬁz(xoa ro) o E)

On the other hand, since pV (z,r) — [L"V (-, 7)](x) = pV (x,7) — [L"V(-,7)|(x) = f(x,r) for all
(x,7) € C, using that V € C2(R%;R) and (w,,7,) € C, we obtain by continuity of V that

_ 1 -
(5.15) f(@o,70) = pV (20,70) — O(pt + b(T —70) — 26) Va(T0,70) — 5”2‘/21(1‘07 To)-
Combining now (5.15) and (5.14) leads to 57— < 0. This gives the desired contradiction.

Case (b). Assume now that x, = ¢1(r,) and 7, < b1(z,), with bi(x,) < co due to Proposition
3.3-(i). Notice that such a case occurs if the function b; has a jump at z,. Defining the segment
I = {(r,7,) : 7 € [ro,b1(x0)]}, it follows that I' C 9'C. Moreover, letting again V as in (5.2),
we have that V, =V, = —K; in T, so that

(5.16) — K1 — Vp(x,7) = Vi(xo, 1) — Vi(z,7) = / ’ Vez(u,r) du, Vr € [ro,b1(zo)], Vo < z,.
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Using now that A’, B’ are locally Lipschitz by Theorem 4.5, we can take the derivative with
respect to  in (5.16) (in the Sobolev sense) and we obtain

~Vpr(,7) :/ Vigr(u,7) du  for a.e. 7 € [ro,b1(x0)], T < 0.

The convexity of V and the fact that V' = V in C, yields V;» > 0 (again in the Sobolev sense)
and therefore

0> / Viar(u,7) du  for a.e. for a.e. 7 € [ry,b1(z0)], T < Zo.

Dividing now both sides by (z, — z), letting x — x,, and invoking the mean value theorem one
has
0> Vigr(zo,7) for ae. 7 € [ro,b1(20)], 2 < 2.
This implies that V;., is nonincreasing with respect to r € [ro, b1 (2,)].
If we now assume, as in Case (a) above, that V,.(7,,7,) < 0, then we must also have
Via(20,b1(20)) < 0. We are therefore left with the assumption employed in the contradic-
tion scheme of Case (a), and we can thus apply again the rationale of that case to obtain a

contradiction. This completes the proof.
O

6. A SYSTEM OF EQUATIONS FOR THE FREE BOUNDARIES

In this section we move on by proving further properties of the free boundaries and determining
a system of functional equations for them.

6.1. Further Properties of the Free Boundaries. We start by studying the limiting behav-
ior of the free boundaries and some natural bounds.

Proposition 6.1. (i) Suppose that limy_ 10 fz(x,7) = 00 for any r € R. Then
by = lim by(z) = 00, by = lim by(z) = —o0;
oo rl—o00
hence by = —oo and by = o0.
(ii) Define

G (r) :==1inf{z € R: 0bV,(z,7) — fr(z,r) — pK1 >0}, reR,
Ca(r) :==sup{z € R: bV (z,7) — fr(x,7) + pK2 <0}, reR.
Then, for any r € R, we have

g1(r) = Ci(r) > Ca(r) = ga(r).
Proof. We prove the two claims separately.

Proof of (i). Here we show that limgj b1(2) = co. The fact that lim,|_ b2(x) = —oo can
be proved by similar arguments. We argue by contradiction assuming b; := limpoo b1(2) < 00.
Take 7, > b1, so that 7*(z,7,) = oo for all z € R. Then, take z, > g2(r,) such that (z,,7,) € C.
Clearly, every x > x, belongs to C, and therefore, by the representation (4.14), we obtain that
it must be A(r,) = 0; indeed, otherwise, by taking limits as * — oo and using (4.2), we would
contradict Proposition 2.4. Moreover, since ¢'(z) — 0 when x — oo (cf. (4.2)), we then have by
dominated convergence

(6.1) li_>m Vae(z,ro) = li_}rn ‘A/gc(sc,ro) =E [/ e—(P+9)tf$(Xf’r°,ro)dt = 0.
X oo X o0 0

Now, setting
Gy :=inf{t > 0: X" < x,},
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for © > x,, we have by monotonicity of f,.(-,r)

—K1 < Vi(x,10) = inf E[/ e_pt< - b9V$<varoa To) + f'r(Xf’rO,To)) dt + €_p0K2:|
0

oeT
(6.2) < E[ / e_pt(— OV, (X570, 1) + fr(xo,ro)) dt+K2].
0
The latter implies
(6.3) Ky + Ky + If(:vpr)l > bGE[/O e PV (X7 1) dt} :

Notice that one has 6, — 0o P-a.s. as x — 00, since oo is a natural boundary for the Ornstein-
Uhlenbeck process. Hence, by dominated convergence we get a contradiction from (6.1) and
(6.3). Finally, the fact that by = oo follows by noticing that bo(x) > by(x) for any z € R (cf.
Proposition 3.3-(iii)).

