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Smooth Solutions to Portfolio Liquidation Problems
under Price-Sensitive Market Impact*

Paulwin Graewe! Ulrich Horst? Eric Séré’

June 14, 2017

Abstract

We consider the stochastic control problem of a financial trader that needs to unwind a
large asset portfolio within a short period of time. The trader can simultaneously submit
active orders to a primary market and passive orders to a dark pool. Our framework is
flexible enough to allow for price-dependent impact functions describing the trading costs
in the primary market and price-dependent adverse selection costs associated with dark
pool trading. We prove that the value function can be characterized in terms of the unique
smooth solution to a PDE with singular terminal value, establish its explicit asymptotic
behavior at the terminal time, and give the optimal trading strategy in feedback form.

AMS Subject Classification: Primary 93E20; secondary 35Q93, 91G80

Keywords: stochastic optimal control, portfolio liquidation, singular terminal value

1 Introduction

Traditional financial market models assume that asset prices follow an exogenous stochastic
process and that all transactions can be settled without any impact on market prices. This
assumption is appropriate for small investors who trade only a negligible proportion of the
average daily trading volume. It is not always appropriate, though, for institutional investors
trading large blocks of shares over a short time span.

The analysis of optimal liquidation problems has received considerable attention in the mat-
hematical finance and stochastic control literature in recent years. Starting with the paper of
Almgren & Chriss [2] existence and uniqueness results of optimal liquidation strategies under
various market regimes and price impact functions have been established by many authors,
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including [4,5,8,12-15,19-21,31,32]. One of the main characteristics of stochastic optimiza-
tion problems arising in portfolio liquidation models is the singular terminal condition of the
value function induced by the liquidation constraint. The singularity is already present, yet
not immediately visible, in the original price impact model of Almgren & Chriss [2]. Within
their mean variance framework and with arithmetic Brownian motion as the benchmark price
process, the objective function is deterministic, and the optimization problem is essentially a
classical variational problem where the terminal state constraint causes no further difficulties.
However, when considering a geometric Brownian motion as the underlying price process as
in Forsyth et al. [12], the optimal execution strategies become price-sensitive. One is then fa-
ced with a genuine stochastic control problem where the singularity becomes a challenge when
determining the value function and applying verification arguments.

Several approaches to overcome this challenge have recently been suggested in the stochastic
control literature. Forsyth et al. [12] solve the control problem numerically by penalizing open
positions at the final time. Ankirchner & Kruse [5] characterize the value function of a Marko-
vian liquidation problem as the unique viscosity solution to the Hamilton-Jacobi-Bellman (HJB)
equation. Their verification argument uses a discrete approximation of the continuous time mo-
del. Ankirchner et al. [4], Graewe et al. [14], and Horst et al. [16] consider non-Markovian
liquidation problems where the cost functional is driven by general adapted factor processes
and the HJB equation solves a BSDE or BSPDE, depending on the dynamics of the factor pro-
cesses. In all three cases, existence of solutions to the HJB equation is established by analyzing
limits of sequences of BS(P)DEs with increasing finite terminal values while the verification ar-
gument uses generalized It6-Kunita formulas [14], resp., the link between degenerate BSPDEs
and forward-backward stochastic differential equations [16].

A general class of Markovian liquidation problems has been solved in Schied [31] by means of
Dawson—Watanabe superprocess. This approach avoids the use of HJB equations. Instead, it
uses a probabilistic verification argument based on log-Laplace functionals of superprocesses
that requires sharp upper and lower bounds for the candidate value function.

This paper establishes existence of a smooth solution to a class of Markovian portfolio liquidation
problems. While existence of a weakly differentiable solution to our HJB equation can be
inferred from [14] and existence of optimal liquidation strategies can be inferred from, e.g., [4,14],
smooth solutions to stochastic portfolio liquidation problems have not yet been established in
the literature before. As in [31] the key is to know the precise asymptotic behavior of the value
function at the terminal time. The asymptotics allows us to characterize the HJB equation
in terms of a PDE with finite terminal value yet singular nonlinearity, for which existence of
a unique smooth solution can be proved using standard fixed point arguments in a suitable
function space.

As in [14,15,21] we allow for simultaneous submission of active orders, i.e., orders for immediate
execution at the best available price, to a primary venue, and of passive orders, i.e., orders for
future execution, into a dark pool. Dark pools are alternative trading venues that allow investors
to reduce market impact and hence trading costs by submitting liquidity that is shielded from
public view. Trade execution is uncertain, though, as trades will be settled only if matching
liquidity becomes available.

Active orders incur market impact costs while passive orders incur adverse selection (or “slip-
page”) costs. In our model impact, adverse selection and risk costs are driven by a multi-
dimensional time-homogeneous diffusion process. We think of the multi-dimensional diffusion
process as describing the joint dynamics of a fundamental or benchmark stock price process and



of a stochastic factor process driving the fluctuations in the available liquidity over time. Assu-
ming that all cost terms are of the same order p > 1 allows us to make the standard separation
ansatz of expressing the value function as v(t,y)|z|P where y is the state of the factor process
and z is the portfolio position. We establish sharp a priori estimates on v at the terminal time.
This is similar to [31] and avoids the stochastic penalization method applied in [4,14,16].

For deterministic cost coefficients the asymptotics of v can be inferred from, e.g., Seidman &
Yong [33] who give the asymptotics of minimal LP-norm controls of multi-dimensional linear
systems with terminal state constraint. To the best of our knowledge a corresponding result for
stochastic systems is not available in the literature.!

Our a priori estimates allow us to prove the uniqueness of a continuous viscosity solution of
polynomial growth to the HJB equation under continuity and polynomial growth conditions
on the cost coefficients. The proof uses a comparison result for parabolic PDEs with possibly
infinite terminal values. As a byproduct we obtain that the minimal nonnegative solution to
the stochastic HJB equation in [4] is indeed the unique nonnegative solution to their singular
BSDE if the coefficients are essentially bounded.

Our main contribution is the proof of the existence of a classical solution to the HJB equation
under additional smoothness and boundedness conditions on the cost coefficients. The proof
is based on the a priori estimates. They provide us with the precise asymptotic behavior of
the solution at the terminal time and thus allow us to reduce the problem of solving the PDE
with singular terminal value for v to solving a PDE with finite terminal value, yet degenerate
non-linearity. Using Krylov’s generalized Itd formula we prove that the classical solution is
indeed the value function and that the optimal trading strategies can be given in closed form.

The remainder of this paper is organized as follows. The stochastic control problem is formulated
in Section 2. The a priori estimates and the comparison principle that yields uniqueness of a
continuous viscosity solution is established in Section 3. Existence and uniqueness of a classical
solution to the HJB equation is proven in Section 4. The verification argument is carried out in
Section 5. Finally, we show in Section 6 how our uniqueness result extends to the non-Markovian
case analyzed in [4].

Notational conventions. We denote by C(RY) the space of bounded continuous functions. The
functions in u € Cpoiy ([0, 7] x R?) are continuous and for some C' > 0 and n > 1,

ut, )l < CA+ "), (ty) €[0,T] xR (L.1)

The space Cllo’f([(), T]xR?) denotes the class of the functions u(t, y) that are continuous (possibly
unbounded) along with their first derivative in ¢ and their first and second derivative in y. For
generic o € (0,1) and normed vector space E, the functions in C*+([0,T]; E) have a-Hélder
continuous derivatives up to the order k. By Wq% loc(]Rd) we denote the usual Sobolev spaces
of all functions that are locally L4-integrable along with their weak first and second order
derivative [1, Definition 1.62]. The parabolic version qu,ic((OvT ) x R9) is the space of all
functions u(t,y) that are locally Li-integrable along with their weak first derivative in ¢ and
their weak first and second derivative in y. Whenever the notation 7'~ appears in the definition
of a function space we mean the set of all functions whose restrictions satisfy the respective

property when T~ is replaced by any s < T, e.g.,

Cooty([0,77] x RY) = {u: [0,T) x R = R : g g)xpe € Cpoiy ([0, s] x R?) for all s € [0,T)}

!The literature on minimal energy problems in stochastic settings (see [18] and the references therein) seems
to focus on controllability which is trivial in the present one-dimensional setting.



and

1,2 - . . 1,2
W iee((0,T7) x RY) = {u: (0,T) x RY = R : wyg g xra € W, 00((0,8) x RY) for all s € (0,T)}.
The set of adapted R%-valued processes (Zt)iepo,) satisfying EJ fOT | Z¢|?dt] < oo is denoted by
L%(0,T :R%); the subset of processes with continuous paths satisfying E [supgepo,r [22]7] < o0
is denoted by LL(Q; C([0,T]; R?)). If not otherwise indicated then || - | denotes the supremum
norm. For arbitrary 8 > 0 we occasionally write ¢/~ instead of (-)Y/8. All equations are to be
understood in the a.s. sense.

