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Minimal supersolutions for BSDEs with singular terminal

condition and application to optimal position targeting.

T. Kruse *, A. Popier |

December 27, 2015

Abstract

We study the existence of a minimal supersolution for backward stochastic differen-
tial equations when the terminal data can take the value +co with positive probability.
We deal with equations on a general filtered probability space and with generators sat-
isfying a general monotonicity assumption. With this minimal supersolution we then
solve an optimal stochastic control problem related to portfolio liquidation problems.
We generalize the existing results in three directions: firstly there is no assumption on
the underlying filtration (except completeness and quasi-left continuity), secondly we
relax the terminal liquidation constraint and finally the time horizon can be random.

Introduction

This paper is devoted to the study of backward stochastic differential equations (BSDEs)
with singular terminal condition. We adopt from [28] and [29] the notion of a weak (su-
per)solution (Y, v, M) to a BSDE of the following form

4Y, = — f(t, Vi, Y)dt + /Z Gu(2)F(dz, dt) + dM,. (1)

where 7 is a compensated Poisson random measure on a probability space (2, F,P) with a
filtration F = (F})¢>0. The filtration F is supposed to be complete and right continuous. In
particular, it can support a Brownian motion orthogonal to 7. The solution component M
is required to be a local martingale orthogonal to 7. The function f: @ x R, x R x R? — R
is called the driver (or generator) of the BSDE. The particularity here is that we allow
the terminal condition £ to be singular: for a stopping time 7, the random variable ¢ is
Fr-measurable and takes the value +o0o0 with positive probability.

In our first main result (Theorem 1) we establish existence of a minimal weak super-
solution to (1). This supersolution is constructed via approximation from below. For each
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L > 0 we consider a truncated version of (1) with terminal condition { A L. We impose that
the driver f satisfies a monotonicity assumption in the y-variable and is Lipschitz contin-
uous with respect to . Then existence, uniqueness and comparison results for a solution
(YL 9t ML) to the truncated BSDE can be deduced from [23], where the theory of BSDEs
with a monotone driver in a general filtration has been developed. We obtain the minimal
supersolution (Y, v, M) with singular terminal condition by passing to the limit L — oc.
The crucial task is to establish suitable a priori estimates for Y* guaranteeing that when
passing to the limit the solution Y does not explode before time 7. To this end, the gener-
ator f cannot be Lipschitz continuous w.r.t. y. Hence we impose that f is monotone and
decreases at least polynomially with random coefficient in the y-variable. In the case where
7 is deterministic this condition suffices to ensure boundedness of Y*. When 7 is random,
we restrict attention to first exit of diffusions from a regular set.

BSDEs with singular terminal condition were already studied in [3] and [28] for deter-
ministic terminal time (see also [12] for a treatise on BSPDEs), and in [29] for a random
terminal time. Let us briefly outline in which directions our findings generalize some results
from these papers.

e General driver f. Indeed, in the previously mentioned papers f is assumed to be a
polynomial function of y (plus possibly a particular bounded from above function of
in [12]). Here f is supposed to be only bounded from above by a polynomial function
w.r.t. y. The fact that we only assume here that f is Lipschitz continuous with
respect to 1 but not necessarily bounded, requires to derive new a priori estimates
for the family of solutions (Y'©). Moreover as in [3], the generator can be singular in
the sense that the process f = f(t,0,0) can explode at time 7. We only impose an
integrability condition on f° which is weaker than the condition in [3]. This weaker
integrability condition and the occurence of jumps imply that the convergence of the
approximating sequence (Y©)r~o has to be handled more carefully (see in particular
the proof of Proposition 3 where technical details are postponed in the appendix).
BSDEs where the generator possesses a singularity in the time variable were studied
in [19] and [18] to solve utility maximization problems with random horizon.

o General filtration F. Moreover, compared to the papers [3], [28] and [29], we do not
restrict attention to a filtration generated by Brownian and Poisson noise. Here the fil-
tration IF satisfies only the standard assumptions (completeness and right-continuity).
Hence the additional local martingale part M appears in the BSDE and has to be
controlled when we let L go to +00. The quasi left-continuity condition on F will be

imposed only to ensure the lower semi-continuity of Y at time 7: lign infV; > €.
—T

e Random terminal time 7. To our best knowledge, [29] is the only paper that deals
with a singular terminal condition at a random time 7. In this work, the generator
f is equal to f(y) = —yly|?! for some ¢ > 1 and the filtration is generated by a
Brownian motion. When the terminal time is random, the derivation of the a priori
estimate for the sequence Y* is more involved than in the deterministic case. For a
general random time 7, we show that the limit process Y may be infinite before time



7. For this reason, we consider the first exit time of a continuous diffusion from a
regular set and our estimate is a generalization of the Keller-Osserman inequality.