Proof of (ii). Fix r € R. Recall that V;.(-,r) € C(R;R) by Proposition 2.4, V,,(-,r) € C(R;R)
by Theorem 5.1, and Va2 (-,7) € LS. (R;R) by direct calculations on the representation of V
given in Theorem 4.5. Also, it is readily verified from (3.4) that —K; < V,.(-,7) < K3 on R2.
Then, the semiharmonic characterization of [28] (see equations (2.27)—(2.29) therein, suitably
adjusted to take care of the integral term appearing in (3.4)), together with the above regularity

of V,.(-,r), allow to obtain by standard means that (V,.(-,7), g1(r), g2(r)) solves

(E’” - p)Vr(l’,’l“) = 0V, (z,r) — fr(z,7) on go(r) < x < g1(r),

(L7 = p)Vi(z, ) = OV (w,7) — fr(w,7) on a.e. x < gi(r),
(6.4) (L= p)Vi(z,7) < ObVy(z,7) — fr(z,7) on a.e. > go(r),

—K; <Vi(z,r) < Ks x € R,

Vi(gi(r),r) = =K1 and V,(ga(r),r) = Ko,

Viz(g1(r),r) =0 and V,z(g2(r),r) =0.

In particular, we have that V,.(z,r) = —K» for any z < g2(r), and therefore from the second
equation in (6.4) we obtain

—pKo > 06V, (x,1) — fr(z,7) := A(zy7), VI < go(r).

Since the mapping = +— A(z,r) is nondecreasing for any given r € R by the convexity of V' and
the assumption on f, (cf. Assumption 2.1), we obtain that

92(r) < Co(r) =sup{z € R: 06V, (z,7) — fr(z,7) + pK2 < 0}.
An analogous reasoning also shows that
g1(r) > ¢i(r) = inf{z € R : bV (z,7) — fr(x,7) — pK1 > 0}.
Moreover, for any r € R,
G(r) =inf{x € R: 06V, (x,r) — fr(z,7) — p(K1 + K2) + pK2 > 0}
> inf{z € R: 0bVy(z,7) — fr(z,7) + pK2 > 0}
=sup{z € R: bV, (x,7) — fr(z,7) + pKo < 0} = (o(r).

The next result readily follows from Proposition 6.1-(i).

Corollary 6.2. Suppose that lim,_, 1o fr(x,7) = 00 for any r € R. Then g1(r) and g2(r) as
in (3.10) are finite for any r € R.
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Proposition 6.3. Let f be strictly convex with respect to x for all v € R and such that f., = 0.
Then the boundaries by and bs are strictly increasing.

Proof. We prove the claim only for b, since analogous arguments apply to prove it for by. By
Theorem 4.5, we can differentiate the first line of (4.14) with respect to r and get by Proposition
4.4-(i) that V, solves inside C the equation

1
(6:5) 51 Veaa (1) + 0(n + b(F = 1) = 2)Veu(2,7) = pVa(,7) = OV, 1) + B(r) = 0,
where (r) := fr(-,7), the latter depending only on r by assumption. By continuity, (6.5) also
holds on 9'C = {V,, = —K;}, and we therefore obtain
(6.6) pK1 + B(r) = 0bVy(z,r), V(x,r) e d'C.

Suppose now, by contradiction, that the boundary b, is constant on (x,, z,+¢), for some z, € R
and some € > 0. Setting r, := b1(z,), we then obtain from (6.6) that

pK1 + B(r,) = 06V (x, 1), Va € (20,20 + €).

