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Abstract

We study an optimal execution strategy for purchasing a large block of shares over a fixed time
horizon. The execution problem is subject to a general price impact that gradually dissipates due to
market resilience. This resilience is modeled through a potentially arbitrary limit-order book shape.
To account for liquidity dynamics, we introduce a stochastic volume effect governing the recovery of
the deviation process, which represents the difference between the impacted and unaffected price.
Additionally, we incorporate stochastic liquidity variations through a regime-switching Markov
chain to capture abrupt shifts in market conditions. We study this singular control problem,
where the trader optimally determines the timing and rate of purchases to minimize execution
costs. The associated value function to this optimization problem is shown to satisfy a system
of variational Hamilton—Jacobi-Bellman inequalities. Moreover, we establish that it is the unique
viscosity solution to this HJB system and study the analytical properties of the free boundary
separating the execution and continuation regions. To illustrate our results, we present numerical
examples under different limit-order book configurations, highlighting the interplay between price
impact, resilience dynamics, and stochastic liquidity regimes in shaping the optimal execution
strategy.

Keywords: Optimal Execution, Singular Control, Viscosity Solutions, Free Boundary Problem,
Regime Switching.
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1 Introduction

The problem of optimal execution in financial markets has been extensively studied over the past
decades, with early research focusing on deterministic and linear price impact models. Classical
approaches assumed that market participants could execute large trades with predictable and
stable costs, often modeling price impact as a linear function of trading volume as in Bertsimas
and Lo [9] and Almgren [4]. These models provided foundational insights into the trade-off between
execution cost and market risk, establishing a framework in which traders optimize their execution
trajectories over a fixed time horizon. However, empirical studies such as Bouchaud, Farmer, and
Lillo [11] and Zhou [44], have shown that the assumption of a simple linear price impact does not
accurately reflect real-world market dynamics. Market impact is often nonlinear, transient, and
influenced by complex interactions within the limit order book (LOB).

As a result, recent research has moved beyond simplistic assumptions, incorporating more
advanced models that better capture this non-linearity. Obizhaeva and Wang [34] introduced a
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framework where market impact depends explicitly on the LOB shape, showing that execution
strategies should adapt to liquidity fluctuations. Alfonsi, Fruth, and Schied [3] extended this idea
by considering a continuous LOB model where price impact depends on both the execution rate and
liquidity replenishment. These advancements laid the foundation for further research on execution
strategies, notably Alfonsi and Blanc [2], Ekren and Muhle-Karbe [24], and Cayé, Herdegen, and
Mubhle-Karbe [15]. A significant contribution in this direction was made by Predoiu, Shaikhet, and
Shreve [37], who analyzed optimal execution in a one-sided limit order book with nonlinear price
impact and resilience. Their model, which accommodates an arbitrary order book shape, derives
the optimal strategy as a sequence of lump-sum trades interspersed with continuous trading at a
rate matching order book resiliency. These results formalized the interaction between execution
strategies and market recovery, providing a framework for modeling price impact in order-driven
markets. However, the assumption of deterministic resilience limits its applicability, as stochastic
fluctuations in liquidity have been well documented; see for instance in Taranto et al. [43].
Building on this, Becherer, Bilarev, and Frentrup [8] studied a two-dimensional singular con-
trol problem of finite fuel type over an infinite time horizon, motivated by the optimal liquidation
of an asset position in a financial market with multiplicative and transient price impact. This
framework incorporates stochastic liquidity, where the volume effect process is driven by its own
random noise, and they derive an explicit closed-form solution under the assumption of multi-
plicative price impact. Fruth, Schoneborn, and Urusov [27] introduced a stochastic order book
depth, addressing the limitations of models that assume constant or deterministically varying lig-
uidity. They establish the existence and uniqueness of optimal execution strategies when order
book depth follows a general diffusion process. Unlike prior work assuming deterministic liquidity
variations, this framework captures stochastic liquidity fluctuations. More recently, Ackermann,
Kruse, and Urusov [1] explored optimal execution in a market where order book depth and re-
silience evolve stochastically. The authors formulated a discrete-time trading model and derive
a recursive equation for the minimal expected execution cost. The authors analyzed conditions
under which traders should execute immediately or gradually. Horst and Xia [29] studied the
optimal liquidation of multi-asset portfolios in markets where resilience is stochastic. The authors
developed a framework that accounts for both immediate and persistent price impacts, formulating
the problem using backward stochastic Riccati differential equations (BSRDES) to characterize the
value function. To handle the singular terminal conditions in these equations, they introduced an
approximation method via penalization, solving a sequence of unconstrained problems that en-
force full liquidation. Their results provide explicit optimal trading strategies. Finally, Fouque,
Jaimungal, and Saporito [26] examined optimal trading in markets where price impact is stochastic
and often exhibits fast mean reversion. Using singular perturbation methods, the authors devel-
oped approximations to the resulting optimal control problem and established their accuracy by
constructing sub- and super-solutions. The analysis highlights how stochastic trading frictions
influence execution strategies. Muhle-Karbe, Wang, and Webster [33] demonstrate that in concave
price impact models a tractable linear approximation emerges in the high-frequency limit. The
authors show that a stochastic liquidity parameter effectively captures the model’s nonlinearity,
yielding a diffusion limit that preserves key features and performs well on limit order book data.
In this work, we introduce a stochastic volume effect governed by a jump diffusion process,
allowing the model to capture both continuous liquidity variation and sudden market shocks. The
price impact function is allowed to be discontinuous, accommodating abrupt changes in market
conditions. Instead of specifying a particular model for the fundamental price, we require only a
martingale property, making the framework applicable under general market dynamics. Liquidity
regimes are incorporated through a finite-state Markov chain, reflecting structural shifts in market
depth. We formulate the resulting optimization as a singular stochastic control problem. Unlike
most singular stochastic control problems, which are typically posed in infinite horizon settings
(see, e.g., Shreve and Soner [42], Bank and El Karoui [6]), our problem is inherently finite-horizon
due to the nature of execution tasks. In the execution literature, problems are often formulated
either in discrete time or as impulse controls over a finite horizon, highlighting the distinctive



structure of our continuous-time formulation. Moreover, our model avoids explicit cost functions
often used in classical formulations, as our setting focuses on liquidity-induced frictions rather
than inventory or running penalties. To the best of our knowledge, the closest related work is that
of Predoiu, Shaikhet, and Shreve [37], which addresses a similar execution setting but in a static
framework, whereas our approach is fully dynamic.

We incorporate different market regimes to model liquidity variations more realistically. Empir-
ical evidence, such as Chevalier, Hafsi, and Ly Vath [17], shows that market liquidity distribution
varies significantly throughout the trading day. Studies like Bayraktar and Ludkovski [7], Colaneri
et al. [19], Chung Siu et al. [18], Dammann and Ferrari [22], Cartea and Sanchez-Betancourt [14]
and Chevalier, Hafsi, and Ly Vath [16] have addressed this gap by modeling liquidity as a stochas-
tic process. To capture this, we model liquidity regimes as a finite state Markov chain. In our
framework, liquidity regime variations affect only the shape of the limit order book, while the
underlying volume effect dynamics remain unchanged. This ensures that price evolution is not ex-
ogenously driven by regime shifts but instead results from structural changes in supply and demand
at different liquidity levels. By allowing the LOB’s form to vary across regimes, we account for
regime-dependent price impact, where trades in low-liquidity states induce greater price responses
than in high-liquidity conditions. This approach captures transient liquidity shocks, aligns with
empirical evidence, and provides a more precise characterization of execution risk.

Finally, we address an optimal execution problem formulated as a singular control problem.
Our approach is guided by techniques from Ma et al. [31], Liu [30], and Shao and Tian [41], which
connect regime-switching models with the first component of the Hamilton-Jacobi-Bellman Quasi-
Variational Inequalities (HIBQVT). These works reformulate the execution problem as a stochastic
control problem for a Markov jump linear system, deriving the value function and optimal feedback
strategy through coupled differential Riccati equations. We also formulate our study as a free
boundary problem in the spirit of Caffarelli [13], Pham [35] and Figalli and Serra [25], focusing
on obstacle-type formulations and regularity properties. Due to the multi-dimensionality of the
state space, classical verification techniques are not applicable, as the value function and optimal
control cannot be characterized in closed form. To address this, we adopt a viscosity solution
framework and characterize our value function as the unique solution to the HJB system. This
allows us to describe the structure of the continuation and intervention regions, and to show the
existence of a connected free boundary separating them. Due to the lack of sufficient regularity
properties inherent in our setting, we rely on approximation methods to construct the solution.
We illustrate our findings with numerical examples across various limit order book configurations.
The viscosity solution is approximated using an implicit-explicit finite difference scheme for the
PIDE, following Cont and Voltchkova [20]. The simulations show that higher market activity
reduces market impact. In particular, increased volatility and resilience in the volume effect lead
to greater liquidity and lower exercise boundaries, while the opposite holds in less active markets.
We also examine how different limit order book shapes influence the free boundary.

The article is organized as follows. Section 2 introduces the model describing the price and
liquidity dynamics of a single asset, with a LOB featuring stochastic resilience and accounting
for the stochastic market liquidity. This section also formulates the singular control problem
associated with the execution strategy. Section 3 examines the analytical properties of the value
function and establishes its continuity over the domain. In Section 4, we demonstrate that the
value function uniquely solves the system of variational inequalities as a viscosity solution and
prove the connectedness of the free boundary. We present the numerical scheme to approximate
the viscosity solution in Section 5. Finally, Section 6 presents numerical illustrations, analyzing
the influence of state variables and price impact on the value function and the free boundary.

Notation 1.1. For x € R*, where k is determined by the contest, ||z|| denotes its Euclidean
norm, and B,(z) represents the open ball centered at x with radius v > 0. The scalar product is
denoted by (-,-), and for a vector x € R¥, its transpose is denoted by xT. For a set A C R¥, A
denotes its boundary, while int(A) or equivalently A denote its interior. The symbol ® represents



the Kronecker product of two matrices. For a function ¢ : Ry x R x R¥ — R, the gradient and
Hessian matriz are denoted by Dy and D2y, respectively, whenever they are well-defined.