We also note that our results can be extended to the case where the driver is addition-
ally a Lipschitz continuous function of a variable Z, which represents the integrand in the
martingale representation w.r.t. a Brownian motion (c.f. Remark 5).

Since the seminal paper by Pardoux and Peng [25] BSDEs have proved to be a powerful
tool to solve stochastic optimal control problems (see e.g. the survey article [7] or the book
[26]). In the second part of the paper we use the notion of weak supersolutions to provide
a purely probabilistic solution of a stochastic control problem with a terminal constraint
on the controlled process. More precisely, we consider the problem of minimizing the cost
functional !

160 <[ [ (nlar 2l + [ M@l IPuan)) as+eixp] )

over all progressively measurable processes X that satisfy the dynamics

X :m—i-/os audu—i-/os/zﬂu(z)ﬂ(dz,du).

Here p > 1 and the processes 7, and A are non negative progressively measurable. Again
the Fr-measurable random variable ¢ takes the value oo with positive probability. This
singularity imposes the terminal state constraint on the set of strategies. Indeed, any
strategy X that does not satisfy this terminal constraint creates infinite costs. In particular,
such a strategy cannot be optimal if there exists some strategy that creates finite costs (which
will always be the case under the assumptions that we impose). In the cases where 7 is
deterministic or a first exit time, we characterize optimal strategies and the value function
of this control problem with the BSDE

V& _
dY: = (p— 1)—_Lydt + O(t, Vi, v)dt — ydt + / bi(2)7 (dz, dt) + dM, (3)
zZ

un

with lign infY; > £ Here ¢ > 1 is the Holder conjugate of p and © is a Lipschitz contin-
—T

uous function (see (24) for the precise definition). We provide sufficient conditions on the
coefficient processes 7,y and A such that Theorem 1 ensures existence of a minimal weak
supersolution to (3) and carry out a verification that is based on a penalization argument.

The analysis of optimal control problems with state constraints on the terminal value
is motivated by models of optimal portfolio liquidation under stochastic price impact. The
traditional assumption that all trades can be settled without impact on market dynamics is
not always appropriate when investors need to close large positions over short time periods.
In recent years models of optimal portfolio liquidation have been widely developed, see, e.g.
[1], [2], [8], [10], [15], or [22]|, among many others.

'We define 0 - 0o := 0.



Variants of the position targeting problem (2) have been studied in [3], [4], [31], [12] or
[13]. In this framework the state process X denotes the agent’s position in the financial
market. She has two means to control her position. At each point in time ¢ she can trade in
the primary venue at a rate oy which generates costs 7|y |P incurred by the stochastic price
impact parameter 7. Moreover, she can submit passive orders to a secondary venue ("dark
pool"). These orders get executed at the jump times of the Poisson random measure m and
generate so called slippage costs [z A (2)|B¢(2)[Pru(dz). We refer to [22] for a more detailed
discussion. The term 7| X;|P can be understood as a measure of risk associated to the open
position. J(X) thus represents the overall expected costs for closing an initial position x
over the time period [0, 7] using strategy X.

Our approach allows to incorporate some novel features into optimal liquidation models.
First, we do not impose any assumption on the filtration (except quasi-left continuity). For
the financial model, this means that the noise is not necessarily generated by a Brownian
motion. Moreover, the liquidation constraint is relaxed in the following way. Instead of
enforcing the condition X, = 0 a.s., that is the position has to be closed imperatively, our
model is flexible enough to allow for a specification of a set of market scenarios S C F where
liquidation is mandatory: X;1s = 0. On the complement S¢ a penalization depending on
the remaining position size can be implemented. This terminal constraint is described by
the F,-measurable non negative random variable £ such that S = {{ = +o00}. Thus for a
binding liquidation X, = 0, we take £ = 400 a.s. For excepted scenarios, we can consider
§ = ools with for example S = {max,corn: < H} or S = {fOT mdt < H} for a given
threshold H > 0. This means that liquidation is only mandatory if the maximal price
impact (or the average price impact) is small enough throughout the liquidation period. If
the illiquidity of the market is too high, the trader has not obligatorily to close his position.
Finally, our model allows for a random time horizon 7. For example, one can consider
price-sensitive liquidation periods where the position has to be closed before the first time
when the unaffected market price S (a diffusion) falls below some threshold level K > 0,
ie. 7 =inf{t > 0|S; < K}.