This means that V,(-,7) is constant on (z,,x, + €), and therefore that V(r,,-) is an affine
function of x therein. However, by continuity, we know that V solves (4.7) also on (z,,x, + ¢),
and therefore we have

K 0
(6.7)  O(u+b(F — 1) — ) % n BSI; N pV(wra) + f@r) = 0, Y € (20,20 + ).
Since now V' (-,7,) is affine, whereas f is strictly convex, we reach a contradiction. O

Notice that the conditions on f of Proposition 6.3 (and of the following corollary) are satisfied,
e.g., by the relevant quadratic cost function of Remark 2.2.

Corollary 6.4. Let f be strictly convex with respect to x for all r € R and such that f,, = 0.
Then the boundaries g1 and go defined through (3.10) are continuous.

6.2. A System of Equations for the Free Boundaries and the Coefficients A and B.
Before proving the main result of this section (i.e. Theorem 6.5 below), we need to introduce
some of the characteristics of the process X*". Recall that f(r) := p+ b(F —r), r € R. Then,
for an arbitrary x, € R, and for any given and fixed r € R, the scale function density of the
process X®" is defined as

T20(n(r) —
(6.8) S'(x;7) == exp {—/ M dy} , x€R,
To Ui
while the density of the speed measure is

(6.9) m/(x;7) == z €R.

n?S' (w;r)’

For later use we also denote by p the transition density of X*" with respect to the speed
measure; then, letting A — Py (x, A;r), A € B(R), t > 0 and r € R, be the probability of starting
at time O from level x € R and reaching the set A € B(R) in ¢ units of time, we have (cf., e.g.,
p. 13 in [0])

Po(w, A7) — / p(t, 2, y; 1) (y: 7)dy.
A

The density p can be taken positive, jointly continuous in all variables and symmetric (i.e.
p(t,x,y;r) = p(t,y,x;r)). Furthermore, our analysis will involve the Green function G that, for
given and fixed r € R, is defined as (see again [0], p. 19)

) [ ettt vt — AW Y@= B()ely = Alr))  for z <y,
610 Gloyir)i= [ e pltyin {w—lwy—u(m)w(m—u(m) for 2 > 3.
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where w denotes the Wronskian between ¢ and ¢ (normalized by S’).

Theorem 6.5. Define H(x,r) := —0bVy(x,r)+ fr(z,7), (2,7) € R?. The free boundaries g1 and
g2 as in (3.10), and the coefficients A, B € Wifo(R;R) solve the following system of functional
and ordinary differential equations

(r) "(g1(r) — (r
(6.11) 0= /g 1/’(y_ﬂ(T))H(y,T)m/(y; T) dy+K1w (g1(r) — Alr)) + Ky
g

2 () S'(g1(r);r) S'(g2(r);r)

e o ¢(i(r) — a(r)) @ ga(r) — (r))

@12 0= [ sty —m)HG 0 ir) dy+ 10 g S ¢ s G T
and

0=A"(r)¢'(g1(r) = A(r)) + bA(r)Y" (g1 (r) = A(r))
(6.13) + B/ ()¢ (g1(r) = (r)) + B(r)" (g1(r) = () + Vi (1), 7),

0 =A"(r)¢'(g2(r) = A(r)) + bA(r)y" (g2(r) — A(r))
(6.14) + B'(r)¢'(ga(r) — i(r)) + B(r)¢" (g2(r) = (r)) + Var (g2 (r), 7).

Proof. Fix (z,r) € R?, and, for n € N, set 7, := inf{t > 0: | X;""| > n}, n € N. Propositions 2.4
and 5.1 guarantee that V, and V;, are continuous functions on R?. Moreover, direct calculations
on (4.14) yield that V., € L (R?), upon recalling that A, B € I/Vli’coo (R;R). Such a regularity
of V, allows us to apply the local time-space calculus of [27] to the process (e *V, (X5, 7))s>0
on the time interval [0, 7,,], take expectations (so that the term involving the stochastic integral

vanishes) and obtain
E|e V(X2 )| = Vi) + E { /O e (L7 = )Vl )] () Txer gy (3 L xs o)) ds}
=Vi(z,7) +E [/0 e P OBV (XS, r) = fr( XS 1)) L gy ()< X2 <1 (1)) ds}

(6.15) + E[/O PE1ET P L x5 g, () ds—/o

Notice now that P(X5" = g1(r)) = P(X5" = go(r)) =0, s > 0, for any (x,7) € R? so that we
can write from (6.15) that