2 Problem formulation, assumptions and main results

We consider the stochastic optimization problem of an investor that needs to close a (large)
position of shares within a given time interval [0, T|. Following Horst & Naujokat [15] and Kratz
& Schoneborn [21] the investor may trade in an absolutely continuous manner in a primary
exchange and simultaneously place passive block orders into a dark pool. Execution of passive
orders is modeled by the jump times of a Poisson process (Nt)te[O,T] with constant intensity
0> 0.

The Poisson process N and an n-dimensional standard Brownian motion (Wt)te[o,T} are defined
on a stochastic basis (2, F, (Ft):e[o,r], P) satisfying the usual conditions. In what follows we
repeatedly use the independence of N and W.

As the factor process driving trading costs we consider the d-dimensional It6 diffusion
S S
YV =y +/ b(Y,HY) dr +/ o (YY) dW,, t<s<T. (2.1)
¢ t

Assumption 2.1. We assume throughout that the coefficients b : R — R? and ¢ : R — R
are Lipschitz continuous.

The preceding assumption guarantees that (2.1) admits a unique strong solution (V) selt,1)» for
every initial state (¢,y) € [0,7] x R%. Furthermore, see [27, Theorem 3.35], the map (s,t,y) —
Y&Y is a.s. continuous and for every n > 2 there exists C), > 0 such that the following moment
estimate holds with the convention Yst’y =yfor0<s<t

Elsupyeio ) [YSY"] < Ca(L+ 19", (t,y) €10,T] x RY. (2.2)

This moment estimate in particular guarantees by Vitali’s convergence theorem that functions
of the form

o B[ [ a6 e, (23)

with f € Cpoiy([0,T] x R?), belong again to Cpory ([0, T] x RY).

2.1 The stochastic control problem

For any initial time ¢ € [0,7") and initial position z € R, we denote by A(t,z) the set of all
admissible liquidation strategies (£, 7). Here, { = (&s)sejt,r) describes the rates at which the
agent trades in the primary market, while 7 = (75) se[t,7) describes the passive orders submitted



to the dark pool. A pair of strategies (£, ) is admissible if £ is progressively measurable and 7
is predictable such that the resulting portfolio process

S S
Xg’”::c—/grdr—/md]\fr, t<s<T,
t t
satisfies the liquidation constraint
x5 =0, (2.4)

The costs associated with an admissible liquidation strategy (&, 7) are modeled by the cost
functional

T
J(t,y,z;8,m) = E U DY) E N + 0y (YY) |mslP + MY XETIP ds
t

The first term of the nonnegative running costs

c(y,x, & m) = n)|EP + 0v(y) 7" + A(y)|z[”

describes the temporary price impact at the primary exchange; the second term describes ad-
verse selection costs associated with dark pool trading (see [15,19] for details) while the third
term penalizes slow liquidation. The latter may be interpreted as the p-th power of the Value-
at-Risk of the open position (see [5,13] for details).

The value function of the stochastic control problem is defined for each initial state (¢,y,z) €
[0,7) x R? x R as

Vit,y,x) = inf J(t,y,x; & ). 2.5
(t,y, @) . (t,y, @€, ) (2.5)

Assumption 2.2. We assume throughout that p > 12 and put 8 :=1/(p — 1) > 0. We further
assume that the cost coefficients satisfy the following conditions:

(i) The coefficients n,v, A, 1/5 : R — [0, 00) are continuous.

(ii) The coefficients n, A, 1/n are of polynomial growth, i.e., for some n > 1 and C' > 0,

ny) +Ay) + 1/nly) <CA+y"),  yeR: (2.6)

Ezxample 2.3. Our assumptions on the factor process allow us to capture simultaneously several
key determinants of trading costs. The assumptions are satisfied for the arithmetic Brownian
motion model

dY,' = pdt 4 o dW}

as well as for a mean-reverting process of the form
dY? = f(v = Y?)dt + dW?

for a bounded Lipschitz continuous function f. The (logarithmic) price process Y! may drive the
market risk factor A while Y2 may describe stochastic order book heights (stochastic liquidity)
and hence drive 7.

Assumption 2.4. In order to state our main result (Theorem 2.9), we will need the following
additional assumptions:

2Unlike [31] we do not exclude exponents 1 < p < 2, which correspond to root shaped temporary price impact.
Almgren et al. [3] give empirical evidence for p = 8/5.



(Al) oo™ is uniformly positive definite.

(A2) b and o are bounded.

(A3) n, 1/n, and X are bounded. In particular, n > k¢ for some constant kg > 0.
(A4) n is twice continuously differentiable, and Ln is bounded.

Remark 2.5. Condition (A1) and (A2) provide, in particular, the fact that

={ue ﬂ ZOC cu, Lu € C(RY)}
L: D(E) C C’(Rd) — C(Rd)
is a sectorial realization of the operator £ in C(R%) and hence that £ generates an analytic
semigroup in C(R?), see [25, Corollary 3.1.9]. If d = 1, then D(L) = C%(R). We use this fact in
order to prove the existence of classical solutions. At the expense of additional work, it might
be possible to relax (A1) and (A2), e.g., by the assumption that b and o have a continuous and

bounded second derivative (cf. Remark 4.7), to incorporate the Ornstein-Uhlenbeck process as
well as the geometric Brownian motion. We leave this as an open problem.

2.2 Heuristics and the main result

The dynamic programing principle suggests that the value function satisfies the following HJB
equation, cf. [34, Theorem 2.2]:

77r€
where 1
L:= 3 tr(UU*Dg) + (b, Dy)
denotes the infinitesimal generator of the factor process, and the Hamiltonian H is given by

H(t,y,xz,&m, V) = =£0,V(t,y,z) + 0(V(t,y,x — ) — V(t,y,x)) + c(y, x,& 7).

The specific structure of our control problem with respect to the state variable x — linear in the
control dynamics and of p-th power in the running costs — suggests an ansatz of the form:

V(t,y,z) =v(t,y)|x|P. (2.8)

Recalling that 5 =1/(p — 1), the proof of Lemma 2.7 below is in fact standard. Before stating
the lemma we formulate the different solution concepts for parabolic equations used in this

paper.

Definition 2.6. For continuous functions v : [0,T) x R? — R we use the following solution
concepts to parabolic PDEs

_atv(ta y) - H(ta Y, U(ta y)? Dy”(tv y)? D;U(t, y)) = 07 (29)

where H : [0,T) x R x R x R x §? — R and S? denotes the set of symmetric d x d matrices.

(i) v is a classical solution if v € C:>2([0,T) x RY) such that (2.9) is satisfied for all (,y) €

loc
[0,T) x Re.



(ii) v is a strong solution if v € W11’2 ((0,T) x RY) such that (2.9) is satisfied in terms of the

loc
weak derivatives of v a.e. in [0,7) x R?.

iii) v is a viscosity subsolution if for every ¢ € cL? 0,7) x R%) such that ¢ > v and ¢(t,y) =
loc
v(t,y) at a point (t,y) € [0,7) x R% it holds

—Op(t,y) — H(t,y,v(t,y), Dye(t,y), Dyo(t,y)) < 0.

(iv) v is a wviscosity supersolution if for every ¢ € CF2([0,T) x RY) such that ¢ < v and

loc

o(t,y) = v(t,y) at a point (t,y) € [0,7) x R it holds

—0p(t,y) — H(t,y,v(t,y), Dye(t,y), Dye(t, y)) > 0.

(v) v is a wiscosity solution if v is both viscosity sub- and supersolution.

We recall the well-known fact that classical solutions of parabolic PDEs are also viscosity
solutions, see, e.g., [9].