The paper is decomposed as follows. In the first section, we give the mathematical
setting and present the main results concerning the BSDE (1). The set of assumptions
will differ in the two cases 7 deterministic (Theorem 1) and 7 random (Theorem 2). We
construct a supersolution of the BSDE (1) using truncation arguments as in [28] or [3] and
we prove that this solution is minimal. As mentioned before the main difficulties are to
control the sequence of solutions for the truncated BSDE (see Propositions 2 and 6) and
to prove the convergence of the approximating sequence. In Section 2 we use the previous
results to obtain a minimal supersolution for BSDE (3) and we verify that this solution
gives the value function and an optimal control for the optimal position targeting problem
(Theorem 3).



1 Minimal supersolutions for the singular BSDE

1.1 Setting and notation

We consider a filtered probability space (2, F,P,F = (F;)i>0). The filtration is assumed
to be complete and right continuous. Moreover, we assume that F is quasi-left continuous,
which means that for every sequence (7,,) of F stopping times such that 7,, 7 for some
stopping time 7 we have \/ .y F7, = Fz. We assume that (Q, F,P,F = (F;);>0) supports a
Poisson random measure 7 with intensity x(dz)dt on the space Z € R?\ {0}. The measure
p is o-finite on Z such that

/ (1A |z[*)pu(dz) < 4o0.
Z

By P we denote the predictable o-field on £ x R.. We set P=P® B(Z) where B(Z)
is the Borelian o-field on Z. On Q = Q x [0,T] x Z, a function that is P-measurable, is
called predictable. Gj,.() is the set of P-measurable functions 1 on Q) such that for any
t >0 a.s.

/ /(’1/}8(2)’2 A s (2)])p(dz)ds < +o0.
0 Jz

For any stopping time 7 and m > 1, the set L7*(0,7) contains all processes ¥ € Gioc(pt)

such that
[/ / |s(z dz)ds} < 400.

By L) = L™(Z, 11;R%) we denote the set of measurable functions v : Z — R such that

Il = [ I ulds) < +x.

By M' we denote the set of cadlag local martingales orthogonal to 7. If M € M=t
then E(AM % 7|P) = 0, where the product * denotes the integral process (see II.1.5 in
[17]). For any stopping time 7 the set M™(0,7) is the subset of all martingales such that

E ([M ]ZL/ 2) < +oo. Finally, for m > 1, S™(0,7) is the set of all progressively measurable

cadlag processes F' such that E [SuPte[O,ﬂ |Ft|m] < +o00. The set H™(0,7) contains all

~ m/2
progressively measurable cadlag processes F' such that E [( fOT \F}Pdt) } < +00.

1.2 Deterministic terminal times

In this section let T > 0 and let ¢ be a Fp-measurable random variable. We denote by S the
set {{ = +oo}. Since we explicitly allow £ to take the value +o0o0 with positive probability,
we need to specify a weak notion of solutions to (1). We relax the usual definition of a
solution to a BSDE by only requiring that (1) holds strictly before time 7.

Definition 1 (Weak supersolution in the case of deterministic terminal times) We
say that a triple of processes (Y,1p, M) is a supersolution to the BSDE (1) with singular ter-
minal condition Yp = & if it satisfies:



1. M € M*, 9 € Gioo(m) and there exists some £ > 1 such that for all t < T':

t
E<sup Vil + /0 /Z ws(z)m(dz)dsﬂM]f”) < +o0;

s€[0,t]

2.'Y is bounded from below by a process Y € S?(0,T);

3 forall0<s<t<T:
t t t
Ys=Y: +/ f(u, Yy, 1y )du —/ / y(2)7(dz, du) —/ dM,,.
s s JZ s

4. ligijr}fY; > € a.s.