Tn

PR xer <o)} ds} |

T

Vilr,r) = E[e V(X2 )| - E[ | e e ) = £ ) o) ds}

(616) — E|:/O pKle_ps]l{(X;""m)eI} ds +/0

We now aim at taking limits as n 1 co in the right-hand side of the latter. To this end notice
that 7, T oo a.s. when n 1 oo, and therefore lim,,1o0 E[e "™V, (X7, 7)] = 0 since V, € [- K1, K3].
Also, recalling (2.4), Proposition 2.4-(ii), and using standard estimates based on Burkholder-
Davis-Gundy’s inequality, one has

Tn

nge_pS]l{(X;cm’r)eD} d8:| .

E{/ e_ps(eb\Vx(Xf’r,rﬂ + |fT(X§’T,7")|) ds] < +o0.
0
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Hence, thanks to the previous observations we can take limits as n 1 oo, invoke the dominated
convergence theorem, and obtain from (6.16) that

Vi(z,r) = E{ / e H(Xs, m)(xo mecy ds]
0

[e.o] o0
- EU pEAT Ly (xer ey ds] * E[/ pEe™ "y (xzr ryepy ds
0 0
(6.17) =: I1(z,r) — Ia(z,7) + I3(x, 7).
With the help of the Green function (6.10) and Fubini’s theorem, we can now rewrite each
I;,i=1,2,3, so to find
o
.[1(:11; T') = E|:/0 eipsH(XS, r)]l{gz(r)<Xf‘T<gl(r)} d8:|

_/0 / H y7 )]l{gz(r)<y<g1(r)}p(s T, y;r ) ( ;T) dy)ds

o0

(6.18) G, y; ) H (y, r) g (ry<y<gr (3™ (4 7) dy

—00

1 _
= E@(w - ,u / ¢ Yy — M ( >T)]l{gz(r)<y<g1(r)}m,(y;T) dy

+1¢(CU—M(T))/ @y — 1) H (y, 7)1 gy (r) <y<gi (™ (y37) dy,

w

_pKl/O e—P5</ p(s, z,y; r)]l{yzgl(r)}m/(y;r) dy)ds

—0o0

(6.19) = PKl/ Gz, y; )y g, (rym' (y;7) dy
1 x
— o — ) [ (0~ B L,y 0i7) dy

1 o0
4o oK = () [ ol = A gy (557)

and, similarly,

Is(x;r) = E[/ nge_pS]l{(Xsﬂn)eD} d5:|
0
1 x
(620 — ol — ) [ (0~ )L yanym i) dy

1 o0
b Koo = (1)) [ ol = A gy (557) .

Now, by plugging (6.18), (6.19), and (6.20) into (6.17), and then by imposing that V,.(g1(r),r) =
—Kj and V,(g2(r),r) = Ko, we obtain the two equations

1(r)
Ky = elor(r) — ) [ g( 0 = ROV @) dy = Ton(7)i7) + T (7))
g2(r
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and

g1(r)
Ko =~ (aa(r) — () [ oy D)~ Bl )+ )

Finally, rearranging terms and using the fact that (cf. Chapter II in [0])

W = ,0/‘ Yy — p(r)m'(y;r) dy
and / ) N
W = —p/ oy — a(r))m’(y;r) dy,

yield (6.11) and (6.12).

Notice that (6.11) and (6.12) involve the coefficients A(r) and B(r) through the function H
since Vy(z,7) = A(r)¢' (z — ji(r)) + B(r)¢' (z — ji(r)) + Va(z,7), for any go(r) < z < g1(r), by
(4.14). In order to obtain equations for A and B, we use (4.14) together with the second-order
smooth-fit principle V,.(g1(r),r) = Viz(g2(r),r) = 0, and we find that, given the boundary
functions ¢g; and g2, A and B solve the system of ODEs (6.13) and (6.14). O

Notice that equations (6.11) and (6.12) are consistent with those obtained in Proposition 5.5
of [20]; in particular, one obtains, as a special case, those in Proposition 5.5 of [20] by taking
b =0 in ours (6.11) and (6.12). However, the nature of our equations is different. While the
equations in [20] are algebraic, ours (6.11) and (6.12) are functional. Indeed, from (6.13) and
(6.14) we see that A and B depend on the whole boundaries g; and g, (and not only on the
points gi(r) and ga(r), for a fixed r € R), so that, once those coefficients are substituted into
the expression for V;, they give rise to a functional nature of (6.11) and (6.12).