2 Optimal Execution Problem

Consider a complete filtered probability space (Q,F,F = {F;}i>0,P), where {F;}:>0 is a right-
continuous filtration. We assume that the filtration {F;};>¢ supports a standard P-Brownian
motion W, a continuous Markov chain I, and a random Poisson measure M on Ry x R, with
compensator \;v(dz)dt, where X : [0, T] — [0,), and v is a measure on R. Throughout this paper,
unless explicitly stated otherwise, any equality between random variables is understood to hold
P-almost surely when it is not explicitly stated.

2.1 Model Setup

We consider {I;};>0 to be a continuous-time Markov chain with values in a finite state space
L, = {1,...,m} C N and with cadlag sample paths. We denote F! = {F/};>0 the natural
filtration generated by I, augmented by the P-null sets. The process I represents the liquidity
state within the limit order book. Its infinitesimal generator Q(t) = (Qi;(t))1<i,j<m captures the
intensities of transitioning between different liquidity states. The off-diagonal elements Q;;(t) for
i # j correspond to the continuous and bounded instantaneous rate of transition from state i to
state j. We assume that [ is stable and conservative, i.e., for all (j,k) € 12, and t > 0,

Qji(t) = =Y _ Qx(t), and Qj;(t) < +oo. (1)
Py

Volume Effect. Let i € I,,, be a liquidity regime. We define A := (A;);>¢ as the reference price
of the assets, which we assume to be a continuous (P, F)-martingale. In our model, we assume
that, in the absence of trading, the number of available shares at time ¢ in the price interval
[As, Ay + x[ is Fr,(x). Here, F; is a non-decreasing and left-continuous function associated to an
infinite measure p; : Ry — Ry in the following way:

Fl(x> = ,LLZ'([O,ZIID, Vo € Ry.
The shape of the shadow limit order book (LOB) dynamically evolves as the liquidity regime
changes. This allows the model to adapt to varying market conditions.

Remark 2.1. This model is general and accommodates various limit order book structures and
market impacts. Ezamples include block, modified block, and discrete order books (see Predoiu,
Shaikhet, and Shreve [37]). It also supports other types, such as power-law order books (see
Brokmann et al. [12] and Avellaneda and Stoikov [5]).

Let Y be an F-adapted nonnegative process representing the volume effect process, such that

{ dY, = —h(Y,-)du+ o(Y,-)dW, + [z ¢(Yu-, 2)(M(du,dz) — A\,v(dz)du), )
Y- =v,

witht >0, ue[t,T],y >0, h:Ry 5 R, 0:Ry - Rand ¢g: Ry x R— R. We denote
qu_ = Yu‘ +AMYU7

where AjpY,, represents the jump contribution of the measure M to Y at time wu.
Assumptions 2.1. We assume that the processes I and M do not have mutual covariation.

Remark 2.2. Assumption 2.1 simplifies the analysis without minimal loss of generality, as any
dependence can typically be absorbed into the dynamics of M or handled via a change of measure.



The ask price is no longer the reference price but is given by P := A+ D. Here, D defines the
price deviation process, such that D,, := ¢y, (Y,,) for all u > 0. The function 1); is left-continuous
and verifies

Yi(y) :=sup{a > 0: Fi(a) <y}, Vy2=>0, (3)

with ;(0) := 0. Tt follows from the monotonicity and the left-continuity of F; that t; is non-
decreasing on R and that F;(v;(y)) =y, for all y € Ry.

Quantity
Quantity

Fi(x) Fr,(x) =Yy

As- Price Ai- +Xx Ay A,+Dy Price Ay +x

Figure 1: Representation of the limit order book at times ¢~ and u. The left panel illustrates the
initial state with Y;- = y = 0, while the right panel shows the LOB after transactions occurring
between ¢t~ and u. The shaded area Y, indicates the volume of consumed shares.

The volume consumption affecting the LOB also accounts for the influence of other market
participants, modeled through the Brownian motion W and the compensated martingale M, with

M(du,dz) := M(du,dz) — A\yv(dz)du. The jumps here capture the impact of block trades and
large orders placed by external market participants.
We list the following assumptions to support our study of the control problem later.

Assumptions 2.2. Assume that:

(A1) There exists b> 0, 8 >0 and a > 0 such that

Fi(z) > bx?,  V(z,i) € [a, +00[xT,,.

(A2) The measure v(dz) satisfies
/(1 + 2%)v(dz) < +oo.
R

(A3) There exists a constant C > 0 such that, for all y > 0,
M)+ low)| + [ laly,2)lv(ds) < O+ o],
(A4) There exists a constant L > 0 such that, for all y,y > 0,
n(9) = b))+ lo0) = o] + [ la.2) = aly'- ) < Lly =/l

Assumption (A1) prevents the placement of buy orders with finite size at infinitely high prices.
Moreover, it provides an upper bound for the resilience function v;, which is crucial for establishing
the joint continuity of the value function introduced in the following sections. It also plays a key
role in proving the Comparison Principle (see Theorem 4.3) for the viscosity solutions of the value
function. Assumptions (A2), (A3), and (A4) guarantee the existence and uniqueness of a strong
solution to the SDE (2) via Proposition 2.1, as well as a comparison property for the volume effect
process through Lemma 1. These assumptions hold for the rest of this study.



2.2 Problem Formulation

Our goal is to address an optimal purchase problem for a single asset over a finite time horizon 7.
As this study is conducted in a continuous trading context rather than high-frequency trading, we
consider singular controls as admissible strategies, where jumps correspond to block trades.

A financial agent wants to buy X shares of an illiquid asset over the time interval [0,7T]. The
agent’s holdings X form an F-progressively measurable process.

Definition 2.1 (Admissible strategies). Define Ai(xz) as the set of admissible controls for an
agent with a position © € Ry at time t € [0,T]. An admissible purchase strategy consists of a non-
decreasing F-adapted right-continuous process X = (Xy)i<u<r Such that X~ = z and Xr = X.
We denote by AX, = X, — X,~ the jump at time u. We also represent X as the continuous
component of X.

Y, X

We define the controlled dynamics of the volume effect process Y as

{ AypvX = dX, — (YY) du+ o (Y AW, + [ a(VEYY, 2) (M (du, d2) — Av(dz)du),
yihrd =y
t )
(4)

with u € [¢,T] and y > 0. Using classical theory (see Protter [38]), we can directly conclude that
the given system of stochastic differential equations has a unique strong solution.

Proposition 2.1. For any Fi-measurable random variable & valued in Ry such that E(|E[P) < 400,
for some p > 1, the SDE (4) admits, for all t € [0,T], a unique strong solution Y"&X  with
Ytt’{’X = &. Moreover,
E[ sup [Yyp¥X [P ] < Cr(1+E(E)),
0<u<T
where the constant Cp € Ry only depends on T, X and the Lipschitz coefficients of h, o and q.

We state a comparison result for the sample paths of Y, which will be used in proving the
monotonicity of v and later in the proof of continuity.

Lemma 1 (Colmparison pr(gperty). Lett € [0,T], z € [0,X] and X € Ay(z). For any two controlled
solutions YYo X and Y4Y0 X of the SDE (4) satisfying Yy < Y§, it holds that

PV, Yo X <ytYe X vy e, T)) = 1.
Proof. Refer to Theorem 2.3 in Dawson and Li [23]. O

Note that the volume effect process Y4¥X incorporates the impact of the investor’s trading
X within its dynamics. Equation (4) specifies how the order book is affected by the transactions
of the trader. If a large transaction happens at time ¢ with the investor buying z shares, then
vivX =y X 4 & The ask price jumps from A,- + Vr,_ (Ytt;y’X) to Ay 4 obr, (Y0 + z) after
the transaction. Based on the limit order book structure described in Section 2.1, the purchase
cost for a large trade of size y, in excess of A;, at time t is expressed, for every regime ¢ € I,,,, as

Vi (y)
Bi(y) = /0 £dF(€) 5
- /0 Gi(O)dC, Yy > 0.

In other words, the cost of placing a buy order of size y at time t at price P; is given by

. Y
wi) = [ [P = Py o+ 20
0 Cost at the current price Impact cost



We assume that the Markov chain [ starts in state ¢ at time ¢. Since X is nonnegative and bounded
by X, with X,- = x, we express the cost of the purchase strategy X over [t,T], under suitable
conditions on the price A, as described in Predoiu, Shaikhet, and Shreve [37]. In this case, the
cost is equal to

T
/t (Au+ Dy )dXg + Y ANX, + O, (YIVY) =&, (VYY)

t<u<T

/z/u, (VI N)AXe+ AKX —2)+ Y O, (Vi) =@, (VI
t<u<T

where D, == ¢, (Y}¥X) and u € [t,T]. Consequently, assuming the common condition that
the ask price A is a martingale, minimizing slippage is equivalent to minimizing the total cost
of purchases. This leads to the following optimization problem, where we aim to minimize the
expected cost in excess of A;(X — z) over the set of admissible strategies, defined by the value
function v := (v;);er,, , such that

viltv,y)i= inf B / ULV A+ 3 e (Vi) = (V)] ()
e t<u<T

with (¢,z,y) € S := [0, T[x[0,X[xR* and i € I,,,, We denote S as the closure of S.
The boundary conditions are defined by the immediate purchase of the remaining shares as

vi(T,2,y) = i(y + X — 2) — B4(y),
v (t,X,y) = 0.

Note that v; satisfies the following growth condition (see Proposition 3.1)

0 <wilt,z,y) < i(y + X — ) — By(y). (8)

2.3 Examples

We begin by presenting examples that inspired our study. For clarity, these illustrations focus on
the single-regime case (m = 1), although we consider the general setting throughout the paper.
Let (t,z,y) € S, and X € A;(z). Assume that the volume effect is deterministic, meaning
o = q = 0. Further, suppose that process Y*¥¥ has finite variation and satisfies Y vX = Y.
Under these conditions, the setup corresponds to Model 1 in Alfonsi, Fruth, and Schled [3] within
a discrete-time framework and, more specifically, to the one detailed in Predoiu, Shaikhet, and

Shreve [37]. Applying 1t6’s formula, we obtain

T
@(Y%,y,X) —Q(y) = / Q/J(qu’y’x)(dXﬁ — h(Yj’y’X)du) + Z (Y X) - (I)(Yt,y,X).
t

s
t<u<T
Hence,

T
wtag) = int B[O + [ o(h(vir)du] - a(y),

where
9(y) =y (b (y)).

If one further assumes that ¢ is a convex function, Jensen’s inequality implies that

/ D > (7 = g / ") ).