Lemma 2.7. A nonnegative function v : [0,T) x R? — [0,00) is a classical/strong/viscosity
(sub-/super-)solution to

—0(t,y) — Lo(t,y) — F(y,v(t,y)) =0, (2.10)

where .
Il 0~ (y)v

- +

Pnw)” /()P + vl
if and only if v(t,y)|x|P is a classical/strong/viscosity (sub-/super-)solution to the HJB equa-
tion (2.7). In this case the infimum in (2.7) is attained at

F(y,v) :== A(y)

— o, (2.11)

; _o(t,y)’ \ _ vty
& (tyy,x) = ()? x and 7 (ty,z)= TP 1+ vt g)? (2.12)
and
H(t,y,:c,f*(t,y,x),ﬂ*(t,y,x),v(-, )‘ ’ ’p) = F(y7v(t7y))|x’p' (2'13)

Proof. When testing the viscosity property of V = v(-,-)|-|P at a point (,7, %) € [0,T) x R x R
it is sufficient to consider test functions of the form

o =¢(, )] (2.14)

In fact, let ¢ <V (the case ¢ > V is similar) be an arbitrary test function such that ¢(¢,7, ) =
V(t,g,z). If T # 0, we may define

. ey, T,

@(tvy’ IE) - ‘:ﬂp |$| *

Then, ¢ <V, ¢(t,5,%) = V(t,9,T), 0:p(t, 5, %) = Opp(t, 5, ), LO(E,7,T) = Lo(t,7,T). Since
V is continuously differentiable in z and (¢, 7, Z) is a extreme point of both V — ¢ and V — ¢ we
furthermore have that 9,¢(t,y,%) = 0,V (t,9,%) = O,p(t,y,T). Testing at a point with Z = 0
is trivial because V(t,y,0) = 0 and the derivatives 0;V (t,y,0) and LV (¢,y,0) exist and are
identically equal to zero. As a result, we may w.l.o.g. restrict ourselves to test functions of the
form (2.14). With this observation at hand the statement is then verified by straightforward
calculations using that for V= v(-,-)|-|P with v > 0 the Hamiltonian H is convex in £ and 7. [



To guarantee the uniqueness of a viscosity solution to (2.10) we need to impose a suitable
terminal condition. Due to the liquidation constraint (2.4), we expect the value function to
tend to infinity for any fixed non-trivial portfolio position as ¢ — 1. More precisely, when
disregarding any adverse selection and risk costs, as well as any scenarios in which passive orders

are executed, and using P(no jumps of N in [t,T]) = e=?T=Y one obtains for any admissible
control (§,m) € A(t, z),
T
J(t,y,z;6,m) > e TDE {/ n(YEY)|&|P ds| no jumps of N in [t,T]} . (2.15)
t

Applying the reverse Holder inequality to the inner integral of the RHS of (2.15) yields,

T —(p—1) T P
LYY ot ds < ds
([ ovenras) ([ ledas)

Given that no jumps occur, the liquidation constraint (2.4) yields ftT &¢s = x. Using the inde-
pendence of Y%¥ and N we hence obtain,
T
/ s ds
t

T . —(p-1)
([ o as)
t

—0(T—1)
=K ¢ |z|P.

T
C ft 77(1/}’”)" ds

In view of (2.6) and (2.2), we therefore expect that

J(t,y,x;€,m) > eI no jumps of N in [t, T

p

J(t,y,x;€,m) > eI no jumps of N in [t, T

lim v(t,y) = 400  locally uniformly on R4,
t—=T

It turns out that this singular terminal condition along with the standing assumptions on the
diffusion and cost coefficients already ensures uniqueness of a viscosity solution to the HJB
equation. The deterministic closing strategy that liquidates at a constant rate and uses no dark
pool incurs the cost

T
J<t7y7x7 %7 O) = %E / n(ifst’y) + (T - 8)p>\(Y:9t7y) ds ‘x|p
T i T—or |, (216)
< W(l + [y[")]z[?,

due to estimate (2.2) and Assumption 2.2. As a result, we also expect v(t,-) to satisfy a
polynomial growth condition. More precisely, we have the following result; its proof is given in
Section 3.

Proposition 2.8. Under Assumptions 2.1 and 2.2 the singular terminal value problem

_8tv(t7y) - EU(t, y) - F(y,’l)(t,y)) = 07 (ta y) S [OaT) X Rda 917
tlirr%v(t, Y) = o0 locally uniformly on R?, (2.17)
o

with the nonlinearity F given in (2.11) admits at most one nonnegative viscosity solution in

Cpoty (0.7 x BY.



If such a viscosity solution exists, then it satisfies the following a priori estimates for (t,y) €
[0,T) x R%:

o—0(T—1)
T
VI sty s

Our main contribution is the proof of the existence of a classical solution to the singular terminal
value problem (2.17). This is achieved under assumptions (A1)—(A4). The boundedness away
from zero of 7, along with the existence and boundedness of L7 will for instance be used to
derive the precise asymptotic behavior of the solution near the terminal time. The main result
of this paper is:

1 g Ly D Ly
<w(t,y) < mE [/t n(YY) + (T — s)PA(YY) ds| . (2.18)

Theorem 2.9. Under Assumptions 2.1 and 2.2 and the conditions (A1)-(A4), the singular
terminal value problem (2.17) admits a nonnegative classical solution

v e C*([0,T7]; D(L£)) N C ([0, ]; C(RY)).

The proof of this theorem will be carried out in Section 4 below.

Our last result is a verification theorem; its proof is given in Section 5. The singularity at the
terminal time prevents a straightforward application of the standard verification arguments.
Instead, we first use Krylov’s generalized It6 formula [22, Theorem 2.10.1, p. 122] to establish
optimality away from the terminal time and then use the a priori estimate (2.18) to prove
optimality on the whole time interval. Here we require that the strong solution is locally L9-
integrable along with its weak derivatives for some ¢ > d 4+ 2 to guarantee that the parabolic
Sobolev embedding theorem [24, Lemma I1.3.3] applies.

Proposition 2.10. Under Assumptions 2.1 and 2.2 and the conditions (A1) and (A3), for
some q > d+ 2, let
v € W2 ((0,T7) x R N Copy ([0, 77] x RY)

q,loc

be a nonnegative strong solution to (2.17). Then, the value function of the control problem (2.5)
is given by V(t,y,x) = v(t,y)|z|P, and the optimal control (£*,7*) is given in feedback form by

o U(S,Yst’y)BX* e U(S’Y;,y)ﬁ x* (2.19)
s n(}/vst’y)ﬁ s s V(Y;t’y)ﬂ +U(S,}/St’y)ﬁ Ss—

In particular, the resulting optimal portfolio process (X;“)SE[t,T] s given by

s Yt,y B ANy #0 t Yt7y Jé;
X¥=uzexp —/ Wdr H 1- tyv(, ) o . (2.20)
ey ) AL TS e vy

Since C*([0,77]; D(L)) N C+2([0,T7]; C(RY)) € W2 ((0,77) x RE) N Chory ([0, T7] x RY) we

q,loc
immediately obtain the following corollary to Theorem 2.9 and Proposition 2.10.

Corollary 2.11. Assume that the assumptions of Theorem 2.9 hold and let v be the unique
classical solution to the singular terminal value problem (2.17). Then the optimal liquidation
strategy is given in feedback form by (2.19).



3 Comparison principle and a priori estimates

In this section we prove Proposition 2.8. The proof is based on the following comparison prin-
ciple that is itself a consequence of the comparison principle given in the Appendix for viscosity
sub- and supersolutions to parabolic equations with finite terminal values and monotone non-
linearities.

Lemma 3.1. Let v,0 € Cpoiy([0,77] x R?) be a nonnegative viscosity sub- and a nonnegative
viscosity supersolution to (2.17), respectively, such that

lim w(t,y) = +oo  locally uniformly on RY.
t—T

Then,
v<T in [0,T)x R

In particular, there exists at most one nonnegative viscosity solution in Cpoly([0,T7] x RY) to
problem (2.17).

Proof. Due to the time-homogeneity of the PDE in (2.17), viscosity (super-/sub-)solutions stay
viscosity (super-/sub-)solutions when shifted in time. The idea is therefore to separate the
singularities to have finite values to compare.