It is also worth noticing that (6.11) and (6.12) are obtained via simple and handy proba-
bilistic means, in contrast to the lengthy analytic ones followed in [20]. We believe that this
different approach has also a methodological value. Indeed, if we would have tried to derive
equations for the free boundaries imposing the continuity of V,. and V;, at the points (g1(r),r)
and (ga2(r),7), r € R, we would have ended up with a system of complex and unhandy (algebraic
and differential) equations from which it would have been difficult to observe their consistency
with Proposition 5.5 of [20].

In Theorem 6.5 we provide equations for the free boundaries g7 and g3 and for the coefficients
A, and B, but we do prove uniqueness of the solution to (6.11), (6.12), (6.13) and (6.14). We
admit that we do not know how to establish such a uniqueness claim. Also, even if we would
have uniqueness (given ¢g; and gz) of the solution to the system of ODEs (6.13) and (6.14), the
complexity of functional equations (6.11) and (6.12) is such that a proof of the uniqueness of
their solution seems far to being trivial. A study of this point thus deserves a separate careful
analysis that we leave for future research.

7. ON THE OPTIMAL CONTROL

Existence of an optimal control for problem (2.6) can be shown relying on (a suitable version
of) Komlés’ theorem, by following arguments similar to those employed in the proof of Propo-
sition 3.4 in [20] (see also Theorem 3.3 in [24]). In fact, one also has uniqueness of the optimal
control if the running cost function is strictly convex. In this section we investigate the structure
of the optimal control by relating it to the solution to a Skorokhod reflection problem at OC.
We then discuss conditions under which such a reflection problem admits a solution.

Problem 7.1. Let (z,7) € C be given and fived. Find a process EE A such that Eof =0 a.s. and,
letting (X", RY)i>0 == (X", R0 and denoting by (Zj,{;)tzo its minimal decomposition,
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we have

(7.1) (XE" Ry eC forallt>0, P—a.s.

and

(72) & = / Liger ipendsls & = / Ligee pepydés
(0,t] (0,t]

The next theorem shows that a solution to Problem 7.1 (if it does exists) provides an optimal
control.

Theorem 7.2. Let (x,7) € R? and suppose that a solution 5: §A+ — Ef to Problem 7.1 exists.
Define the process £ := t*’+ — &7, t >0, where

(7.3) TG+ (- () &7 =& + (g(r) — ), for allt >0,

and with §_ =0 a.s. Then & is optimal for problem (2.6). Moreover, if f is strictly conver, it
18 the unique optimal control.

Proof. Being the process £* clearly admissible, it is enough to show that
(7.4) V(x,r) > E[/ e’Ptf(Xfm7§*7R:’£*)dt +/ efpt.Kldﬁt*’Jr +/ eptKgdft*’_]
0 0 0

To accomplish that, let (K,),eny be an increasing sequence of compact subsets such that
Unen Kn = R?, and for any given n > 1, define the bounded stopping time 7, := inf{t >

0: (Xf’r’g*, RI’E*) ¢ K,} An. We already know by Theorem 4.5 that V € C*!(C;R); moreover,

x7r7£*

by construction, the process £* is that (X 7R:;’&*) € C for all t > 0 a.s. Hence, we can apply
Ito’s formula on the (stochastic) time interval [0,7,] to the process (e PV (X RI*")) >0,
take expectations, and obtain (upon noticing that the expectation of the resulting stochastic
integral vanishes due to the continuity of V)

Vo) = €|y )| | [T e - v B a
0
B EU e PVUXTT RS dgf ]
0

(7.5) - E[ > e (vt R —V(Xf’“f*,R;f*)”.
0<t<m,

Here £*¢ denotes the continuous part of £*. Notice now that
(L7 = PV RPNXT) = —f (X Ry
due to Proposition 4.4-(i) and the fact that V € C*!(C;R) by Theorem 4.5. Therefore,
Tn * * Tn * *
10) | [T e v mOee) ae] = g [T e mE al.
0 0
Letting A&:’i = {Z’i — §*’i t > 0, notice now that

t— ?