Knowing that V¥~ =y +X — 2 — ftT h(YEYX) du, we get

t > inf E|Giu, (Y0 - @
vtz y) = | ok [Gt, w(Yr )} (¥),

where Gy () = ®(e) + (T — t)g()?_%_lt’_e) We define a type A strategy as a strategy that has

an initial jump at time ¢, satisfying dX,, = dX¢ = h(Y,)du on |t,T[, with the agent unwinding
the remaining position at time 7. Assume that e} , , minimizes Gy, ,, and

€ty € {YTt’y’X : X € Ay(w) is of type A}.

Then,
v(t, z,y) = Gle; ) — (y). (9)

Theorem 4.2 of Predoiu, Shaikhet, and Shreve [37] establishes that the type A strategy associated
to e; ., is the unique solution to the optimization purchase problem when g is strictly convex.
Furthermore, the authors demonstrate that a solution to the optimal execution problem exists even
if the convexity of g no longer holds (see Theorem 4.5). Under this alternative situation, the trader
initially purchases a lump sum of shares, Xg = y, at time 0. Subsequently, shares are bought at a
constant rate, dX; = h(y) dt, over the interval t € [0, to[, maintaining Y; = y. At time to, another
lump sum purchase is made, after which the trader continues to buy shares at a constant rate,
dX; = h(Yy,)dt, during t € [to, T, keeping Y; = Y;,. Finally, the remaining shares are purchased
at time T'. For example, consider a block-shaped order book as described in Obizhaeva and Wang
[34], with a density gy = 1 and a resilience rate p = 1, resulting in F(z) = ¢(z) = h(z) = z, for all
x > 0. In this case, ®(x) = %2 and g(x) = 22, for all x > 0. Additionally, if X € A;(z) is of type
A, the following holds
. 2X —z+y)
“tey T T 112

In the framework proposed by Predoiu, Shaikhet, and Shreve [37], the volume effect is assumed
to be non-dynamic, effectively treating it as deterministic throughout the execution horizon. As
a result, the authors implicitly assume that the initial state lies within the execution region when
starting from = 0 and y = 0. However, this assumption does not necessarily hold when the
volume effect is dynamic. In general, e} . is attainable by a type A strategy if and only if

X —z—(1+(T—1t)y=>0.

Furthermore, the value function in this region is equal to

X*l"FyQ y2
oltay) = EIH

24T -t

The representation of the value function in the next section enables its characterization beyond
this domain. Observe that this case falls within the framework of Alfonsi and Blanc [2] if we
assume that the strategic trader’s proportion of permanent price impact is identical to that of
other traders and equal to zero. Suppose further that the measure m satisfies m = 0, the jump
size of Y satisfies ¢ = 1, and that the process

t
/ o?(v,) dW,
0

is F-martingale, where Y is the solution of the uncontrolled SDE (2). The argument in the proof of
Theorem 2.1 of Alfonsi and Blanc [2] shows that there are no Price Manipulation Strategies (PMS)
in this setting and that the control problem is equivalent to the execution problem of Obizhaeva and
Wang [34]. This example motivates our study of the general case, in which the volume effect evolves



dynamically as a jump diffusion process. In this setting, we aim to characterize the properties of
the value function within each region and along the free boundary.

Remark 2.3. The framework introduced by Alfonsi and Blanc [2] was extended by Chevalier, Hafsi,
and Ly Vath [16] to incorporate impulse controls. Although this extension enhances the modeling
of price impact, the limit order book remains static, meaning that its shape does not respond to
incoming orders, and exhibits a deterministic volume effect with fixed resilience. Additionally, the
dynamics are solely driven by point processes representing order flow. As a result, while these
models are well suited to high-frequency trading environments, they are less appropriate for longer
time scales. This motivates the use of Brownian noise in (2) to capture stochastic resilience effects.

3 Analytical Properties of the Value Function

In this section, we will denote, for any (i,t,z,y) € I,, xS, and any admissible strategy X € A;(x),
Cilt, z,y, X / GV Naxe Y e (V) — ey (V).
t<u<T;AX,>0
We start by stating standard results on the finiteness and monotonicity of the value function.
Proposition 3.1. The value function v described in (6) is finite.

Proof. Let (t,x,y) € S be the state variable at time ¢ and i € I,,. If the investor buys X — z
immediately, the associated cost would be equal to ®;(y +X — x) — ®;(y). Therefore,

0 <vi(t,z,y) < iy +X —x) — i(y)
on S. This concludes the proof. O
Proposition 3.2 (Monotonicity). For any (i,t,z,y) € L, xS, the following results hold:
1. to — vi(to, z,y) is non-decreasing on [0,T].
2. xo + vi(t,w0,y) is non-increasing on [0,X].
3. yo — vi(t,z,y0) is non-decreasing on R .

Proof. 1. Let i € I, * € [0,X] and y > 0. Supposejhat 0 <t <t < T and consider
X' = (X} )vr<u<r € Ap(v) such that X, =z and X} = X. Using the strong Markov property,
we get that

T—t/+t . - s,
BC( e X)) =B [ 0Tk Y e e 70,
t t<u<T—t'+t
AX,>0

with X’ = (X4 —yp)t<u<T—t'4¢- Define the strategy X € A;(x) as

Xy, ifuelt,T—t +1t,
X, =
0, else.

Note that E[Ci(t',z,y, X')|Fv| = E[Ci(t,z,y, X)|F;]. Since X € Ay(z), then
vilt,x,y) < E[Ci(t 2,y X)| Fu).

As X' is arbitrary, it follows that v; (¢, z,y) < v;(¥, x,y), completing the proof.
2. Leti €l,,tel0,T] and y > 0. Suppose that 0 < z < 2’ < X. Let € > 0 be arbitrary and



assume that X € A;(z) is an e-optimal strategy that satisfies
vi(t, z,y) + e > E[C;(t, z, y, X)].
Let 7 be an F-stopping time, such that
T::inf{uzt:Xu—xz)?—x/}.
We define the strategy X' € Ay(z') as

Xy +2 —x ifu<r
/ Su ) 3
X“_{X, else.

Using the comparison property established in Lemma 1, we have that
Cit, 2’ y, X') < Ci(t,z,y, X).
Taking expectations on both sides, we deduce that
vi(t, 2’ y) <E[C;(t, 2", y, X")] <E[C;(t,z,y, X)] < vi(t,z,y) + &.

Since ¢ is arbitrary, the conclusion follows.
3. This result follows directly from the comparison property established for the process Y and the
fact that ®; and 1, are non-decreasing on R, for all ¢ € [,,,. O

To prove the continuity of the value function, we need the following lemmata. The first result
concerns the continuity of the flow of Y. The second is related to a continuity modulus.

Lemma 2. For any non-decreasing, right-continuous, adapted process X and any initial time
t € [0,T)], the mapping y — Y 19X representing the flow of the solution to SDE (4), is continuous
on R,.

Proof. See Theorems V.37 and V.38 in Protter [38]. O

Lemma 3. Let 0 <t <s< T,z €[0,X],y >0 and X € Ai(z). For any nonnegative random
variable & with finite moments, it holds that

E|@r, (VY 4) = @, (YE)] < py(€),

where the mapping (y,¢) — py(C) is continuous in y and non-decreasing in ¢ on Ry, satisfying
lime 0 py(¢) = 0. Additionally, p,(§) converges in probability to 0 as & tends to 0 in probability,
if its moments are uniformly bounded.

Proof. Refer to Appendix A. O

We conclude this section by presenting a key result on the continuity of the value function.
Theorem 3.1. The value function v defined in (6) is a continuous function on S.

Proof. We will study separately the continuity of the value function in ¢, z and y, for each ¢ € I,,,.

1. We first prove the continuity of v; in z, uniformly with respect to t. We fix ¢ € [0,7T], y > 0,
0 <2’ <z<Xande>0. There exists X € A;(x) which satisfies

U'L'(t7x7y) +e2> E[Cl(tvxang)]
By adding a jump of size x — 2’ at time T to X we obtain X € A(t,z"). We have that

Ci(ta 517/, Y, 55) = Ci(ta z,Y, X) + q)IT (Y’Zé7y7X +T - .Z‘/) - (I>IT (Y’I?y’X)'
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Taking expectations on both sides of this equation we deduce that
E[C;(t, 2, y, )A()] <wvi(t,x,y) +e+ E[@IT (YivX o —a') — @IT(YTt’y’X)].

On the other hand since, by Proposition 3.2, the value function is decreasing in z, we conclude
that

vilt,2,y) S vilta',y) Svilta,y) +eHE| @ (VY o —af) - @, (V).
We deduce from Lemma 3 that
0 S ’Ui(tvxlvy) - ’Ui(tvmvy) S e+ loy(aj - ml)'

Therefore, we have obtained the continuity of the value function v in x uniformly in ¢.

2. Next, we prove the continuity of v; in y, uniformly with respect to ¢t and z. Fix y > 0, ¢ > 0,
€>0,t€0,7] and z € [0,X]. There exists X € A;(x) which satisfies

vi(t,z,y) + e > E[Ci(t,2,y, X)].
Our goal here will be to construct an admissible strategy X that bounds
’Ui(taxvy/) - ’Ui<t7x7y) S e+ E[C’L(twr)y/a)?) - C’L(taxay7X)]

To do so, we compare the sample paths of Y*¥X and Yt’y/’X, and aim to bound their difference
using terms that depend only on the initial parameters y, 3’ and their difference |y’ — y|, as
illustrated in Figure 2. This, combined with the continuity modulus presented in Lemma 3, should
allow us to achieve the uniform continuity in y. Consider X € A;(x) such that

dX¢ =0, and AX, =AX,, VYucl0,T]
Let 7 be the following F-stopping time,
Ti=inf {u>t: Yj’y,’)? <YIPVXLAT,
£ define the random variable
€= [ axg - (v X -y R),
and # be an F-stopping time, such that
9::inf{u27: XT—i—Xu—XT 2)?}.

Observe that when ¢/ <y, 7 =t and £ = ¢y —y < 0. We construct a strategy X belonging to
Ay (z) satisfying

dX,, ift <w<r,
dXy = (AX, +VivX YV AN (X - X, ), ifu=T,
dZz,, ifr<u<T.

where Z is a non-decreasing F-adapted process with Z, = 0. If £ > 0,

47, — dX,, ifr<u<T,
YT AX, +E ifu="T.

11



If € <0,

dX,, ifr<wu<é,
dZ, = ¢ X— (X7 + Xo- — X;), ifu=0andT<0<T,
0, else .