More precisely, we define, for any § > 0, the difference function w : [0, — §) x R? = R by

w(ta y) = 6(t + 57 y) - Q(tv y)

A direct computation shows that v +— F(-,v) is decreasing on [0,00). In fact, both 9,F and
O2F are nonpositive on R? x [0, 00). Hence, by Lemma A.2, w is on [0,T — §) x R? a viscosity
supersolution to
_wt(t7 y) - EU)(t, y) - l(ta y)U)(t, y) = 07

where _
F(y7 ’U(t + 57 y)) — F(?/?Q(t? y))

u(t+0,y) —v(t,y) '
By the first order Taylor approximation of F in v at ¥(t+4, y), along with 9,F < 0 and §2F < 0,
we obtain that

1t y) = Lo(e4o,)20(ty)

—l(t,y)w(t,y) < =0, F(y,v(t + 6, y))w(t, y).
In terms of the continuous coefficient
i(tv y) = a'UF(:%ﬁ(t + 57 y)) S 07

it follows that w is on [0,T — ) x R? also a viscosity supersolution to the equation

_6tw<t7 y) - [’w(tv y) - l(tv y)w(t7 y) =0, (31)

for which the assumptions of Theorem A.1 hold with 4 = 0. Hence, foral 0 <t < s<T —§
and y € R? Theorem A.1 yields

wt,y) > B [w(s, Y1) exp ( /t T, v dr)} , (3.2)

where the RHS is the Feynman-Kac viscosity solution [26, Theorem 3.2] to (3.1) on [0, s] x R?
with terminal value w(s,-).
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Since 7 > 0, [ < 0, and Elsupep,r—) v(s, Y&Y)] < oo due to v € Choty ([0, T — 6] x R?), we can
apply Fatou’s lemma to the expectation in (3.2) as s — T — § to obtain

w(t,y) > E |liminf (s, YY) exp (/t I(r, Yf’y)drﬂ . (3.3)

s—T—6
The sample paths of (Yst’y) selt,r] are bounded a.s., and hence,

lim w(s, YY) = lim 9(s+6, YY) —v(s, YY) = +oo  as.

s—T—0 s—T—0

because limy_,7_57(s + J,-) = +o0o uniformly on compact sets and v € Cpory ([0, T — d] x RY).
The limit inferior in (3.3) is therefore a.s. nonnegative. Hence,

o(t+6,y) —u(t,y) = 0.

Finally, by letting 6 — 0 we conclude T — v > 0 on [0,T) x R? by continuity of T. O

The comparison principle establishes the uniqueness statement in Proposition 2.8. It also allows
us to establish the a priori estimates (2.18).

Proof of Proposition 2.8. We show that the lower (upper) estimate in (2.18)—denoted in the
following by v (respectively, T)—is a viscosity subsolution (supersolution) to (2.17). The asser-
tion then follows from the comparison principle established in the preceding lemma.

First, note that v € Cpey, ([0, 7] x R?). In fact, by Jensen’s inequality

1 T 1 71/&
(] )

o—0(T—1) T
7y
< gt | [ s

and hence the polynomial growth of v in y uniformly away from the terminal time follows
from (2.2) and the polynomial growth of 7. The continuity along with the polynomial growth
of 1/n guarantees continuity of v, due to Vitali’s convergence theorem as pointed out in (2.3).

o—0(T—t)
(T —t)1/8 E

0<u(t,y) =

To establish the subsolution property of v, let ¢ > v be a smooth test function on [0,7") x R?
such that o(t,y) = v(t,y) for some (t,y) € [0,T) x R%. Moreover, we define the stopping time

£
r=inf{s € [t,T] : |Y&¥ — y| > 1}. By uniqueness ¥,V = Y;*** "forall t < s <r < T. Hence,
by the definition of v and the Markov property of Y'Y,

) )
Q(S AT, }/s/\r - FS/\T

ww )4 dr

Because ¢ > v, ¢(t,y) = v(t,y), and the tower rule, it holds for ¢t < s < T,

0< Elp(s AT, Y5L) —v(s AT, YL

—0(T—(sAT)) o—0(T—1)

e
= Elp(s AT, Y%) — o(t,y)] — E — +E -
YIL nvEysar YT v dr

11



Dividing by s — t, using It0’s formula and the integral representation of increments of the
e—0(T—r)

function r — , and noticing that the stochastic integral being stopped at 7 is a

T n(ve?) =6 du

true martingale, we obtain

1 SAT
0< F [ t/ Opp(r, Yrt’y) + Lp(r, Yrt’y) dr]
t

s —

[ e—0(T—1) ]
— dr
s—t Bn( Yt’y (f n(YiY)-8 du) (B+1)/8

o~ 0(T—1)
dr|.

S—t/ \/fnYty -8B du

By Jensen’s inequality, for r € [t, 5],

1 B 1 /T t 1
< Y Y)B du < sup n(Y.HY).
i/frT 77<Y“t7y)_ﬂ du \/(T - T)2 T 7]( ) {7T7_8 tSuSTn( )

Since 7 is of polynomial growth it follows from the equation (2.2) that we can apply the domi-
nated convergence theorem to the third term above when letting s — ¢. Since |Yrt’x —y| <1 for
r € [t,7] and because n~! is bounded on compact domains similar arguments show that we can
apply the dominated convergence theorem also to the second term. As 7 > t, the fundamental
theorem of calculus yields

B+1
e . 1| (e )

Using Jensen’s inequality and 5+ 1 > 1 we obtain,

o(t,y) T
Bn(y)?

Hence, from the definition (2.11) of F' and \,~v,v > 0 it is seen,

0 < Op(t,y) + Lo(t,y) — — Ou(t,y).

—Op(t,y) — Lo(t,y) — F(y,v(t,y)) <0.

Next, we verify the supersolution property of . Because 1 and A are of polynomial growth it
follows U € Cpoiy([0, 7] x R?) from (2.3). Again an application of It6’s formula and Leibniz’s
rule similar as above yields that for every smooth test function ¢ < @ on [0,T) x R such that
o(t,y) = v(t,y) for some (t,y) € [0,T) x R?,

0> dup(t.y) + Loo(t,y) + 117@) +AY) — p;(ii)-

From the definition (2.11) of F, since v > 0,

o(t,y) [P+

—F(y,o(t,y)) = =Aly) + ()P

12



Hence, since p = (8 + 1)/ and by setting u(t,y) = (T — t)Y55(t, y)/n(y),

n(y)  pulty) ot y)PH!

—0vp(t,y) — Lo(t,y) — F(y,o(t,y)) >

(T —t)» Tt Bn(y)? (3.4)
- O (1= ) - ).

Using the fact that the map v — 1 — %u + %\u|f8+1 is nonnegative on R as it attains its

minimum at 1, we conclude
—Gtgo(t, y) - E(p<t7 y) - F<t7®<t7 y)) > 0. O

We close this section with a further application of the comparison principle. Under the condi-
tions (A3) and (A4) it establishes the precise asymptotic behavior of a viscosity solution at the
terminal time. This observation will be the starting point of the next section.

Corollary 3.2. Let v € Cpop, ([0, 7] xR?) be a nonnegative viscosity solution to problem (2.17).
If the assumptions (A8) and (A4) hold, then v satisfies the following asymptotic behavior:

(T —t)YBu(t,y) = n(y) + O(T —t) uniformly iny ast — T. (3.5)

Proof. The statement is proved by identifying a sub- and a supersolution with the desired
asymptotics. Due to (A4), the quantity ||£n]| is well-defined and finite, hence § := ko /||Ln]| > 0.
We verify below that

n(y) = 1£all(T —¢t)

. () + 3[1£0ll (T — 1)
U( ay) T eg(T_t)(T o t)l/ﬂ

(T —t)V/5

and 0(t,y) := + (T = )|l

are a nonnegative classical sub- and supersolution to (2.17) on [T — §,T) x R%, respectively,
where nonnegativity follows from 7 > k¢ > 0 by (A3). Hence, (3.5) follows from the comparison
principle.