A +
Vv X$7T1£* RTEE* -V Xﬂﬁﬂ’vf* Rﬂﬁ* =1 ét V. (X$7T1§* Rr’g* d
(X Ry ) (X R2) {AEST >0} . HXT RS Fu)du

AEST
_’E’/]"7£* "175*
(7.7) P /0 V(X5 R )
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Since the support of the (random) measure induced on Ry by %% is Z, and that of (random)
the measure induced on Ry by €%~ is D, and V,, = —K; on Z and V,, = K3 on D, we therefore
conclude by using (7.7) that

| [T B age s 3 en (v ) - vee mE)) |
0

0<t<my,
(7.8) - —E[ / et <K1 A&t + Ky dg,fv‘)].
0

Then using (7.6) and (7.8) in (7.5), we obtain

Tn

Tn Tn
(7.9)  V(z,r)> E[ / e PLR(xPTE RIS dt + / e PRy dEST + / e P Ky dgf’_)] :
0 0 0

where the nonnegativity of V' has also been employed. Taking now limits as n 1 co in the right-
hand side of the latter, and invoking the monotone convergence theorem (due to nonnegativity
of f and of K; and K»2) we obtain (7.4).

Finally, uniqueness of the optimal control can be shown thanks to the strict convexity of f
by arguing as in the proof of Proposition 3.4 in the Appendix A of [20]. O

A key question is now: does a solution to Problem 7.1 exists?

Existence of a solution to Problem 7.1 is per se an interesting and not trivial question. It is well
known that in multi-dimensional settings the possibility of constructing a reflected diffusion at
the boundary of a given domain strongly depends on the smoothness of the reflection boundary
itself; sufficient conditions can be found in the early papers [19] and [25]. Unfortunately, our
information on the boundary of the inaction region OC do not suffice to apply the results of
the aforementioned works. In particular, even in the case in which g; and g, are continuous
(equivalently, by and b are strictly increasing; see Proposition 6.3 and Corollary 6.4), we are not
able to exclude horizontal segments of the free boundaries g; and go (cf. Case (1) and Case (2)
in [19]). An alternative and more constructive way of obtaining a solution to Problem 7.1 might
be the one followed in [12], where the needed reflected diffusion is constructed by means of a
Girsanov’s transformation of probability measures and a pathwise uniqueness result (see Section
5 in [12]). However, such an approach would work if we could show that the free boundaries
by and by are globally Lipschitz-continuous, a property that is assumed in [12]. In fact, in such
a case, following the arguments of Section 5 in [12] or Section 4.3 in [20], one could construct
pathwise the solution to Problem 7.1 when b = 0 in the dynamics for the inflation rate X (this
corresponds to having decoupled dynamics for X and R), and then introduce back the linear
term —ObR via a Girsanov’s transformation. The Lipschitz property of the free boundaries
would indeed guarantee that the exponential process needed for the change of measure is an
exponential martingale, and that there exists a weak solution to Problem 7.1. A (strong) solution
could then be obtained via a pathwise uniqueness claim whose proof uses, once more, the global
Lipschitz-continuity of the free boundaries (see Remark 5.2 in [12]).

It is worth noticing that in certain obstacle problems in R? d > 1, the Lipschitz property
is the preliminary regularity needed to upgrade - via a bootstrapping procedure and suitable
technical conditions - the regularity of the free boundary to C'®-regularity, for some o € (0, 1),
and eventually to C*°-regularity (see [9] and [29], among others, for details; see also [17] for
Lipschitz-regularity results related optimal stopping boundaries). In multi-dimensional singular
stochastic control problems, Lipschitz regularity of the free boundary has been obtained, e.g., in
a series of early papers by Soner and Shreve ([30], [31], and [32]), via fine PDE techniques, and
in the more recent [7], via more probabilistic arguments. In all those works the control process
is monotone and the state process is a linearly controlled Brownian motion. Obtaining global
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Lipschitz-continuity of the free boundaries for the two-dimensional degenerate bounded-variation
control problem (2.6) is a non trivial task that we leave for future research.

APPENDIX A. PROOF OF THEOREM 3.1

We want to suitably employ the results of Theorems 3.11 and 3.13 of [12]. However, in contrast
to the fully diffusive setting of [12], in our model the key interest rate is purely controlled so that
the two-dimensional process (X, R) is degenerate. The idea of the proof is then to perturb the
dynamics of the key interest rate R (cf. (2.2)) by adding a Brownian motion B := (By)i>0 with
volatility coefficient § > 0 so to be able to apply Theorems 3.11 and 3.13 of [12]. The claims of
Theorem 3.1 (in particular (3.4)) will then follow by an opportune limit procedure as § | 0.