We say that (Y,v, M) is a minimal supersolution to the BSDE (1) if for any other super-
solution (Y', ¢!, M'") we have Yy <Y/ a.s. for any t € [0,T).

To establish existence of a minimal supersolution to BSDE (1) we impose the following
conditions on the driver f: Q x [0,T] x R x R? — R. For notational convenience we write

fto - f(t7070)'

A1l. The function y — f(t,y,) is continuous and monotone: there exists y € R such that
a.s. and for any ¢ € [0,T] and ¢ € Lﬁ

(f(ty, ) = f(t 0, )y —v) < x(y— o)

A2. There exists a progressively measurable process £ = k¥%? : QO x R, x Z — R such
that

FEy ) — F(ty.d) < / (1(2) — B(2))RL" (2)u(d2)

Z

with P ® Leb ® p-a.e. for any (y,v,¢), —1 < m%’w@(z) and |m%’w’¢(z)| < ¥(z) where
Ve L2
I

A3. For every n > 0 it holds that sup, <, [f(t,y,0) — fP] € L'((0,T) x Q).

A4. The negative parts of ¢ and f° are square integrable: ¢~ € L2?(Q) and (f°)~ €
L2((0,T) x Q).

Conditions A1 to A4 will ensure existence and uniqueness of the solution for a version of
BSDE (1), where the terminal condition ¢ is replaced by € A L and the generator f by f% (see
(6)) for some L > 0. We obtain the minimal supersolution with singular terminal condition
& by letting L tend to co. To ensure that in the limit . — co the solution component Y
attains the value co on § at time 7' but is finite before time T, we have to impose some
further growth behavior on f. We assume that f decreases at least polynomially in the

y-variable.



AB5. There exists a constant ¢ > 1 and a positive process 1 such that for any y > 0

Fty) < P Lt p0,0).

q—1
t
p is the Hélder conjugate of q.
A6. There exists £ > 1 such that EfOT [ns + (T — s)p(fso)ﬂgds < +o0.
A7. There exists k > max(g_il, 2) such that [, [9(2)|*u(dz) < +oc.

Assumptions (A). We say that Assumptions (A) are satisfied if all seven hypotheses A1
to A7 hold. o

Remark 1 (on A1) We can suppose w.l.o.g. that x = 0. Indeed if (Y,1, M) is a solution
of (1) then (Y, M) with

ﬁ = eXtY;fa T;Z_)t = 6Xt¢t) th = eXtht
satisfies an analogous BSDE with terminal condition &€ = eXT'¢, and generator
fltoy, ) = [eXft,e Xy, e ) — xy]

and f satisfies the same assumptions with x = 0. In the rest of this section, we will
suppose that y = 0.

Remark 2 (on A2) The second condition A2 implies that f is Lipschitz continuous w.r.t.
¥ uniformly in w, t and y. Indeed by Cauchy-Schwarz’s inequality

f(t,y,w)—f(t,y,@ <

/Z ((2) — 6(2)AY? (2)u(dz)| < 110]122 116 — Bl 12

And conversely since
F(ty.9) = f(ty, ) < /Z (6(2) = w(2)wf ¥ ()n(dz),

we obtain

Remark 3 (on A5) It follows from Condition A3 and A5 that the process 1/n?~! must
be in L'((0,T) x Q)

L |
E/ At < +oo. (4)
0 My

Let us just mention that it is possible to assume only integrability w.r.t. t a.s. in A2 (see

[5], remark 4.3).

In this section, our main result can be summarized as follows.

Theorem 1 Under Assumptions (A) there exists a minimal supersolution (Y, 1, M) to (1)
with singular terminal condition Yp = €.



To prove Theorem 1 we proceed as in [3] by truncation. The complete statement and the
proof of this result is divided into Propositions 1, 2, 3 and 4. For any L > 0 we consider
the BSDE

= —fl, vl wh) dt+/ YF(2)7(dz, dt) + dMF (5)

with bounded terminal condition Y% = ¢ A L and where

Aty ) = (Fty,v) — 1) + fE AL (6)

Proposition 1 Under Assumptions (A), there exists for every L > 0 a unique solution
(YL ot MEY to (5) with YT € §2(0,T), v* € L2(0,T), M* € M?(0,T) N M~*. Moreover
there exists a process Y in S*(0,T), independent of L, such that a.s. for any t € [0,T],
Y, <YE IF(fY)" =€6 =0, then Y; =0, and Y, is non negative.