Specifically, let us fix (t,y) € [T —6,T) x R To verify the supersolution property of @, we first
obtain by a direct computation,

n(y) + S Ln|(T — ) + BLy(T — 1)

—00(t,y) — Lo(t,y) = — B(T — t)(B+1)/8

+ Al (3.6)

Recalling the definition (2.11) of F', we have since v > 0,

|6(t,y)[P+!
Bn(y)P

Next, we apply Bernoulli’s inequality in the form (u +v +w)?+ > wf+1(1 4+ v/u)B+ > ubH +
(B + 1)uPv for u,v,w > 0 to the term [0(¢,y)|*+! and obtain

n(y)? + (B + Vn(y) L Lol (T — ¢)
Bn(y)(T —)(B+0/8 '

—F(y,0(t,y)) > —=Ay) +

—F(y,0(t,y)) > —Ay) + (3.7)

Hence, adding (3.6) and (3.7) yields,

1€l = £aly)

—3t@(t,y) — [,'[J(t, y) - F(y7@(t7y)) > HA” - A(y) + (T _ t)l/,@ -

13



Next, we verify the subsolution property of ¥. By a direct computation

n(y) + (B = DILn|(T = 1) + BLy(y)(T — 1)
Bed(T=0)/(T — 1)(B+D)/

—0y0(t,y) — Lo(t,y) = — — 00 (t,y). (3.8)

On the other hand, since A,y >0, and ¥ > 0 on [T — §) x R?,

3 oty
—F(y,o(t,y)) < ————— +00(t,y).
(i) < PSP gt
This time, recalling that 0 is chosen such that n(y) > [[Ln|(T — t), we estimate the term
[o(t, y) [P+t by the fact (u —v)T = w11 — v/u)H < w1 — wPv for u > v > 0 and obtain

) n(y) — 1£n][(T —¢)
—F(y,o(t,y)) < Bl G+IT—0 (T — ) (B+1)/5

+ 00(t,y). (3.9)

Finally, adding (3.8) and (3.9), and using 8 > 0 yields,

—Oo(t,y) — Lo(t,y) — F(t,5(t,y)) < 0. O

4 Existence of a classical solution

In this section we prove Theorem 2.9 and hence assume throughout that (A1)-(A4) hold. Our
existence proof is based on the explicit asymptotic behavior established in Corollary 3.2. It tells
us the solution must be of the form
u(t
(T —t,y) = W, a(t,y) = O(t) uniformly in y as t — 0, (4.1)
where we reversed the time variable as we will do for the rest of this subsection. For reasons that
will become clear later, it will be more convenient to choose the following equivalent ansatz:
ny) , ut,y)

U(T_t’y)zm+tl+l/ﬁ’

u(t,y) = O(t*) uniformly in y as t — 0. (4.2)

Plugging the asymptotic ansatz into (2.17) results in a semilinear parabolic equation for u with
finite initial condition, but with a singularity in the nonlinearity. This motivates the following
lemma.

Lemma 4.1. If for some 6 > 0 a function u € C*([0,6]; D(L)) N C*([0,6]; O(R?)) satisfies
u(t,y)l < tn(y), te[0,0],yeR?, (4.3)

and solves the equation
s oy 1) S (B 1Y (ult))
outt.n) = eutt) 160t + o3 = 12 (70 (8
0ty (y)(tn(y) +ulty)
Y (tPy(9)7 + [tn(y) + u(t,y)|°

then a local solution v € C¥([T — 6, T~); D(L)) N C'** ([T — 6, T~]; C(RY)) to problem (2.17) is
given by

(4.4)

(tn(y) +ult,y)), t>0,yeR%

n(y) u(T —t,y)
(T_t)l//a’ (T_t)l—i-l/,B'

U(ta y) =
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Proof. The statement is verified by plugging the ansatz into (2.17), multiplying by t? = t(#+1)/8
and by using the binomial series for the term

k
(T =ty n(y) ‘1 L ulty) [P n(y) i (ﬁ + 1> (u(t,m)
Bn(y)” B tn(y) B\ k tn(y)
to see that the first two terms of the series cancel out. The growth condition (4.3) guarantees
that the binomial series does indeed converge. O

Remark 4.2. The reason for choosing the ansatz (4.2) is that the series in (4.4) starts at k =
2, and not at k = 1. This will be crucial for the fixed point argument below. The more
straightforward ansatz (4.1) results in the equation

1
} 3 1 n (@ =/(B+1\ ()" 05 ~y(n + @) N
O =Lu+Ly+tFN— —| -+ ( ><) + —0(n+u),
t ! pt <" kzzz k 1l VP + In+alf (1 +4)

for which we have no analogues to Lemma 4.4 and Lemma 4.5 below, due to the term ¢~ 4.

We will solve equation (4.4) using the semigroup approach for parabolic equations in Banach
spaces; we refer to the monograph by Lunardi [25] as the standard reference. To this end, we
interpret (4.4) as an evolution equation

u'(t) = Lu(t) + f(t,u(t)), t>0; u(0)=0, (4.5)

in the Banach algebra U := C(R?) of bounded continuous functions endowed with the supremum
norm || - ||, where the nonlinearity f is given by

_ » _QOO B—i—l) <u>k OtP~(tn + u) B
F(t,u) = tLn + "X 6%( N - +€/(tpv)ﬂ+|tn+u!5 O(tn + u).

The general theory suggests to look first for a local mild solution of (4.5). That is, to show
there is a fixed point u of the integral operator I' defined in C([0,6];U) by

D(u)(t) = /0 t et f(s,u(s))ds, 0<t<Sé, (4.6)

if § > 0 is small enough where {e“: : t > 0} is the analytic semigroup generated by £ in U.
Regularity of the mild solution w will then follow from analyticity of the semigroup and Holder
continuity of ¢ — f(t,u(t)).

The singular behavior of f near ¢ = 0 prevents us from directly applying general theory. In
fact, the operator I' is not defined on the whole space C(]0,]; U), and its domain is not closed
with respect to the supremum norm. We overcome these difficulties by carrying out the usual
contraction argument with respect to an appropriate weighted norm on C([0,0];U).

In order to guarantee that the function ¢ — f(¢,u(t)) behaves well at ¢ = 0 it seems reasonable
to restrict the set of potential mild solutions to those functions u € C([0,d];U) such that
u(t) = o(t) as t — 0. Yet, there is no nice norm making this set of functions a Banach space.
Recalling (3.5) however, we actually expect the slightly stronger condition u(t) = O(t?) ast — 0
to be satisfied. This suggests to view I as an operator acting in the space

E={ueC([0,6;U):u(t) = O(t*) as t — 0},
endowed with the weighted norm

lull g = sup [[t~u(t)]|.
0<t<d
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Lemma 4.3. The vector space E endowed with the norm || - || is a Banach space.

The next lemma shows in particular that the integral operator I" given in (4.6) is well-defined
on the closed ball o
Bp(ko/6) :={u e E: ||lul g < ko/d}.

Lemma 4.4. Let R > 0 and 6 € (0,K0/R].

(i) For every u € Bg(R), the function f(-,u(-)) belongs to C([0,8];U). In particular, the
operator T defined in (4.6) is well defined on Bg(R).

(ii) If u € Bp(R) N C*([0,0];U) for some a € (0,1), then f(-,u(-)) is a-Holder continuous,
i.e., belongs to C“([0,0];U).

Proof. For u € Bg(R) we consider the functions g : [0,6] — U and h: [0,8] x U — U given by

g(t) = i <ﬁ Z 1) <u(t))k and h(tw) = — Y,

p; tn (#27)7 + |wl”

so that we may decompose f(t,u(t)) in the following way:
flt,u(t)) =tLy +tPX — (p — 1)ng(t) + Oh(t, tn + u(t)). (4.7)
The assumption § < kg/R guarantees that the series defining g(¢) converges in U since then

2
“(t)Hgth‘mél, t €10,4].
tn tKko Ko

In view of (4.7) it will be sufficient to show that g and h(-, -n+ u(-)) are continuous, or even
a-Hélder continuous if u € C*([0, ]; U). For the latter note that h is continuously differentiable
on (0,6] x U. In fact,

pt~ yw|wl?
+1
)7+ TwlP”

Pt ywlw]? H _ Il
— t )

Hath(t7w)||L(U) = = H (tP)BF1 1 ptPy|wl|P

where we used Bernoulli’s inequality and 8 + 1 = pg, and

(tpfy)ﬂ-&-l
v (tP7)P + w|?

10wh(t, W)l L@y =

-

Hence, for all 0 <t < s <4,

[[tn + w(t)]]
t
< Qlnll + ro)lt — s[ + [[u(t) — u(s)]].

[A(t, tn +u(t)) = h(s, sn + u(s))| < [t = s[ + lInlllt — s| + [lu(t) —u(s)]]

In order to establish the continuity of g, notice that for every kK > 2 and 0 <t < s < ¢ it holds
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that

ZOMNETON I8 Mk_@k+@k_“(3)k
in sn o tn sn sn sm
lu@)|* |1 1 1 1
< 5 | g IO ||Zuu W u(s)l
RRE ) R 20 2(k—1-1 (4.8)
_t’fskk’t —3‘4—8 O||u —u(s HZL‘ )
kékfle k(sk 2Rk 1
< ———[t=sl+ ———F—lu(t) —u(s)|
Ko Ko
kR kR
< —[t =8|+ — |lu(®) — u(s)]

Using the identity k(ﬁzl) =(B+1) (k[jl) it follows that

26 —1)(B+ 1R 26 —1)(B+ 1R
lo(t) — gl < S DEHDE, g CZDOEDR ) o)
avs) K
Hence, g is uniformly continuous and even a-Holder continuous if u € C*([0,4]; U). O

The usual assumption on the nonlinearity to carry out the fixed point argument would be that
f(t,u) is locally Lipschitz continuous in w uniformly in ¢. The next lemma proves an appropriate
analogue to this assumption for our singular nonlinearity f.