The goal of this construction is to align the paths of u > Y,:¥X and u Yjvy,’x at a chosen time
7, allowing for their comparison and the derivation of bounds for inequality (10).

1.24 Yt'y/')? -~

—— ytyX el

RIS

0.0~

0.00 020 T 0.40 0.60 080 6 1.00
Time

Figure 2: Illustration of Y’*y X and YtV X sample paths in the scenario where y < 4', 7 <0 < T
and AX, + YvX — Yt’y X <X- X -

Therefore, we obtain the following inequality
vit,,y') —vilt,x,y) < e+ Ri+ Ry + R + Ry + Rs + R, (10)

where

| |
=

/ v, (VA X)dxe / i )dXC} 0,

> “I’*Y?f’y“)—q’fv(?ul ’Xﬂ—E[ > e ) ey (5]

t<u<tT;AX,>0 t<u<t;AX,>0

|
[
(@, (vt Xy — @y (7 N)] < E[@y, () - @y (7))
[
|

| |
=

Lm0y (Br, (VY 4 6) = By, (VE2Y))]

E
E
E[ 1oy (@1, (VYN + AXy) — @y, (V10X +AX9))] <0.

| /\

We begin with finding an upper bound for Rp. Denote by uy € [t, 7] the jump times of X.
Note that y +— ®; _(y) is non-decreasing on R. An application of the comparison property of Y

(see Lemma 1) yields Y, X< v v X <y X for all u < 7. Therefore,

U (733
t<up <t (11)
SE[ Y0 @, (VY ) - o, (V).
t<up <t

12



with 7, := V0¥ X — yEu.X >0 for all u € [t,7[. Tt follows from the dynamics of ¥ that
A(V X =Y
— (VX _ytu Xyt [— (RYVE YY) — (VA9 X)) du + (o(VEYY) — o(VESX)) qu}

clc—1)
2

+ / {(Y;Lyl’x - f/ut’,y’x + q(f’qf’,y,’x, z) — q(iv/ut’,y’x, 2)) = (Vv YtLy’X)C] M (du,dz)
R

+ du

Sty X vty Xye—2 | vty X S, X |2
(VI Xyt X e 2]a(yu}’ ) — o (VY )]

u

+ / c()v/lf’,y/’x - Y’J’,y’X)Cfl (q(}V/tLyl’X, 2) — q(V X 2)) A (d2) du,
R
for all u € [¢,T] and ¢ > 0. Using Assumption (A4) that for all jump times uy € [t, 7],
Uk ,
Bl < Iy —yl+ DB [ X =y e,

with L’ > 0. Thanks to the Gronwall inequality, we can then assert that

Ellyu, ] < [y — yle"T.

(142)Y—1—v=z >

xY —

Applying the inequality (1+z)7—1 < yaz+C,a” withy = % > land C, := sup,
0 for 2 > —1 (see Hardy, Littlewood, and Pélya [28, Chapter 3]), we obtain

i =Soerl(s i )T s e (gt M)

Lemma 3 combined with (11) and iterated expectations yields

Ry <E[ Y py(u)| < T -y,

t<up<T
2 2 1
where p, : &= Y7, Cf(Q}j(E[)gj] + 20};2';&”) * . Similarly, we have that

R3 < pi,(ly" —yl)

since y — ®; _ (y) is non-decreasing on R, and }V/Tt’_y’X < f’:’_y/’x < }v’:’_y/’x, for u < 7. The second
inequality follows directly from Lemma 1. We turn to finding an upper bound for R4. Notice that
we have Rs = 0 when ¢/ <y. If ¢y >y, then E[¢{] <y’ — y. In this case,

Ry < E[@IT (Y'Y far 4+ &) — Oy (Yq’i’y’x)}.

Observe that £ satisfies the conditions of Lemma 3 due to the strong solution result in Proposition
2.1, and that the admissible controls have bounded variations. Therefore,

Ry < E{py(% + w)} < 0y, 2ly" —yl).

We conclude this proof by recalling that ¢ — p,(¢) is uniformly continuous on R, for all y > 0.

3. Finally, we demonstrate the continuity of v in t. Let = € [0,X], ¥ > 0 and 0 < u < t. Now,
consider a strategy X € A, (z) such that

vi(u,x,y) +e> Ci(u7xaan)'

13



In the following, we will construct a strategy Xe A(x) that consists of not doing anything on [s, ¢]
and then following the strategy X similarly to the previous proof. We introduce the F-stopping
time 7, defined by

=inf{u>t: y;_,w? <y} AT.

Let X define an admissible strategy in A;(z), such that

(AX, +y— )V/T“,’y’x) ANX-=z), ifu=r,

d)?u: gXU,A ifr<u<,
X—X,-, if u=2,
0, ifo<u<T,

where R
§:=inf{u>7: X,- + AX, > X} AT.

Considering an e-optimal strategy X € A;(z), we can show that
vi(u, x,y) —vi(t, z,y) < Ci(u,x,y,)?) —Ci(tyz,y, X)+e¢
< ]E[Ci(t,x,lftﬁ’y”?,)?) — Cilt, 2,9, X)] + ¢
< f(e),

with lim._, f(e) = 0.
We can combine the uniform continuity of v; in  with respect to ¢, in y uniformly with respect
to t and x, and in t to get joint continuity on S. O

Proposition 3.3. The value function v defined in (6) is differentiable almost everywhere onS and
has finite one-derivatives everywhere.

Proof. The value function v; is continuous and monotonic on S, and thus, by Lebesgue’s Theorem,
it is differentiable almost everywhere for all ¢ € I,,. Therefore, there exists a set of Lebesgue
measure zero where v; may not be differentiable. We denote the right and left partial derivatives
of v; with respect to x and y as 8%1)1' and 8thvi. Based on the proof of Theorem 3.1, we have that

% h —v;(t, z, y(h °
0<? (t,x + ,yli vi(t, z,y) < Pyli )’ Wtz k) €S X R,
Moreover, it follows that
Z yok <
h—>0+

which implies that 9, v; is finite on S. Similarly, 9, v; is finite. Hence, v; is diﬁerentiableﬁin T on
S. The same argument applies to ¢ and y, establishing differentiability in all variables on S. O
4 Viscosity Characterization of the Value Function

This section aims to provide a PDE characterization of the value functions v.

Lemma 4 (Dynamic programming principle). For any stopping time 7 in [t,T], we have

vi(t,z,y)
f Vi Xyaxe LYy — oy (Ve o, X YY)
xeio ™ / v, (V0 0)dXE+ Y (@ )= @1, (YV,7)) (T T ﬂ

t<u<Tt

where (t,z,y) € S and i € L,
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Proof. This is a straightforward adaptation of the results from Bouchard and Touzi [10], leveraging
the continuity of the value functions v; established in Theorem 3.1. O

Building on the problem formulation 2.2, we consider the following Hamilton-Jacobi-Bellman
Quasi-Variational Inequalities for v, for all ¢ € I,

max (

8% avi o
_Z(Uj_vi) ija—fx—fy—wz) =0, on S. (13)

v;
ot i

The partial integro-differential operator £ is given by

Lo 2oy >§j Mo+ [ (pltszy+a(0:2) = ) v(d),

The boundary/terminal conditions here are specified in (7).

Remark 4.1. Vectors are assumed to be m-dimensional unless stated otherwise, and all operations
are performed component-wise. Deviations from these notations must be explicitly specified.

4.1 Viscosity Solution Property

As the value function v may lack smoothness, it is formulated as a discontinuous viscosity solution
of a quasi-variational inequalities (13) with appropriate boundary conditions, following Crandall,
Ishii, and Lions [21].

Definition 4.1 (Viscosity solution). We define a viscosity solution of (13) as follows :

1. v is a continuous viscosity supersolution (resp. subsolution) of (13) on I, x S if it satisfies
the growth conditions (8), and if
Op  Op
max (= (%2 4 Lot 30y —0)@u) (1 2,), — (324 5 (6 2.y) = 0(resp. <), (14)
J#i

for any (i,t,z,y) € L, xS and any smooth test function ¢ € C12(8S) such that (v;—¢) attains
a local minimum (resp. maximum) at (t,z,y) over the set [t,t+ 0[x[zx,x + d[xBs(y) C S for
some § > 0, with (v; — ¢)(t,z,y) = 0.

2. v is a continuous viscosity solution on I,, X & if it is both a viscosity supersolution and
subsolution of (13).

Next, we prove that the value function is a viscosity solution as defined in Definition 4.1.
Theorem 4.1. The value function v defined in (6) is a viscosity subsolution of (13).
Proof. Refer to Appendix B.1. O
Theorem 4.2. The value function v defined in (6) is a viscosity supersolution of (13).

Proof. Refer to Appendix B.2. O

4.2 Uniqueness Result

The continuity of v established in Theorem 3.1, together with the results of Theorems 4.1 and 4.2,
and the at most polynomial growth of the power function, show that v is a viscosity solution of
(13). Although the techniques used to prove the comparison theorem are standard, the regime
switching and jump terms render it nontrivial, motivating us to present the full argument here.
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Theorem 4.3 (Strong comparison principle). If v; is a continuous viscosity subsolution of (14)
and w; s a continuous viscosity supersolution of (14), such that

vi(t,X,y) Swi(t,X,y), and vi(T,2,y) < wi(T,z,y),
for all (i,t,z,y) € L, xS, then v; < w; on S.
Proof. Let 8 > 0 such that

. Qi(y +X —x) — i(y) >
yEI-Poo max 7 =0, V(z,y)€l[0,X] xR;. (15)

The existence of such a constant 3 follows from Assumption (A1). Let i € I, and define ¢; : S — R
such that B
@Z(ta z, y) = _eict((_a’l‘r + QQ)yﬂ — bz + b2)7 \V/(t, xz, y) € ‘S)

where ai, ag, b1, by and ¢ are positive constants satisfying as > a;X and by > b X. Additionally,
we set a(x) := —ayx + az > 0, for all z € [0,X]. Fix an arbitrary point z := (¢,x,y) € S. Hence,
we obtain the following inequality

(%24 £0)(2) = e (elalay” — iz +b2) ~ 2P D)o (y)yr2)
+ e (= Bh(y)a(z)y® " + Ma(z) / (v + a(y, 2))® — vP) v(d2))
> a(x)e—ctyﬁ(c _ Bh(y) _ ﬁ(ﬁ - 1) U(?J)Q _ 5\ V(dz)) +C€—CT( _ lev_'_ bz)