Let W be as in Section 2, and suppose that (Q2, F,F,P) is rich enough to accommodate also
a second Brownian motion B := (B;)t>0, independent of W. Then, given (z,7) € R?, § > 0,

and £ € A (cf. (2.1)), we denote by (X&°, R&9) := (Xf;‘s, Rf;é)tzo the unique strong solution to

()= [ )+ ) (6 2) (2 ()

with initial data Xy- = x and Ry- = r. In order to simplify the notation, in the the erst of this
proof we will not stress the dependency on (x,r) of the subsequent involved processes. In the
case £ = 0, we simply write (X%, R%) := (XP;‘s,RS;é)tZO.

Notice that (A.1) can be easily obtained from equation (2.2) of [12] by taking ¢ = 1, by
suitably defining the matrices b and o therein, and by setting x1 = r and z9 = z. Then we
define the perturbed optimal control problem

(A2)  Vi(z,r):= gngE[/ e‘ptf(Xf“s,Rf;‘s)dH—Kl/ e Pt dgj+K2/ et dgt}
€ 0 0 0

_ By estimates as those leading to Proposition 2.4 it can be shown that there exist constants
Co, C1,Cy (which are independent of §, for all § sufficiently small) such that for any A € (0,1),
any z := (z,7) € R? and 2’ := (2/,7") € R?, we have

(i) 0 <V(2) < Co(1 +2])",

(i) [V3(2) = V()] < Gy (1+ 2] + [2])7 )z — 2/,

(iii) 0 < AVI(2)+ (L= NVO(2) = VIAz+(1—N)z") < CoAN1—A)(1+ 2]+ ]z’|)(p_2)+|z—z’|2,
where p > 1 is the same of Assumption 2.1. Hence V9 is convex, V°® € VVlefo (R%R). In
particular, there exists a version of V% € CLMP(R2;R).

loc
Let (Xf,Rf)tZO = (Xf;O,Rf;O)tZO. By (2.2), (2.4), and (A.1) one easily finds for p € [1,00)
E[[(XF* R}®) — (X;, R)IP] < Cio?, Y6 € Aand t >0,

for some C} that is at most of polynomial growth with respect to ¢t. Using now the latter and
Assumption 2.1-(ii), it can be shown that V°(z,r) — V(z,r) as 6 | 0 for each (z,r) € R2.
Let By := {# € R? : |z| < N}, for some N > 0. Since items (i)-(iii) above imply that
VO € W2P(By) for any p > 2 and WP (By) is reflexive, there exists a sequence §,, | 0 as n 1 0o
such that Vo converges weakly in W2P(By). Because Vo — V pointwise and weak limits are
unique, we have that Vo — V weakly in W?P(By). Since the embedding W??(By) < C*(By)
is compact for p > 2 (2 being the dimension of our space), it follows that

(A.3) Vo — V locally uniformly in R?,
(A.4) Vo — V, locally uniformly in R2,
and

(A.5) V2" — V, locally uniformly in R2.
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Moreover, by Theorem 3.11 in [12] (easily adjusted to take care of our general convex function
f satisfying Assumption 2.1) we have that V is the unique (given V?) solution to the pointwise
variational inequality:

Vi e WRI(R?), Wg>2, —Ki<VS<K, ae inR%
(L — p)VI < ObVE — fo(z,7) a.e. in I°,

(L = p)V2 > 0bV2 — fr(x,7) a.e. in D,
(

LT — )V =0bV? — fu(x,7) a.e. in C,

(A.6)

where we have set

70 = {(:c,r)GRQ: V,fs(a?,r):—fﬁ}, D = {($7T)€R23 ‘/7,5(.%'77'):K2},

and
¢l = {(m,r) eR?: —K; <V(x,7) < Kz}.