Lemma 4.5. For every R > 0 there exists a constant L > 0 independent of 6 € (0, ko/R] such
that

1£(t,u(®) = f(E @) < Lu) — v, u,veBp(R), t€[0,d].

Proof. Let u,v € Bg(R) and t € [0,T]. The proof of Lemma 4.4 shows that the function h
in (4.7) is nonexpanding in the second argument, and estimates similar to those in (4.8) yield

ONINEION
tn tn
p+1y _ B —
for every k > 2. Hence, using once more that k(”;") = (8 +1)(,”,) and (B +1)/8 = p we
conclude that

1F(t () = f(t o) < (p(2° = Vg * Rlinll + ) [lu(t) — v(®)]] - -

We are now ready to carry out the fixed point argument and to prove the desired regularity of
the fixed point. In view of Lemma 4.1 this then gives us a local solution to the problem (2.17).

Proposition 4.6. Under assumptions (A1) and (A2), there exists a short-time solution
u € 0([0,4]; D(£)) N CHH ([0, 8]; C(RY))

to the equation (4.4) that satisfies the growth condition (4.3).
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Proof. We prove below that there exists R > 0 and ¢ € (0,x0/R] such that the operator I
defined by (4.6) has a fixed point 7 in Bg(R).

In order to see that this (local) mild solution to (4.5) belongs to C*([0, 6]; D(£))NC+([0,6]; U)
notice first that f(-,u(-)) € C([0,0];U), due to Lemma 4.4(i). Thus, it follows from [25,
Proposition 4.2.1] that I' maps into C([0, d]; U), for every a € (0,1). Since w is a fixed point
of I it follows from Lemma 4.4(ii) that f(-,u(-)) € C*([0,4];U).

Moreover, u € E implies that u(0) = Lu(0) + f(0,%(0)) = 0 belongs to the domain of L.
Along with the Holder continuity of f(-,@(-)) it now follows from [25, Theorem 7.1.10(iv)]
that w € C([0,8]; D(L)) N CT2([0,6]; U) as desired.

It remains to prove the existence of a fixed point of the operator I'. In terms of M =
supg<;<1 [l€"|| L) we claim that one can choose

R =2M (||Ln] + Al +0]nl) and & =min{ro/R, (2ML)~",1},

where L > 0 is the Lipschitz constant given by Lemma 4.5. Since § < ko/R the operator I'
is well-defined on Bg(R), due to Lemma 4.4. To show that I' is a contraction with respect to
| - |z, let u,v € Bg(R). By the choice of M it holds for every t € [0,d] that

IT(w)(#) = T(0)@)] < tM sup. 1f (s, u(s)) = f(s,v(s))]

< OML sup |ju(s) —v(s)]
s€[0,t]

< SMLt||u — v| .
Hence,

D) ~ Tl < gl vlle:

To show that ' maps Bg(R) into itself, note that since § < 1 and p > 1 one has that s? < s
for all s € [0, 4], and so it holds for every t € [0, d] that

IT()@®)] < [[F(w)(t) = TO)@)] + [TO)(@)]]

R
<t +tM sup
2 s€[0,t]

OsP~sn
V/(sP9) + (sn)”

R
< t2§ +tM sup {s||Ln| + sP||A]| + Os|nll}
s€[0,t]

sLn + sPX +

=

< t’R.

The operator I' does therefore map Bg(R) contractive into itself. Hence, it has a unique fixed
point @ in Bg(R). O

Remark 4.7. In order to apply the above fixed point argument establishing a mild solution
to (4.5) it is not needed that £ generates an analytic semigroup. We use the analyticity of £
to obtain maximal regularity results. We thank an anonymous referee for pointing out that
one may possibly drop the additional assumptions (A1) and (A2) on the diffusion coefficients
and interpret £ as the generator £ of the m-continuous Markov transition semigroup induced
by Y on C(R%); see [11, Appendix B.5] for a comprehensive overview of the theory of -
continuous semigroups. It is shown in [30] (see also [7]) that the obtained mild solution is
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a m-strong approximation of strict solutions u,. However, for the verification argument a -
strong approximation satisfying u,(t,-) € C?(R?) is needed to apply Ito’s formula on u, and
then use the dominated convergence. This may possibly be achieved as in [7] by establishing
that {u € C?2(R%) : Lu € C(R%)} is a m-core for £. The later is proven in [10] under the
assumption that b and o have a continuous and bounded second derivative.

We are now ready to prove Theorem 2.9.

Proof of Theorem 2.9. In view of Lemma 4.1 and Proposition 4.6 there exists a (unique) local
classical, and hence mild solution

u€ C*([T =6, T7]; D(L£)) NCT(IT = 8, T, C(RY))
to (2.17). In order to see that the local solution extends to a global solution
v e C([0,T7); D(£)) N ¢4 ([0, T7]; C(RY))

notice first that the functional v + F(-,v(-)) mapping C(R%) into itself is continuously differen-
tiable and thus locally Lipschitz continuous. By [25, Corollary 3.1.9], the operator £ generates
an analytic semigroup in C(RY). Hence, by [25, Theorem 7.1.2] there exists a mild solution
ve L, T — 6§ C(RY)) to —9w — Lv — F(y,v) = 0 for some 0 < 7 < T — § when imposed
at t = T — & with a terminal value in C(R?). Due to the a priori estimates established in
Corollary 3.2 and [25, Proposition 7.1.8] we may choose 7 = 0. This gives us a global mild
solution
v e L®(0,T7;C(RY)

by pasting v and v at T'— d. In order to verify the desired regularity we recall that F is
independent of the time variable. Hence, the regularity follows from [25, Proposition 7.1.10(iv)]
if o(T'—96,-) € D(L) and if Lo(T —6,-) + F(-,v(T — 9,-)) belongs to the real interpolation
space Dp(a,00). The former condition is a part of the assumption, the later is a consequence
of [25, Proposition 2.2.12(i)]. O

5 Verification argument

This section is devoted to the verification argument. Throughout, for some ¢ > d + 2, let

0 € Wyioe(0,77) x BY) 1 Cpoty(0,77] x BY)
denote a nonnegative strong solution to (2.17). We recall that by the parabolic Sobolev embed-
ding theorems [24, Lemma I1.3.3], for every R > 0 the parabolic Sobolev space Wy *((0,T) x
By(R)) is continuous embedded into CY/21+([0, T] x B4(R)) with I = 1—(d+2)/q. Here, By(R)
denotes the d-dimensional ball of radius R centered at the origin and C¥/21%4([0, T] x B4(R)) de-
notes the usual parabolic Holder space of functions u(t,y) on [0, T] x B4(R) that are [/2-Hélder
continuous in ¢ and [-Holder continuous in y along with their first derivative in y. Hence, we
assume from now on that Dwv is continuous.

The verification argument is established as follows. We first prove that the candidate optimal
strategy (£*,7*) is admissible, and that the resulting portfolio process is monotone. This uses
the lower estimate in (2.18). Admissibility does not a priori guarantee that the strategy (£*, 7*)
generates finite costs, though. This requires an extra argument.
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Subsequently, we show that we may w.l.o.g. restrict ourselves to admissible controls that result

in a monotone portfolio process. Similar to [14,20], we then prove the optimality of £* and
*

7 in every interval [t,s] with s < T. The upper estimate in (2.18) will be used to show that
candidate strategy is optimal on the whole time interval.

Lemma 5.1. The pair of feedback controls (£*,7*) given by (2.19) is admissible. The portfolio

process (X3)sep,m) with respect to (§*,m*) is monotone.