- Y 2 y? Ry

> CeicT( - bly—i- bg)

The final passage follows from the linear growth assumption (A3) on h and ¢ and is true for ¢ big
enough. Moreover, knowing that ¢; > 0, we have

8:r+ oy

(8% O + ;) (2) = e (a1y” + b1 — Ba(z)y’ ™) + ily) > e,

for € > 0 and b; big enough compared to a; and as. Define v; 4, :S — R such that
Vi m = Vi + — ¥,
m
with m € N*. Combining (15) with the continuity of o; on S, we get that

1 — _
lim 7§0i(tvmvy) + q)l(y +X_ 32') - (I)z(y) = —00, V(t,.’L’) € [OvT] X [0>X]
y—+oo m
Note that Zj#(gaj — ¢;)Qi; = 0. Therefore, v; ,, is a strict subsolution of equation (14) in the
sense that it satisfies
ov; ov; ov; €
max ( — (‘;tm — L, — ;(‘Pj — i) Qij, _781;1 - azym - 1/11') < - <0, onS. (16)

Toward Ishii’s lemma. Our goal is to show that ¢ := sup,cg v m(2) — w;(z) < 0. Suppose on
the contrary that ¢ > 0. Based on the growth condition (8), we know that

vi(2) < Pi(y +X —x) — i(y), Vze€S.
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Therefore,
lim v, —w; < 0.
z—X

Additionally, using the previous results, we get,

lim v —w; = —o0, and lim v; ,» —w; < 0.
Yy—+00 t—T
This means that the supremum is attained an interior point zy := (to,z0,y0) € O C S, with

O :=]0,T[x]0,X[x]0,Y]. In other words, we have ¢ = v; m(20) — w;(20). Let k > 1 and define, for
all (t,z,y,y') € S xRy,

Hk(taxvyvy/) = Ui,m(th?y) - wi(t,*T?yl) - dk(yvy/)y

k

where di(y,y') = 5|y — ¥|*.

Define g := sup Hg(t,z,y,y’). Since Hj is continuous and
Ox[0Y]

coercive, its supremum is attained at some point (f, %k, 9k, 9,) € O x [0,Y]. By means of the

Bolzano—Weierstrass theorem, there exists a subsequence (fnk,!fnk,@nk,’%k) that converges to a

point (fo, Zo, %o, Jh) € O x [0,Y] as k — +oo. In the following, we will continue using k as an index

instead of ng to avoid the proliferation of indices. For k large enough, we can then assume that

tr < T, and &, > 0. Consider the following inequality
Hk’(£07 £07 QO? gO) S Hk(ﬂca i‘k’a gka g;c)

In particular, we have
k.. 9 foL s PP Y,
§\yk — Url” < =vim(to, Zo, o) + wi(to, Lo, o) + Vim (tr, Ths Gr) — willr, Tk, Ui )-

As v; p, and w; are continuous on the compact set O, there exists C' > 0 such that

. . C
|Jr — yk|2 < % (17)

Letting k go to +o0, we find gy = ¢(. Finally, we show that g tends to o when k goes to +oc.
Note that

0 = vim(20) — wi(20) = Hi(to, 20, Yo, Y0) < Hr(tk, Tk, Grs Tc)-

Therefore, o < pr. Moreover, we have
P ~ k. . 12 A A .
ok = Vi (les ey Gr) = willhe, ey o) = 519 = Giel™ < v (s ey Gi) — i, 2, Gi)-
Since v; ,, and w; are continuous on &, we get that
kgffoo Vi (T, By O) — wilths T, Gi) = vim (o, 20, 90) — wilto, 20, 90) < o-

We conclude that limg_, o0 0k = 0 and limg oo |9k — 95|* = 0. Moreover, we have

vi,m (fo, 20, Jo) — wi(to, 20, 90) = o

Ishii’s lemma. We now apply Theorem 3.2 from Crandall, Ishii, and Lions [21] at the point
(tx, @1, Uk, 95, ), ensuring the existence of M, M’ € R such that

k—Al o M0 1,
< < —
( 0 hoqa ) SUo o ) SAT A
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with A = D2dy,(x, 9%) = ( —kk _kk > Let I and Z be the operators defined by

Klp MIGy) = T52M s and Tlalt,.0) = [ (0060 +a(0:€) -~ glt, 2, 9)w(d0). (19

Using the relationship between superjets and Definition 4.1 of viscosity supersolutions, along with
inequality (16), we deduce from Ishii’s Lemma that

. ody ., . Aoy Ody ., .
e/m < min (K[ 5 96 MIGH) + N5, Zloim] G 1), 5 5 (00 56) + 6i(0) (19)

N———

ody,
a /
From the second inequality, we have two cases:

L =38 (9, 91) + ¥il@) < 0.

2. —K[5%, M'|(x, 95) + Ag, Z[wi] (B, 21, 97,) < 0.

Odj,

0 2 min (= K[ 7 (0 50, M) + A4 Zlwil B 8,50, =5

G0 @) (20)

In the first case, we have 1;(g;,) < gi‘f (9%, U, )- Applying inequality (19), it follows that

ad
% < 3y T G ) + i) — i) + i)
ody, odj,

< 3y — (O, Gr) + 3y T (s ) + i) — i3}
< i (k) — i (1)

Since ; is continuous at o, it follows that limy_, oo ¥i(9x) — ©:(9;,) = 0, which leads to a
contradiction. In the second case, applying inequality (19) once more yields

1 . . . . . . A~ A~
5 (Mo (Ge)* + M'o(5)%) = k(h(Gr) = h(G1) Gk = 91) + Ni,, (Z[vim] Grr 2x, 98) — Thwil (. 2, 31)
8dk adk

K[ay oy’

(1> i)y M) + Ng, Z0m] (s T, G) + K2 (G, G), M) — Ag, Zlwil (E 2, 51)

vV
3o

Using the continuity of h, A, v; , and w;, we deduce that

£ < Ny Tlon] ~ Tho]) (Fo, o, 50) + hrfm;<( Y ) @) (0.0

< Mg, Z[Ho) (Fo, #0, §o) +  lim §<(A + %AQ)(U@IJ, o (3" (0 G0): o (3h)):

with Hy(t,z,y) := Ho(t,z,y,y), for all (t,z,y) € S. By definition of p = Hy(to, Zo, J0), we get
Ho(to, 20,90 + q(y0,¢)) — Ho(to, £0,90) <0, V¢ €R.
Consequently, it follows that Z[Ho](o, 20, %0) < 0 and

=< i S ((A+ 240,000 (0@, 0 G)) = lim Ko@) — o) <

m k——+o0 k—+oco

N WO

C.

The last equality follows from the Lipschitz continuity of o and inequality (17). Since ¢ is arbitrary,
this results in a contradiction, thereby concluding the proof. O
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4.3 The Free Boundary Problem

The value function v; is differentiable almost everywhere by Proposition 3.3. Let N; denote the
set of Lebesgue measure zero where v; may not be differentiable. We now define the associated
free boundary.

Definition 4.2. We define the exercise region &; = int(é’idiff) as the closure of the interior of the
set Eflff, with
81)1' 81)1»

diff ._ L
EMT={(t,z,y) e S\ N; : or oy

and we define the continuation region C; :==S\ &; as its complement.

We now study the geometry of the free boundary 0&; := C; N &; separating the continuation
region C; and the exercise region &;.

Lemma 5 (Partial smooth-fit principle). For all (to,zo,y0) € S \ N, the mappings
y = Ozv;(to, zo,y), and x — 0yv;(to,x,0).
are continuous almost everywhere on Ry and on the interval [0,X], respectively.

Proof. We know that v; is jointly continuous on S and uniformly continuous in the variable y.
Additionally, the map x — v;(¢, x,y) is differentiable for almost each z € [0, X]. Define, for h # 0,

’Ui(t,l' + hvy) - ’Ui(tvxvy)

Pt h L WS\
Based on the proof of Theorem 3.1, we have that
)
Dt 2,y) = Dalt, 2, y/)| < W

with w a continuous function on Ry . Hence, the family {D},}, is equicontinuous in y on compact
subsets of S. Given the pointwise convergence Dy, e 0,v; almost everywhere, the equicontinuity
—

and uniform boundedness in y, the Arzela-Ascoli Theorem ensures uniform convergence in y over
compact subsets of S, for almost every x € [0,X]. Hence, d,v; is the uniform limit of continuous
functions in y and y — 9,v;(t, x,y) is continuous almost everywhere on R, .

Similarly, the map x — d,v;(t, z, 0) is continuous almost everywhere on [0,X]. This follows from
a combination of Rademacher’s Theorem and the fact that the difference quotients for (¢,z)
0yv;(t, ,0) converge uniformly in = on compact sets due to the joint continuity of v; and uniform
bound in x with respect to t. This concludes the proof. O

Proposition 4.1 (Connectedness). Assume that v; is continuous, that the interiors of C; and &;
are non-empty, and that o + X > 0. Then, for each i € 1,,, the free boundary 0&; is non-empty
and path-connected. Moreover, if (t,x,y) € &;, then

(t,x,y)) €& forall0<y' <y, and (t,2',0)€& forall0<z' <ux.

Proof. As CZ and SZ are non-empty, we can consider zg := (g, To, yo) € 6’2 be an interior point of
&i. By contradiction, we suppose that {0 <y < yo : (to,zo,y) € C;} is non-empty. Being interior
points, each admits a neighborhood fully contained in C; or &;, respectively. Define the boundary
point z1 := (tg,xo,y1) with y1 := yo — J. Let 6 :=sup{0 < y < yo : (to,z0,y) € C;} and &' > 0
such that {(to,zo,y) :yo — 0 — ¢’ <y < yo— 0} C C;. Define € := min{d, §’'}. The following holds,

O, = {(to,z0,y) 1Yo =0 —e <y <yo — 0} CCi, and O := {(to,0,y) 190 —d <y <yo—0+¢c} C&:.

Figure 3 provides a graphical representation of the previously defined sets.
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Figure 3: Hlustration of O, and O..