Proof. From assumptions Al, A2 and A4, it follows that f* is monotone w.r.t. 7,
Lipschitz continuous w.r.t. ¥, and f*(t,0,0) = fS AL € L*((0,T) x Q). Moreover for every
n >0 and |y| <n:

yIsn
By Assumption A3, the mapping ¢ — supjy <, |f(¢,9,0) — fPlisin LY((0,T) x Q). From
Theorem 1 in [23] it follows that there exists a unique solution (Y'* ¢ M%) to (5) with
terminal condition £ A L. This solution satisfies

E

sup |YiE|2 + / / (WE(2) u(dz)dt + [MY)r | < 400.

0<t<T

Next, we construct the lower bound Y. Let us take ¢ = —¢~ and g(t,y,%) = (f(t,y,) —

) — (f)~. The solution (Y, M) with Y € S%(0,T) of the BSDE with data (¢, g) does

not depend on L, and by comparison (Proposition 4 in [23]) we have Y; < Y;* a.s. for any

t €10,7). O
Next, we derive an upper bound for the family Y* which is independent of L.

Proposition 2 For every t € [0,T] the random variable Y;* is bounded from above by
L(1+T) and fort € [0,T) the following estimate holds:

v s it (o ([ e @) as ﬂ)]w )

where Ky is a constant depending only on ¥.

Proof. Let us first consider the triple (A, By, Cy) = (L(1 4+ (T —t)),0,0). It is the
solution of the BSDE with terminal condition L and constant generator equal to L. By
assumption A1, f is monotone and hence it holds that f(t, A;, B;) < f. Thus by the
definition (6) of f¥ we have f¥(t, A;, By) < L. By the comparison principle (Proposition 4
in [23]) we obtain Y,* < A; < L(T + 1) a.s. for any ¢ € [0, 7],



This upper bound depends on L. Next, we verify (7). We consider the driver

Mtyd) = b = pay+ [(4,0,0)

with b} = (TZ—tt)p + ((fO)T A L). Let & > 0 and denote by (Y=, ¢=L, NL) the solution
process of the BSDE on [0,7 — ¢] with driver A and terminal condition y;’fe = YTLfg > 0.

Recall that
£6.0.9) < [ B @ulda).
z

Hence by a comparison argument with the solution for linear BSDE (see [30], Lemma 4.1)
we have

T—¢
yt&L <E |:Ft7T_5Y1£I’—£ + / Ft,sb£d3
t

;

where for t < s <T —¢
s p
P L T—s L
Ft,S = €Xp <_/t T _ udu> V’t:gs = (T — t> ‘/Ifs

Vil =1+ / /g VoG 0 (2)7 (dz, du). (8)

and

Hence

T—e¢
,L L L.+ L L
yf < gpvvth—EYT—a + / V’tfs (T - S)pbs ds
t

| 7.

Since bX > 0 it holds that Yy L'>0as. for every t € [0,T]. Hence from Condition A5

5 & -1 5 &
P gty < —f? PR 4 £, 0,657,
t

It follows that

p—1
ay

(T —ty

13 & 5 & -1 5
Yt e < on et et - B 0ty -

p e,L
+ Vi
77? T—1t

< h(tLYh e,
where we used the Young inequality: ¢ + (p — 1)y? — pcy > 0 which holds for all ¢,y > 0.
The comparison theorem implies Y& < V&% for all ¢ € [0,T — ] and & > 0.
Recall once again from Condition A7 that VfL belongs to H¥(0, T —¢) for k > 2. From

the upper bound Y,* < A; < L(T + 1) and from the integrability property of T/ti’L, with
dominated convergence, by letting € | 0 we obtain a.s.

py/&L L.+
E |:6 ‘/;,TstTfs

.7:15:| — 0.

From Assumption A7 and by the proof of Proposition A.1 in [30], there exists a constant
Ky such that a.s.
T—e
o[ e
t

9

-7:15:| < Ky.