Define
(A7) 70 =inf{t > 0: VI(X?,R)) < —K1},
(A.8) o*° .= inf{t > 0: V2 (X?, R}) > Ks},
(A.9) T i=inf{t > 0: V. (Xy,r) < —Ki},
(A.10) o :=inf{t >0: V. (Xy,7) > Ko},
as well as, for a given M > 0,
(A.11) o = inf{t > 0: | X0 +|RS| > M},
(A.12) Ty = 1nf{t > 0: | X¢| + |r| > M}.

Now, by (A.6) we know that for each § > 0 given and fixed, V; is regular enough to apply
a weak version of It6’s lemma (see, e.g., Theorem 8.5 at p. 185 of [1]) so that for any stopping
time ¢ and some fixed T' > 0 one obtains

T

T8 ATMACAT
Vo (w,7) =E[— / e P (L" = p)V (XY, RY) ds
0

(A.13) + e—P(Tg/[/\TM/\C/\T) Vr6 <X6 RO ):l .

T ATMACNT? = V78 AT ACAT

Given an F-stopping time 7, set ¢ := 0*% A 0* A7 in (A.13), and use that V? solves a.e. the
variational inequality (A.6) to find

T]‘SVI/\TM/\U*"S/\U*/\T/\T
VO(z,r) > E U e P (— OV (X2, RY) + f-(X, RY)) ds
0
—p(T8, ATA AT S AT ATAT) 176 (v O 5
(A14) +e p(TM TMAT 7T )V;‘ (XTI‘E/I/\TM/\J*v‘s/\U*/\T/\T’RTJ‘EI/\TM/\J*v‘s/\U*/\T/\T):|
T](E/I/\T]VI/\O'*’é/\O'*/\T/\T 5 s 5 5 5
> E[/ e P (—0bVy (XS, RY) + fr(X2,RY)) ds
0
*,0

—po B —p7
+ ]1{0'*’5<T](?/I/\T]V[/\O'*/\T/\T}e Ko ]l{T<TJ‘SVI/\TM/\J*v5/\J*/\T}€ Ky

—p
+1 {T]‘f/l ATMAT*NT <o AT} e

(T8 ATMAT*AT) Vo (X6 5 )} _

‘rj‘w AT ANT*NT? RT]‘?/I AT ANT*NT
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Recalling (A.1), thanks to the estimates (i)-(iii) above, the uniform convergence of V%" to V.
(cf. (A.5)), and the fact that there exists C > 0 such that E[supy<<r (X0, RO™) — (X4, 7)) <

Crél, with X; = X?;O and oo > g > 1, it can be shown that (see Theorem 3.7 in Section 3 of
Chapter 3 of Chapter [1] — in particular p. 322 — and especially Lemma 4.17 in [13] for a detailed
proof in a related but different setting) T]‘f}f AT AT Ao * AT AT — T Ao* AT AT as n 1 oo,
P-a.s. Therefore, taking limits in (A.14) with 6 = §,, as n T oo, using the latter convergence of
stopping times and (A.3)-(A.4), one finds

T*ANTMATAT .
Vi(z,7r) > E[/ e_”s( — bV, (Xs, 1) — fT(Xs,'r)) ds +e77° Kol or oy inrntd
0

- e_pTKlll{7'<U*/\TM/\T} + 6_p(TM/\T)V;'(‘XVTM/\T? T)]I{TM/\U*/\T<U*/\T}:| .

Letting now M 1 oo and T 1 oo and invoking the dominated convergence theorem we obtain
(A.15)

*

oFNT
Vi(z,r) > E[/ e (= 0bVy(Xs, 1) — fr(Xs,r)) ds+ e*p"*KQ]l{U*q} - epTKl]l{T<U*}],
0

for any F-stopping time 7.

Analogously, picking ¢ = 7*%» AT* A, for any F-stopping time o, in (A.13), and taking limits
as n 1 oo, and then as M 1 co and T' 1 oo, yield
(A.16)

*

ONT
Ve(z,7) < E[/ e P (= 00V (X5, ) — fr(Xs,7)) ds + e P Kol (g ey — e_pT*Klll{T*Q,}] .
0

Finally, the choice ¢ = 7% A 7% A 0*% A o* leads (after taking limits) to
(A.17)

OXNT*
Vi(x,r)=E [/ e P (= 0bVy(Xs,r) — fr(Xs, 7)) ds + e_pa*KQ]l{U*<T*} — e_pT*Klll{T*Q,*}} :
0

Combining (A.15), (A.16), and (A.17) completes the proof.
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