In this setting, define the function fy : O, U O, U {(to,x0,y1)} — R satisfying

7a+'ta ) 78_'757 ) — ¥ 3 if < .
folta,,y) 1= § g vt o) = 0y vilton oy 0) = i), < (21
=0 vi(to, w0, y1) — 9 vilto, xo,y) — Yi(y), if y >y
Given that fo(to, o, y1) = liminf, ., + fo(to,z0,y) = 0, two scenarios may arise:
liminf fo(to, z0,y) <m0 <0, or liminf fy(to,x0,y) =0.
Y=y~ y—y1~
Case 1. liminf, ,, - fo(to,zo,y) < no <O.
Define the function ¢, : S = R, for e > 0 and z € S, as
1
e (2) 1= vi(z1) + 05 vi(z1) (E— to) +0F vil(z1) (2 —20) — (B vs(21) + i (Y1) + ) (y —y1) — 5= (y— 1)

2 2e

Since v; is continuous and non-decreasing function in y, it holds, as established in Rudin [40], that

limsupay_vi(to,acg,y) < ay_vi(to,xo,yl) and ngvi(to,xo,yl) < limirifajvi(to,xg,y).
Y=y Y=y

Using Taylor’s expansion, we have that for ¢ > tg, © > xg and ||z — z1|| small enough,

vi(2) = ¢e(2) < gi(2)(y — w1) +o(llz — z]),

where g; : S — R are non-positive and defined, for all z € S, as
gi(Z) — {liminfy—)yl fO(t07m07y)+L20 lfy <Y1,

7o
5 else.

Since g;(2)(y — y1) < Lly — y1| < 0, then ¢, is a test function in C?(S) such that z; achieves a
local maximum of v; — ¢, and v;(z1) = @<(21). Using Theorem 4.2, we get that v; is a viscosity
subsolution of (13). Therefore,

0 e 0 e 0 €
max (= (% +£¢E+§Qij(vj—%))(zl), (G + ai/ + 1) (1)) < 0.
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We know that

£pule1) = ~ 50" ()~ (0 )+ )+ ) (b [ alon, )= 50 [ o, 2ho(c),
Hence, we have lim._,q —Lp.(21) = 400, while — (L. + > i Qi (v — v;))(21) < 0 which leads
to a contradiction and the initial assumption does not hold true.

Case 2. liminf,_,, - fo(to,z0,y) = 0.

Since liminf, ,, - fo(to,zo,y) < limsup,_,, - fo(to,zo,y) < O, then lim,,, - fo(to,z0,y) =
fo(to,xo,y1). Hence, y — fo(to,zo,y) is left-continuous in y;. The fact that fo(to,zo,y) < 0
for almost every y < y1, combined with fo(tg, zo,y1) = 0, and the left-continuity of fy, implies the
existence of dg > 0 such that y — fo(to, zo,y) is increasing on [y; — dp, y1]. Moreover, since v; is
continuous on R, then y + 9, v;(to, o, y) is also continuous on the interval [y, — do, y1]. Given
that v¢; is non-decreasing on R and positive, and that

ay_'vi(t()va?y) Z 07 Vy > 07

we conclude that for fy to vanish at z;, the function y — 9, v;(to, xo,y) must be decreasing on
[y1 — do,y1], otherwise fy; would remain negative in z;. Therefore, the map y — v;(to, zo,y) is
strictly concave on [y; — g, y1], since the existence of a decreasing left derivative implies strict
concavity (see Rockafellar [39, Theorem 24.1]). This means that for y, €]y — do, y1[, there exists
¢ > 0 such that, for all y €]y; — do, y1,

vi(to, zo,y) < vi(to,zo,y2) + c(y — y2).

For any € > 0, define the function ¢, : S — R by

. 1
Pe(2) = vi(22) + 0 vi(21)(t — to) + F vi(22)(x — o) + c(y — y2) — 22 W= y2)%.
It follows that v; — . is negative with respect to y in a neighborhood of z5, excluding zo itself. In
particular, ¢. € C?(S) strictly dominates v; locally around z,. Repeating the same reasoning as
in the previous case thus leads to a contradiction.
Similarly, we have that

(t,z,0) €& = (t,2/,0) €& forall0 <z’ <uz.

As a result, the exercise region always lies below the continuation region with respect to the volume
variable. That is, for any fixed (to, 7o) € [0,7] x [0,X], it is not possible to have 0 < y; < y2 < y3
such that {(tg,z0,v) : y2 < y < y3} C &; while simultaneously {(to,zo,y) : y1 <y < y2} C C;.
A similar argument establishes that the exercise region is always to the left of the continuation
region C; in terms of the inventory dimension when y = 0. Consequently, the free boundary must
be connected. O

Remark 4.2. The non-emptiness assumption in Proposition j.1 is not restrictive, as it merely
excludes trivial cases where S = &; or S = C;.

5 Approximation Scheme

We introduce a numerical scheme to solve the PIDE (13), employing a discretization approach
that ensures stability and accuracy in approximating the integral-differential operator. We apply
a standard finite difference scheme to discretize the differential terms while handling the integral
term using a suitable quadrature rule, following the approach of Cont and Voltchkova [20] in the
finite activity case.
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Discretization. The time domain [0,7] is discretized into Np steps with At := T/Np, such
that ¢, :== T — nAt, with n € {0,..., N7}. To ensure numerical feasibility, we localize y, which
is normally in R, by restricting it to a bounded domain of size Y. The state space is discretized
into Nx and Ny steps, respectively. The spatial domain is discretized into (Nx + 1) x (Ny + 1)
grid points. The spatial step sizes are defined as Ax := X/Nx and Ay :=Y/Ny, leading to the
spatial grid points

(xlwyl) = ((k - 1)A$, (l - 1)Ay)a V(k,l) € HNx+1 X ]INy+1'

A function evaluated at a grid point ¢,, is denoted with the superscript n. The matrix v™ := (v");er,,

3 3 n . n
has entries representing vf* := (v (xy, yl))(k,l)eﬂzvx+1xllzvy+1'

Finite Difference Scheme. The scheme follows a fully implicit-explicit method to ensure sta-
bility. The HIBQVT is discretized, for all i € I,, and n € {1,..., Ny — 1}, as

P +1 +1 cyonar 00T out
max ( — 4t — gy — Tyt oS0t — ottt S T ):o
( At j 2 () ;( 7 2 )Q’L] 817 ay wl

with J(g) := IC[g—Z, giyg] = #giyg - h(y)g—z, and the operators K and Z are defined in (18). The

first-order derivatives are approximated as

vl VM (@pt1,u1) — v (Tk, Y1) oy v (xk, Y1) — v (X, Y1)
9 9 d 7 ~ 7 9 7 9
o ——(z, 1) = s , an e (k, 1) Ay ,

for all (k,1) € {1,...,Nx} x {1,..., Ny }. The second-order derivative is discretized using a cen-
tered finite difference scheme for interior points, while first-order Neumann conditions are imposed
at the boundaries. In other words, for all k£ € In, 41,

v (z,y3) — 207 (ack,yz)-l-v (=k,y1) ifl=1
9% o , <1
L (g, ) o ) =2 gg’yzwv Tk Yi-1) if 2<1< Ny
oy> = —2uf oy Nyt
0 Tk, YNy +1)—20) (ch,éyzvy o] (Ik:yNyfl)7 if I = Ny + 1.

The integral term in Z is discretized using a trapezoidal quadrature scheme, such that for all
(k7l) € ]INx+1 X HNerla we have

Nz

To; (xkayl ~ /\t pr mk‘ayl + q(yth)) ?(mlmyl))a
p=1

where zp are quadrature points, and w,, are corresponding quadrature weights such that Z 2wy =
fR . Since q(yi, 2p) does not necessarily coincide with a grid point, interpolation is necessary.
In such cases, the shifted value y; +q(yi, 2p) is approximated using linear interpolation between the
closest grid points y; and y;1, satisfying y; +q(yi, 2p) € [yj(p), yj(p)+1]. The interpolation formula
is given by Uln(mkn Y+ Q<yl7 Zp)) ~ Urz(hp(wky yl)v with

0P (2, y1) = (1 — ap)0i @k, Yj(p)) + 00 (ks Yj(p)+1)

Yi+9(Y1,2p) =Y (p)

where oy, = YT Substituting this into the discretized integral, we obtain the formula-
Jp Jp
tion N
z
To; (xk’ayl ~ )\tn pr (l‘kayl) ?(mkayo)a V(k’,l) 6]INX-Q—l X HNy—i—l-
p=1
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Note that we handle the integral part using an implicit time-stepping approach to circumvent the
inversion of the dense matrix Z. Define F* and G} such that

n n—1
Vi — U - n n nyn
F'(z, ) = (7 e Atl = Jv; ! —Tvi — Z(Uj - )Qij)(xkayl)7 V(k,1) € Ing+1 X Iny 41,
J#i
v XTr1, — v (X, v (T, — v (g,
Gl an, ) = —E I 20 B0 WS U SR ), (k1) € vy % -

Since max(F*, GI') = 0, we define the active region as
& = {(ar, ) € [0,X] x [0,Y] : F'(wx, 1) < G} (2w, 1)}
and the passive region as

Cl" = {(Tn, yn) € [0,X] x [0,Y] : F (@0, yn) > G (20, yn) }-

Rearranging for all grid points in 5;““ results in a linear system formulated as
Nz
(I +ALQ™ ) @ L )™ T+ AtA, ., Y wy (I @) (0" TP 0™ ) = (I, — AtA)@ I 0", (22)
p=1

where I,,, is the identity matrix of size m x m. The matrix A is defined as a tridiagonal matrix of
size (Ny + 1) x (Ny + 1) with the structure

(B, A, © 0 0
Cy By Ay 0 0
0 C; By As 0

0 0 0 CNY BNY A]VY
0 0 0 0 Cnys1 Buysr

The coefficients A;,B; and C; are defined, for [ =1 and [ = N, + 1, as

Uz(yl) 02(1/1) Uz(yN +1) UQ(QN +1)
Al = 2Ay2 y Bl = Ay2 3 ]BNy-‘rl = *Ty};, and CNY+1 = Ty};
Forl e {2,...,Ny},
a*(y)  h(y) a*(y1) a*(y) M)
Ay = — B, .= — = .
: 202 2Ay’ Ay? and G 2Ay2 + 2Ay

On the hand, if we are in C;’H, we have, for all (k,1) € Iy, X Iy,

Tri1, Y1) — v?“(xk,yl) v Thy Yig1) — U?H(mkvyl) — " y) =0
J =0.