From Assumption A6, it follows that the process ((T' — ¢)PbF, 0 < t < T) belongs to
H‘(0,T). Therefore by Hélder inequality we obtain

T— T 1/¢

E [ /t V(T — s)Pblds ]—"t] < KyE [ /t (T — s)Pb5) ds ]—"t] .

Hence we can pass to the limit as ¢ | 0
L Ky g Ly e
Y, < mﬂi[/t (T — s)Pby)"ds ]:t] .

Assumption A6 implies by monotone convergence for L — oo

yi o< Ko gl [" p( £0VH\ v

S T [/t (ns + (T = s) (fs))dS]:t:| < +o0

Thus we obtain the upper bound in (7). O

The constants Ky and £ > 1 in (7) come from the growth condition on f w.r.t. ¢ and
from the lack of an estimate of ¢’ independent of L. If we assume that f(t,0,4)) is bounded,
then we can obtain a simpler estimate.

Lemma 1 If there exists a non negative process th such that a.s. for any t and v,
T
F(t,0,0) <K/, with E / (T — s)PK{ds < +o0 (9)
0

then

Y < ﬁﬂ«: [ /tT (ns LT — s)PKg”> ds }"t] . (10)

Proof. The proof is almost the same as for Proposition 2. Therefore, we only outline the
main modification. Note that (9) implies that £ < th a.s. We consider the generator h
given by

1 1

Since h is linear and does not depend on ¥, we have:

e L 1 L+ T=e
Vit = )pIE ePYr T + / (T — s)Pbsds
¢

(T —t

ft} |
Hence we can pass to the limit when e goes to zero and we obtain

1 T
Vi< ——F / (T — 5)Pbyds
(T =t L

which is Inequality (10). O
Next, we show that by passing to the limit L. — oo we obtain a supersolution of (1)

7|
with singular terminal condition &.

10



Proposition 3 Assume that Assumptions (A) hold. Let (Y' % M) be the solution of
BSDE (5) obtained in Proposition 1. Then there exists a process (Y,1, M) such that for
every 0 <t < T, Y converges to Y in SY(0,t), ¥ converges in LL([0,t]) to ¢ and M*
converges in MZ(O,t) to M. The limit process (Y,v, M) is a weak supersolution for the
BSDE (1) with singular terminal condition . Moreover Y satisfies the estimate (7)

1/¢
}"t] |

Proof. The comparison result (see Proposition 4 in [23]) yields that Y* < YN if N > L.
Hence, for all + < T we can define Y; as the increasing limit of Y, as L — oo. Recall that

T
Y, < (Tli—ﬁt)pE [ /t [0 + (T — s)P ()] ds

by Proposition 1, Y is bounded from below uniformly in L by some process Y € S?(0,T).
Thus Y is also bounded from below by Y.
By Equation (7) for fixed t < T the family of random variables (Y;*, L > 0) is bounded
Ky T )4
G| [ s s
t

from above:
T 4

Once again by Assumption A6, the random variable on the right hand side of in the in-

1/¢
}/;Lv"l‘ S

equality above is in L(Q). By dominated convergence, Y;* converges to Y; in L*(Q) for
t<T.
For the convergence of (%, M*)let 0 <s <t < T. For L and N nonnegative, we put

Y, =YN YL 4y(2) =¢N(z) —9E(2), My=MN - ML

S

Let us define a = €||9||2, /(¢ — 1). By Lemma 9 in the Appendix there exists a constant K,
depending only on £ such that

~ t . £/2 t N2
sup 7+ ([t [ guoPutaa) o ([ erap, ) ]
s€[0,4] 0 z 0

t
< K/E (e“tm\f +/ e fONN— fON L\%u) .
0

E

Since fO € H*(0,t) (see condition A6), the right-hand side converges to zero as N and L
go to +0o. Then (/%) is a Cauchy sequence in L% (0,¢) and converges to ¢» € L(0,t) for
every t < T. The same holds for the sequence (M%) in M*(0,t). Moreover the previous

inequality yields that E < sup |Ys|£> < +o0.
0<s<t

Finally, taking the limit as L goes to oo in (5) implies that (Y1, M) satisfies (1) for
every 0 < s < t < T. From the structure of the BSDE, we deduce that Y is cadlag on
[0, 7). In other words Y € S(0,T — &) for any > 0.