Proof. One readily verifies that the portfolio process (X7).c[;, 7] with respect to the controls £
and 7* is given by (2.20) and thus is monotone. To show that X} = 0 we define the random
variable

= s RO sy 02 7

that is a.s. finite due to Assumption 2.2 and the moment estimates (2.2). For 0 <t < s < T,
using the lower estimate in (2.18) and Jensen’s inequality we obtain,

s Y'Ttvy B8
X2] < falewp (- [ 220
e n(Yr?)P

< || / g GARUR =5
< |z|exp | — . r
L i

< |z|exp _/s e () dr
B [0 o du| 7]

1[° 1 T s\
S|x!exp<—y/t T_Tdr)—\x]<T_j> 1.

This yields X7_ = 0. Hence, 7 = 0 and so X7 = 0. O

Lemma 5.2. For every (&, m) € A(t,z) there ezists (§,7) € A(t,z) with lesser or equal costs

such that (Xﬁﬁ)sem is monotone.

Proof. For (&,m) € A(t,z) with > 0 consider the strategy (£,7) given by
gs 2531{5520}1{X§7%>0} and 7= (71'3/\Xf’jr)l{mzo}l{xf,j>o}.

By construction it holds that 0 < £ <&, 0< 7, < |Ts| and 0 < X§’7_r < \Xﬁ’“\ for all s € [t,T].
As a result, (Xﬁ’ﬁ) se[t,7] 18 monotone decreasing and X%ﬁ = 0 by admissibility of (&, 7). Hence,
(&,7) € A(t,x) with less or equal costs than (£, 7). The case x < 0 is similar. O

We denote by A(t,z) the set of all admissible controls under which the portfolio process is

monotone. For any (&,7) € A(t, z) with finite costs the expected residual costs vanish as s — T
as shown by the following lemma.

Lemma 5.3. Under assumption (A3), for every (&,7) € A(t,z) with finite costs it holds that

E [U(s, Y X6 0, s T. (5.1)
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Proof. The monotonicity of (X$™) sclt,r] together with the terminal condition X%W = 0 implies

T
/ 7, AN,

for all t < s <T', and moreover by Jensen’s inequality

/sTﬁrdr

T
/ Ty ANy + 7y
.

o] > [ X57] > | X5T| > and | X{7| > | (5:2)

p

+ p). (5.3)

T
X5 < 2“( / o dN,
S
By It6’s formula,

T p T p T
/m«dNT :/{ /WudNu

Using once more Jensen’s inequality, and then (5.2), we obtain

T p T T
/ . dN,| < / {(2p_1 -1) / Ty ANy,
S S '

T
</ (27 — 1)| X5 |P dN,.. (5.4)

P
ban,

p

+ 2P |, P }dNT

As the integrand in (5.4) is bounded by (2P — 1)|x| its jump integral has a true martingale part.
Hence, by decomposing the jump integral in (5.4) into its martingale part with respect to the
compensated Poisson process IV; — 6t and its deterministic part we obtain from (5.3),

/S ear fs] ,

which implies by Gronwall’s inequality the existence of a constant C' > 0 such that

/ST&dr .7:3] .

Next, we apply again Jensen’s inequality to obtain,
T
xrp<ow-oe| [ lpa
S

p T
|X6™P < 2P71E +/ (2P — 1)| XE™ [P Odr
S

p
| X5TP < CE

7.

Therefore, by the upper estimate in (2.18) and the boundedness of n and A due to (A2),

B[ ot + @ - a7 [ e

B [os, Y1) X7 -
— S8

P} <CE

T
<CE [/ !&\pdr]-

Letting s — T', we conclude (5.1) by the monotone convergence theorem, where it is used that
¢ € L%(0,T;R) for any strategy (£, ) that has finite costs as 1 is bounded away from zero
under assumption (A2). O

7]

The following estimate is key to the verification argument. Together with the preceding lemma
it allows us to show that v(:,-)| - [P is indeed equal to the value function associated with our
control problem.
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Lemma 5.4. Under assumption (A1), for ever (&,7) € A(t,x) and s € [t,T) it holds,

S
wlte)lal < B [o(s. OXETP] 4 B | [ eri, XE7 m) dn
t

Proof. Let us denote by B(y, R) the open ball with radius R > 0 centered at y € R? and
introduce the first exit time

TR =inf{r >t:Y,"¥ ¢ B(y, R)}.

Since v € qu’2((t, s) x B(y, R)) and Y'Y is non-degenerated, due to assumption (A1), Krylov s
generalized It6 formula [22, Theorem 2.10.1] applies to the stopped process v(s A Tg, Yy ATR) It
yields that

SATR SATR
ot y) = v(s AR, YEL,) + / Drv(r, YY) + Lo(r, YY) dr — / o (V1 ¥) Du(r, Y,V dWW.
t t

This allows us to apply to v(s ATg, igt/’\yTR)\X shrp | the classical integration by parts formula for
semimartingales [17, Theorem 4.57] in order to obtain

SATR
U(tv y)|l,|p = U(S A TR, S/\TR)|XS/\TR|p - / {&f”(n Y;t,y)|X7§,7r|p + EU(’I“, Y;‘t7y)|X§7ﬂ—|p
t
= p&u(r, YY) sgn(Xp M) Xp TP 4 0u(r, YV (1 X07 = mp P — | Xp7P) } dr
SATR SATR ~
- / o (V) Do(r, Y,20) | XET [P dW, — / v, YY) (| XET = mfP — | X527 |P) AN,

t t
where NT = N, — 0r denotes the compensated Poisson process. Both v and Dv are continuous
and hence bounded on [0, s] x B(y, R). Furthermore, |X¢™| < |z| and |7| < |z, due to the

monotonicity of the portfolio process. As a consequence, the above stochastic integrals are true
martingales. Hence, recalling (2.13),

SATR
ot el = B [o(s A YIS+ B | [ et X6 ) ]
SATR
[ {0 + L)o(r, Y,I¥) | XETP + H (r, Y27, X5, &m0 (- }dr]
SATR
< B[ols nm Y IXET,P] 4 B | [ et X6 ) ] (5.5
t

SATR
B | [T @+ 0o )+ P Y IXEP ]
t

Since v satisfies (2.10) a.e., since Y*¥ is non-degenerated, and because |X&7™| < |z|, if follows
from Krylov’s estimate [22, Theorem 2.4] that

SATR
s [/ {(@h+ L)o(r, Y,0) + F(YEY,o(r, Y,0)) } [ XEP dr] =0
t
Hence,

SATR
vt )lal < B [os n e Y XS] 4 B | [ et X6 i
t

Letting R — oo the assertion follows from the polynomial growth condition on v and positivity
of the cost function c. O
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We are now ready to carry out the verification argument.

Proof of Proposition 2.10. Let (¢, w) € A(t,x). By Lemma 5.4 and Lemma 5.3 letting s — T
(assuming w.l.o.g. that (£, ) has finite costs) we get

o(t,y)|z|? < J(t,y,x; &, ).

Finally note by Lemma 2.7 that equality holds in (5.5) if £ = £* and 7 = 7*. Since v and c are
both nonnegative this implies that

S
v(t,y)|zP > lin%E [/ C(Y;nt’y,Xf*’ﬂ*,f:,W:)dT] = J(t,y,z; & 7). (5.6)
S5— t
In particular (£*, 7*) has finite costs. Hence, Lemma 5.3 applies to (£*, 7*). Thus,

v(t,y)laf” = Blu(s, Y| XET

S
1+ E U (Y, XET 6 my) dr
t
— J(t,y,z; &, 7%) as s —T.

This shows that the strategy (£*,7*) is indeed optimal. O

6 Uniqueness in the non-Markovian framework

Within our Markovian framework we obtained optimal controls in feedback form. Of course,
one may as well interpret the cost coeflicients as processes 7, v+ and A; adapted to the filtration
generated by the Brownian motion. This has been recently suggested by Ankirchner, Jeanblanc
& Kruse [4], which allowed them to analyze non-Markovian coefficients, while losing the feedback
form of the optimal controls.

Disregarding in this section any passive orders and assuming the filtration to be solely generated
by the Brownian motion the value function to the control problem consider in [4] is given by

T
Vi(x) := essinf FE / Ns|€s|P + As| XE|P ds
§EA(t,T) t

Al woenxr
where £ € LY-(t,T;R) belongs to the set of admissible controls A(t, z) if the state process
ngx—/ &dr,  t<s<T,
t

satisfies the liquidation constraint Xfp = 0. In the non-Markovian framework the value function
has been related by Peng [28] (see also [14,16]) to the BSPDE:

—dVy(x) = suelﬂg {=EVVi(x) + nel€lP + M|z |P} dt — Uy (z) dW.