Az Ay

1
it

_,Uin-‘rl(

The boundary and terminal conditions are enforced explicitly, ensuring that
0 (@) = OF (g + X — o) — OF (1), and v (@1, 9) =0, (k1) € Iy X Iny 1.
To ensure numerical stability, we impose a Courant-Friedrichs-Lewy (CFL) condition
At < Cmin{(Az)?, (Ay)?},

where C' is a positive constant.
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We select the time step based on a reference spatial scale proportional to the domain’s upper
bound. This follows Morton and Mayers [32] and ensures stability in regions with steep gradients.
The following algorithm summarizes the time-stepping scheme.

Algorithm 1 Time-Stepping Scheme for PIDE Solution

1: Initialize: Set terminal condition v'" (z,y) = ®NT (y + X — z) — O (y).
2: for n = N to 1 do
3: Find v"~! that solves the linear system (22): F" = 0.

4 for i=mto 1 do

5 Update v~ ': o (2, y) + inf,co %0y N x +a,y+a) + By + a) — Bi(y).
6: Find the regions £~ ' and "'

7 end for

8: end for

9: Output: Approximate solution v}"(z,y).

6 Numerical Results

In this section, we analyze the optimal trading strategy using the numerical scheme detailed in
Section 5. We examine various limit order book shapes and illustrate the structure of the optimal
exercise and continuation regions for each case. In this numerical study, we define the coefficients
in a multiplicative form as

h(y)=cy, o(y)=dy, and q(y,z)=-eyz, Vy,z€ Ry,

where ¢, d and e are non-negative constants. The controlled volume effect process (4) in this
example satisfies both Lipschitz continuity and linear growth assumptions. Here, the drift term is
proportional to y, ensuring a Geometric Brownian Motion (GBM) structure, the diffusion coeffi-
cient scales with the process to maintain a normal-type distribution, and the jump term remains
proportional to the current state. We assume that the jumps, which correspond to block trades
by external agents, follow an exponential distribution, meaning that the Lévy measure v takes the
form
v(dz) =ne”"l500dz, VzER,

where 1 > 0 controls the decay rate of large jumps. This choice is in line with the existing literature
on the subject, notably Pomponio and Abergel [36]. We propose in this case a price impact model
in which the trading size influences the price in a concave manner based on the work of Bouchaud,
Farmer, and Lillo [11]. The shape functions are given by the power law family with

K

dz, V(i,z) eI, x Ry.

In other words, for all (i,z,y) € L, x R?H the functions F; and 1; are given by

K, if v =0, Z, it v =0,
Fy(z) = rlog(z +1), if v =1, and t;(y) =S ex —1, if v; = 1,
K 1—7; _ 1
1—7; [(w+ 1) 1], else, [T+ (1 =) %] =1,  else.

We use the following default parameters for all numerical results unless stated otherwise. These
parameters reflect a square root impact.
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Parameter c d e n K Yo A XY T
Value 05 01 02 10 08 -1 05 4 5 40

Table 1: Default parameter values.

6.1 Single Regime Case

To isolate the effects of stochastic resilience and liquidity, we first examine the single-regime case,
where the Markov chain I remains fixed in a single state. This is equivalent to setting the transition
rate matrix ) to zero, making each state absorbing. By doing so, we can analyze the impact of
stochastic volume effect independently from the influence of changing liquidity regimes.

First, we examine how the value function responds to changes in various model parameters. The
plots in Figure 4 illustrate the impact of drift h, jump intensity A, and volatility ¢ on execution
costs, where a lower volume effect corresponds to higher liquidity and improved execution. In
particular, a higher volatility indicate greater market activity. The left hand side of Figure 4
shows that a higher jump intensity leads to less favorable execution opportunities, thereby raising
the overall execution cost. Likewise, increased volatility in the volume process reflects a dynamic
market, helping to reduce execution costs. Figure 4 also shows that higher resilience, which reflects
a higher mean reversion speed, improves execution by accelerating liquidity replenishment.

— d=025
225 d=05
—— d=075

A=05
— = A=075 {

2] — A=025 /

Figure 4: Variation of the value function over time under different market conditions with jump
intensity on the left, resilience in the middle, and volatility on the right.

Next, we illustrate the optimal execution strategy under the square root price impact model.

x

Figure 5: Hlustration of continuation (blue) and exercise (red) regions, plotted against purchased
quantity (x-axis) and volume effect (y-axis) for X = 5. The arrow shows an impulse shifting a state
from exercise to continuation along y = x.

As the x-axis in Figure 5 represents the quantity already acquired, the continuation region
expands with increasing x, indicating that larger holdings reduce the urgency to buy more imme-
diately. The curved boundary between the regions reflects the trade-off between acquiring now
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or waiting, as price impact increases with trade size but at a decreasing rate. Upon reaching
the exercise region, the optimal strategy is to purchase the smallest possible amount to reach the
continuation region, thus reducing market impact in an optimal manner.

Subsequently, we verify in Figure 6 the validity of the previous results by examining how
variations affect the exercise and continuation regions.

— a=o01 — =025 — d=025
A=03 c=05 d=05
--= A=05 --- =075 --- d=075

Figure 6: Variation of the exercise boundary = — y*(7/2,z) under different market conditions
with jump intensity on the left, resilience in the middle, and volatility on the right.

The exercise region expands in response to jumps. Indeed, when jump intensity is high, the
optimal strategy involves anticipating increased future price impact by executing larger trades
earlier. Conversely, when the volatility of the process governing the volume effect is high, the
optimal policy is to acquire fewer shares. This reflects the expectation of more favorable market
conditions ahead. The same holds when market resilience increases. This outcome aligns with the
previous findings in Figure 4 and those of Alfonsi, Fruth, and Schied [3].

6.2 Regime-Switching case

Next, we extend the analysis to the multi-regime case, where both sources of uncertainty interact.
We assume a two-state homogeneous Markov chain, with the transition rate matrix Q(t) at time

t € [0,T] given by
-0 Q1
t) = ,
) ( a2 (Zz)

where ¢; and ¢o are positive constants. We begin by fixing ¢; = ¢ = 0.2 and y; = 0. With
these parameters set, we will then vary the price impact parameter v, to analyze its effect on the
continuation and exercise regions of the value functions v; and vs.

Figure 7: Variation of the exercise boundary = — y*(T/2,x) of v; on the left and vy on the right
under different price impacts.

Figure 7 illustrates that when v; < 79, the trader anticipates costlier execution in regime 2
and adjusts their strategy accordingly. Indeed, in regime is 1, where the price impact is lower
than in regime 2, an increase in the parameter v, leads to an expansion of the exercise region
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(in regime 1), as illustrated on the left-hand side of Figure 7. Conversely, the right-hand side of
Figure 7 shows that if we are in regime 2, where the price impact is higher, the exercise region
contracts as <y increases. Consequently, the trader increases order sizes in regime 1 to preempt
higher execution costs associated with a potential switch to regime 2, while in regime 2, the trader
decreases order sizes in anticipation of a favorable transition to regime 1, where trading conditions
are more advantageous.

Next, we study the case where the price impact parameter is set to y3 = 0 in regime 1 and
Y2 = 0.33 in regime 2. We consider q; = g2 = q¢ and vary the values of gg. This setup corresponds
to a scenario where there is an equal probability of being in either regime, but the frequency of
transitions between regimes changes. The results of this analysis are presented in Figure 8.

— =01 — @ =0.1

=03 . =03

Figure 8: Variation of the exercise boundary = — y*(T/2,x) of v; on the left and vy on the right
under different regime switching intensities.

A higher switching intensity expands the exercise region in the low price impact regime (see
the left-hand side of Figure 8) and contracts it in the high impact regime (see the right-hand side
of Figure 8). In regime 1, the increased likelihood of a regime shift prompts the trader to execute
larger order sizes in anticipation of deteriorating execution conditions in the former. In the latter
(regime 2), the same anticipation leads to smaller order sizes, as the trader expects a transition
to a more favorable regime. This behavior is consistent with the earlier observation that traders
adjust their execution strategy based on the expected direction of the regime shift and its impact
on future trading costs.

Finally, we analyze the case where the price impact parameter is set to v; = 0 in regime 1 and
Y2 = 0.33 in regime 2. We fix ¢ = 0.2 and vary g2, allowing us to study how the asymmetry in
regime-switching probabilities affects execution.

Figure 9: Variation of the exercise boundary = — y*(7/2, ) of v; on the left and vy on the right
under different asymmetric regime switching intensities.

Figure 9 confirms our previous findings and highlights the effect of asymmetry in the switching
dynamics. The exercise region expands in the low-impact regime when the transition rate matrix
implies a higher long-term probability of remaining in the high-impact regime 2. Conversely, as
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regime 2 becomes more persistent, the exercise region contracts in regime 2 and expands in regime
1, reflecting adjustments in order sizes based on anticipated execution costs.
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A  Proofs of the Results in Section 3

A.1 Continuity Modulus

Proof of Lemma 3. Let 0 <t <s<T,x¢€[0,X],y>0and X € A;(z). Suppose £ is a
nonnegative random variable with finite moments. We have

=i, (70 ) i (759) = 5] [, (29 ]

Note that under Assumption (A1), we have that ¢ (y) < b%y%, for all y > Fy_(a). As
y — 1. (y) is non-decreasing on R4, we have
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Using Cauchy-Schwarz inequality,
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0<u<T

Finally, based on Proposition 2.1, we get that

s<Fen(oe 5% -y

=1
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where CY := —'Bﬁb G )) * . This completes the proof. O

B Proofs of the Results in Section 4

B.1 Viscosity Subsolution Property

Proof of Theorem J.1. Let 2y := (to, 70, y0) € S and i € I,,,. Consider a test function ¢ € C*%(S)
such that zy achieves a local maximum of v; — ¢ and v;(20) = ¢(z0). In other words, there exists
rg > 0 such that

vi(2) < ¢(2), Vz€By(20)-

Define, for all (j,2) € I,;, x S,

S @(Z)a if j =1,
¥(zJ) = { vj(z), ifj#i.

31



Observe that v;(t, z,y) < ¥(z, j) holds within the neighborhood B,,(20). Define Z20X as the
tuple (u, X, YJO’yO’X) for all u € [0,7T]. Next, define 7,,, as the first exit time of Z?0:X from
BT[)(ZO)’ ie

Tro = inf {u > to : Z2% ¢ B, (20)}

Similarly, let 7{ denote the first jump time of the I after time ¢, given by
:inf{uzto:Iu#i}.