A solution to the BSPDE is a pair (V4, U;) of adapted processes. The ansatz V;(z) = Y¢|z|P and
U, (z) = Z;|x|P results in the BSDE:

’yt‘ﬁﬂ '
—dY; =< M\ — dt — Z;dWy, 0<t<T; limY;= +4oo. (6.1)
577? t—>T
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Assuming 1 € L%(0,T;R;), n=? € LL(0,T;R), A € L%X(0,77;R,), and E[fOT(T —t)PA dt] <
oo existence of a minimal nonnegative solution

(Y,Z) € LF(;C([0,T7;Ry)) x L3(0,T7;R")

to (6.1) has been established in [4]. We now show how our uniqueness argument can be applied to
establish uniqueness in the BSDE setting when the coefficients are continuous. While the general
shifting argument in the proof of our comparison principle fails in a non-time-homogeneous
setting, it can be applied to establish the following a priori estimates.

Proposition 6.1. For any nonnegative solution (Y, Z) to (6.1) the following estimates hold:

1 1 r
<Y; < )pE Ns + (T — s)PAsds
t

el galn T

Proof. The lower estimate has already been established in [4] for the minimal nonnegative
solution. To establish the upper estimate first note that (Y¢),c(o,1) is a supersolution to (6.1).

ft} =Y, 0<t<T. (6.2)

Yet, one can not directly compare Y and Y at the terminal time. As a workaround, similarly as
in [29], we modify Pardoux’s proof of his comparison principle for BSDEs with monotone drivers

[26, Theorem 2.4] by shifting the singularity of Y. That is, for § > 0 we define (?té)te[O,T—é) by
v =

1 T—6
mE |:/ Ns + (T - — 3)p)\3 ds
- v t

7.

These processes are again supersolutions to (6.1) but with the singularity at ¢ = T'—¢. Precisely,
it holds that

0

- Tt pY; 5
—dY; =\ - dt — 73" d <t<T -6
(A G s A (N e dW,  0st< ’

/

al
::gé (tvift )

for some Z° € ﬂte[o T—3) L_%_-(O, t; R™) given by the Martingale Representation Theorem with the
singular terminal value

. 0
lim Y; = 4oo.
t—T—§

A calculation as in (3.4) verifies that for all 0 <t < T —§ and y € R,
ly| 7+

gé<t7y) > At — 57}? = f(tvy)'

We now consider the difference of Y and ?5 for0<t<s<T-6:

ﬁ—anPQ—m+/g%mﬁm—/fmnMr
t t

7|
0

_ (Y7 - Y, ‘
:Exﬁ—n—/p()m+/fmmw¢mnMr
t T—d—r t

ft] |

Wy B |0 - vew (- [ b ar)+ [0 - e ar

By the solution formula for linear BSDEs:

7.
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Therefore,

V' -Y,>E

— s p
Y, — su Y, | ex —/ _— dr) Fil .
< tgsng)—é ) P < ¢ T—d6—r ‘ t]

Now, letting s — T — § this yields ?té —Y; > 0 by Fatou’s lemma. This completes the proof
since s
Y- Y, =lmY; -V,
6—0

by the monotone convergence theorem. O

The upper estimate in (6.2) may be used to establish the analogue to Lemma 5.3. Here we need
to impose the following essentially boundedness assumption on the coefficients:

(A5) 77777_1) (T - )p)\ S L;:O(O,T,RJ'_)

Corollary 6.2. Under assumption (A5), for any solution (Y,Z) € L% (S C([0,T7];Ry)) x
LZ(0,T7;R™) to (6.1) and any admissible control & € A(t,x) with finite costs it holds that

lim E [YS|X§|P ‘ ft} ~0. (6.3)
s—T

ft] |

Proof. From the upper estimate in (6.2) and the tower property,

S+ (T = r)PA } dr
(T —t)P

E[Y|XEP|F] < B X6

fsT{Ur + (T —7)PAc }dr /T &0 [P dr

Taking the liquidation constraint into account, we obtain after an application of Jensen’s ine-
T-—t

quality,
ft]
T
<CE U &P dr

Hence, letting s — T, we conclude (6.3) by the monotone convergence theorem, where it is
used that & € Lz}(O, T; R) for any control £ that has finite costs as 1 is bounded away from zero
under assumption (A5). O

E [}G’Xg‘p‘ft} <FE

7.

Finally, by a verification argument analogous to the one in Section 5 we obtain V;(x) = Yi|x|P
for any nonnegative solution (Y, Z) € L%(; C([0,T7];R4)) x L%(0,77;R™) and conclude:

Theorem 6.3. Under assumption (A5) uniqueness holds for problem (6.1) in the class of
nonnegative solutions in L%(Q; C([0,T7);R4)) x L%(0,T—;R™).

Proof. We may again restrict the argument without loss of generality [4, Lemma 1.6] to mo-
notone controls £ € A(t,x) with finite costs. By Ito6-Kunita formula [23, Theorem 1.8.1], since
Yi|z|P solves the stochastic HJB equation,

S
YilaP < E [mxﬂu/ Wl P+ M| XEP dr
t

ft:| , t<s<T.
Letting s — T, we conclude Yi|z|P < Vi(z) by Corollary 6.2. Thus, ¥; < Vi(1). But V(1)

is characterized in [4] as the minimal nonnegative solution to (6.1). Hence, Y; = Vi(1) is
unique. ]
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7 Conclusion

In this paper we proposed a novel approach to establishing smooth solutions to stochastic opti-
mal control problems with singular terminal state constraints in a Markovian framework. Under
standard assumptions on the diffusion and cost coeflicients we proved that there exists at most
one continuous viscosity and hence strong/classical solution to the HJB equation. As a by-
product we obtained a uniqueness theorem in a non-Markovian framework that complements
results in [4]. Our main contribution is the existence of a classical solution under boundedness
and differentiability assumptions on the coefficiants. Existence of a viscosity solution is still
open. In its present form our comparison principle only applies to continuous sub- and super-
solutions, and hence does not allow us to apply Perron’s method to establish the existence of
a viscosity solution. Our verification argument uses Krylov’s generalized It6 formula. As such
it applies to strong and classical solutions. It is not hard, though, to extend the verification
argument to viscosity solutions.

A Appendix

In this appendix we present a modification of the comparison result for viscosity solutions given
in [6]. The original statement [6, Theorem 3.5] concerns the uniqueness of viscosity solutions
to systems of semilinear parabolic equations. The related comparison result is mentioned in [6,
Remark 3.9]. As suggested in [27, Remark 6.105], the present scalar formulation covers the case
of a monotone (not necessarily Lipschitz continuous) nonlinearity G : [0,7] x R x R — R.
Namely, we assume

(A6) G is continuous,
(A7) (u—0)(G(t,y,u) —G(t,y,v)) < p(u—v)? for u € R uniform in t € [0, 7], y € R?, u,v € R,

and consider for given terminal value ¢ : R? — R the following parabolic problem

{ _8tu(ta y) - £u(t7 y) - G(ta Y, u(t7 y)) = 07 (ta y) € [07 T) X Rda

w(T,y) = g(y), y € R% (8.1)

It is worth mentioning that no uniform continuity type assumptions are needed due to the lack
of any gradient dependence of G.

Theorem A.l. Let the assumptions (A6) and (A7) hold, and let u,w € Cpoyy ([0, 7] X R?) be a
viscosity sub- and a viscosity supersolution to (A.1), respectively. Then, v < in [0,T] x R,

The proof is as in [6]. The only modification needed is to linearize the difference G(t,y, u(t,y))—
G(t,y,u(t,y)) in terms of

G(ta Y, Q(tv y)) — G(t7 Y, ﬂ(tv y))
Q(ta y) - ﬂ(ta y) ‘

U(t,y) = Lugy)2u(ty)

rather than estimating it by a Lipschitz property, cf. [6, p.78]. The key lemma [6, Lemma 3.7]
based on the theorem of sums and the doubling variable technique then reads:

Lemma A.2. The difference w := u — U is a viscosity subsolution to the linear equation

—oww(t,y) — Lw(t,y) — I(t,y)w(t,y) =0, (t,y) € [0,T) x RY. (A.2)
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Since [ is by (A7) bounded above by p the supersolution property of the function given in [6,
Lemma 3.8] carries over to equation (A.2) so that the rest of the proof matches again with the
original reference.
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