Furthermore, we introduce the ]-"—stopping time 79 such that 7y € |0, ({ A7) AT[. Note that
7{ >ty and that I, = i, for all u € [tp, 7{[. Consider an admissible control X € Ay (o) in which
the agent buys 0 < n < (X — o) A rg assets at time to and then remains inactive until time

(to + &) A 719, where € > 0. Using the DPP introduced in Proposition 4, we have

W(20,1) = ¢(20)

,Y0,X
< E[‘I’Iuﬁg)w (Yo +mn) — (o) + v((to +€) ATo, 20 + 1, Y2000 I(to+6)ATo)]

1 _
(tO+E)/\TO

< E[@i(yo +1) — ®i(yo) + V((to +¢) A 70,20 + 1, Y(tt%_fi)wo 1)]

(23)

Applying It6’s formula and taking the expectation over the interval [tg, (to + €) A 7p], while noting
that E[W(Z7, I,,)] = E[p(Z;°)], we obtain

E [W(Z(Zt007+€)/\ro I(to‘l‘ﬁ)/\To )} = (p(t()? To + 1, %0 + 77)

(to-‘rE)/\To a@
—i—E[/ ( —i—ﬁg@)(u o + 1, Yto’yo’ )du}
t

. ot (24)
(tote)ATo
+E[/ ZQ”( )(v; — @) (u, zo + 1, YiovoX )du]
fo J#i
In the last equality, the martingale expectation vanishes since ¢(Z22%) and Dp(Z?0X) are
bounded, given that ZZ-X € B, (z) for all u € [to, (to + &) A 10]. For all u € [to, (to + €) A o],
since Z70-X remains in B, (z0), we obtain that v;(Z20:X) < p(ZZ0:X). Combining this with
relations (23) and (24) yields
(to+e)ATo a(p . .
E[/ (S + L) (u, xotn, YioveX) + Z Qi (w) (v; — @) (u,z0 + 1, Y, 2V )du}
to ot oy (25)

> ¢(z0) — @(to, xo + 1,90 + 1) — Pi(yo +n) + Pi(yo)-

Assume that the agent decides to do nothing, meaning 7 = 0. We know from Theorem 3.1 that
v; is continuous on S, for all j € I,,,. Additionally, @ is continuous on R, . Dividing inequality
(25) by € and letting £ going to 0 and recalling that ¢(zg) = v;(z0), we get that

Oy
(at + ‘690 + ZQU 'U))(Z()) > 0.
J#i

Assume now that the agent executes a part n > 0 of the position at time ¢y. By sending ¢ to 0,
we get

0> —p(to, xo + 1,90 + 1) + ©(to, o, yo) — Pi(yo +n) + Pi(yo)-
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It follows from equation (5) that

L) " Oy Yo+n
/ = (to, w0 + v, 50 + n)dv +/ - (to, z0, Y0 +v) dv +/ ¥i(§)d€ > 0.
o Ox o Oy Yo
The function 1; is left-continuous and non-decreasing on R,. Dividing by n and letting n — 0,
we obtain

Oy 6g0

(3 T3y Tz 2
This proves the required subsolution property
Op 0 0
max (— (57 + Lo+ Y Qv —vi))(20), —(5- + “”+¢l)( 0)) <0.

J#i

B.2 Viscosity Supersolution Property

Proof of Theorem 4.2. Suppose that v does not satisfy the supersolution property. Then, there
exists ig € L, 20 := (to, T0,%0) € S, a test function ¢ € C12(8S) such that z achieves a local
minimum of v;, — @ and v;,(20) = ¢(20), and n > 0 such that
6 Jdp Oy
o TP Do = i) Qi) (0) < s and = (554 TE ) (z0) <

Since 2y achieves a local minimum of v;, — ¢, there exists rg > 0 such that

Uio(z) > 95(2)7 Vz GETO(ZO)'

By Theorem 3.1, the value functions (v;);er,, are continuous on S. Moreover, the test function @
belongs to C12(S), and each 1);, is non-decreasing and left-continuous. Consequently, there
exists r; > 0 such that to + 7y < T and for all z := (¢, z,y) € By, (20),

op 0

5‘
af + Lo+ Z — Vi) onj)(z) < —n, and ((97 + 87 +w10)('z) < (26)

where By, (20) := {z € S : ||z — 20]| < 71}. Define, for all (j,2) € I,,, x S,

N[ oelz), ifj =i,
\I’(Z’J)_{ vi(2), if j # io.

Let X and admissible strategy in Ay, (7o) and Z2% represent the tuple (u X, YEuX ) for all
(u,2) € [0,T] x S. Additionally, set the radius €g as g := ro A r1. Define 75 as the first exit time
of Z#X from B.,(z), i.e.,

B = inf {u Z to : Z,i’X ¢Er0(20) HBTI (Zo)}

for any admissible control X € A, (7). Let 7{ be the first jump time after time ¢y of the Markov
chain I such that
= 1nf{u Z to : Iu # 7,0}
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Next, we introduce the F-stopping time 7; such that 7, := 7{ A 75. Note that 75 < T, to < 7{
and that I, = ig, for all u € [0, 7{[. Applying It&’s formula between ¢y and 7, , we obtain

]E{\IJ(ZjO,’X,IT;)} = 3(20) +E[/OT1 (‘3—‘5 + gﬁ)(zzo’ )dXC}

1

T
+]EL/ +£(’0+Z onj ( zz )du} (27)
to
J#i
+E[ Z @(U,meuto,ym ) — @, Xy ’Y;fo’yo, )]
to<u<Ty

In the last equality, the martingale expectation vanishes since ¢(Z20%) and Dp(Z?0X) are
bounded, given that ZZ-X € B. (z) for all u € [tg, 71[. From (26) the fact that
AX, = X, — X, = Y}iovoX YJE’?”O’X for all tg < u < 71, we deduce that

G(u, Xy, YU X) — o(u, X, -, YI0ror) = /0 (%‘z + gﬁ)(u,xu_ +u, V0¥ ) do

AX,
> aX, - [ e s dg (28)
0

= AKX, — By (YW X) @y (Vom0 ),

™1

Note that E[\II(Z;E’X,I 7)] = E{@(Zjojx)}. Plugging (26) and (28) in equation (27), we obtain

E|\p(Z2%)| > ¢ E|m — "ax] e[ [ e (e axe
P(Z727)| = ¢lz0) +nE{m —to + t u t Pio (Y, 277 )dX5
0 0
_ }E{ Z (I)io (YJ()J/(],X) _ (bio (ijgayo’X)]
to<u<Ty
Therefore, we obtain
T

Vi (20) = p(20) < E[ Vi, (f/utg’ym )AXE + SO(ZZO’X):|

to

(29)

_—

1 du+/r1_ ax,)|.

to to

FE[ D By (V) — o (V) —

to<u<Ty

Define the set

D% = {w e Qi p(w) < f () and V107X (w) € g0 — 0,90 + 0]},

1
and the F, -random variable,

25 = (n Yo 4y AKX, AKX,

We know that if m; = 75 and }V/Tt?’yo’x € [yo — €0, Y0 + €0], then Zfi”X either lies on the boundary
1

BBEO (z0) or has exited Bao(zo) at time 7;. Since Y0¥ X

1
jumps in the inventory process X can cause Z“~X to cross the boundary at 7;. Consequently,

there exists an F, -measurable random variable v € [0, 1] such that

accounts for the jumps of M, only the

?:197110’)( + ’YAXTl € {yO —€0,%0 + 60}7 and Z‘S’ly) € B&O (ZO)a
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on the set D0, It follows from the DPP (see Lemma 4), that

00 (2D (@) < 030 (2725 (@) + iy (V09X (w) — &y (V01X () £ 9AX,, (), Ve € DR,
™1 1

Additionally, given that Zg) € B.,(20), it follows that, for all w € D%,

Y(W)AX - (w) .
Pz @) =) - [T (G4 EEX @)+ VR @) o) do
1 0 1 1

< PZD (@) = MY (@)AX A () + By (V2" (@) + 7(@) AKX, (@) — By (V12X ()

S Uio(ZjO—’X(w» - nV(w)AXﬁ (w) + (I)lo (thym <Ld)) (I)lo (Yto’y[)’ <Ld))

Plugging the last inequality in (29), we obtain

(7

iy (20) [ Z ®;, ( yto,yo, ) — By, (th’yO’X)—k 1/’10( yto:vo, X )ch_i_%(ZZO, )}

to<u<m to
T T
_ n]E{ . du + . dX, +7AX, 1 {Yto Y05 x€[y07607y0+60]}]1{7_8<.r11}} .

From the DPP, it follows that

€[yo—e0,y0+eol} ]I{TB <T1I}} )

0<— inf ]E[ —to+ X, — AX
< XE}SO(OL‘O) 71 —to + To +YAXs {thyox

Using the sequential characterization of the supremum, we can find a sequence of admissible
controls X™ = (X™),>¢ such that

1

B[ —to+ X7 — w0 +7AXY n{ng,_yo,xnE[y07€7y0+€]}]1{7§<711}} <
1

where 7p3 := inf {t >t : (¢, Xp, Yy oo X" ¢ B.y(20)} and 71 := TR A7{. As 7] —ty > 0 and
X" _ —xo >0, we have that

5t
E|r E X" E|l~vAX™1 1 < 1
max {E[}' ~ to], B[], o], EDAXE gy cpy, iy limgerty ] < 1
1
Moreover, fyAXfln =19y +¢e0 — f’:ﬁ’f’o’xn > yo + €0 — Yo = €o. Therefore,
1
1 t0,Y0,X " n I
— > ¢eoP(yo —eo < Y2 <yo+eo, T <Ti)
n Vl . (30)
> e (P(yo —g < Y:S’E’O’X <wyo+eo) +P(rh <) - 1).
1
On the other hand, we have
ngriloo P(r* =tp) =1, and ngg—loo P(Xrln’ =1x0) = 1.
Therefore,
to,Yo0, _ _ : to,yo, X" _
nEIEOCP( T =1y) =1, nHIfooP<Y 0:y0, X" — yo) =1 and ngrfmp(yo —g < YT]S,yO <yo+eo) =1
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Since lim,,— 1 ]P’(Tg < 7'1[) = ]P’(to < 7'1[) = exp ( — ftzo Qii(u) du) =1, we get from inequality
(30) when n goes to +oo that

> i B<T) - ): :
O_Eo(1+n1LIIéOP(TB<T1) 1) =e0>0

This leads to a contradiction. Therefore, we obtain the required viscosity supersolution

property.
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