Since the filtration is quasi-left continuous, we have: tli/rr% Y;L = ¢AL. Indeed, in Equation

(5), using Fubini’s theorem for conditional expectation, the only discontinuous term could
be the martingale term M. But the assumption on the filtration shows that M’ has no
jump at time T (see [20], Proposition 25.19). Now for any L > 0 we have

liminf ¥; > liminf Y;* = € A L,
T T

11



which gives the desired inequality liminf; -7 Y; > &. In particular, (liminf; ~7 Y;)1s = +o0.
This achieves the proof of the theorem. O

Remark 4 Under Condition (9), the estimate (10) is then also an upper bound for'Y .

To finish the proof of Theorem 1 let us prove the minimality of the limit process.

Proposition 4 The solution obtained in Proposition 3 is minimal. If (Y’ ¢’ M") is another
weak supersolution of (1) with terminal condition &, then Y, >Y; a.s. for all t € [0,T].

Proof. Fix L > 0 and let (Y, % M%) denote the solution of (5) with terminal condition
Y =&AL Let (Y',9/, M) be a weak supersolution of (1) in the sense of Definition 1. Set

Yo=Y/ =YF y(z) = ¢i(2) —vk(2), M, =M, — ML

We have
P00 = FEYE 00 = —eVi+ (F(6 Y580 — F(6 Y5 0F)
with
e _ f(taY;,a¢£) B f(t7}/;fL’¢£)1A
t Y, Yi#0"

Note that from condition A1, —¢; < x = 0. For every t < T the process (f/,z/b\, M ) solves
the BSDE

d¥, = [e¥s = (f2 = D" = (F(s, Y 00) = (s, VE,pE))] ds + / s (2)7(dz, ds) + dM,
Z
on [0,#] with terminal condition Y; = Y/ — Y;*. Moreover from A2 it holds that

(s, YE ) — F(s,YE 0b) > / RY S G ) ().

zZ

From Lemma 10 in [23| and Lemma 4.1 in [30], we have

t
sz > E |:Y;€Fs,t +/ Fs,u(fg _L)+du
s

}"s}
where Ty, = exp (— fst cudu) (s with (s =1 and
L L o
N A )
Z
Our assumptions ensure that ¢ is non negative and belongs to H¥(0, 7). From Proposition

2 we have Y} < (1+T)L and hence Y; > —((Y{)~ +(1+7T)L). Thus ?FS,_ is bounded from
below by a process in S™(0,7T) for some m > 1. We can apply Fatou’s lemma to obtain

t
;;:1%$mqu+4mﬂﬁ_mmu

.| > E |liminf(V;T,
7] 2 & ipprir.

}"s} |
The process (I's s, s <t <T) is cadlag and non negative. Hence a.s.

Finally, Y/ > Y.' for any s € [0,7] and L > 0. Taking the limit as L goes to co yields the
claim. O

12



Remark 5 Note that all these results can be extended immediately if we assume that the
filtration supports also a Brownian motion W and if our singular BSDE has form

dY;g == f(t, Y;g, Zt, ¢t)dt + thWt + / Q,Z)t(z)%(dz, dt) + th,
Z
where [ satisfies conditions (A) and is supposed to be Lipschitz continuous in z.

1.3 Random terminal times

In this section we consider the case where the terminal time 7 is random. Again we proceed
via truncation of the terminal condition to obtain a family of solutions (Y©);~¢ to (5) with
bounded terminal condition Y, = ¢ A L.

Assumptions A1, A2 and A5 from Section 1.2 remain in force, while assumptions A2,
A4 and A6 are strengthened. The condition A7 was used to construct the a priori estimate
(7) and is unnecessary here. Moreover, we need an extra condition between the random
time 7 and the growth coefficients xy in A1 and K in A2 of f. This condition is denoted
by B. Next, we present the complete list of assumptions.

A1l. The function y — f(t,y,%) is continuous and monotone: there exists x € R such that
a.s. and for any ¢ € [0,00) and v € Li

(fty. ) = f(t 0, )y —y) < x(y—¥)*

A2. There exists a progressively measurable process k = k%% : Q x Ry x Z — R such
that

f(t7y7¢) - f(t7y7 ¢) < / (1/1(2) - (b(z))ﬂ?’w’(b(z):u'(dz)

zZ

with P ® Leb ® p-a.e. for any (y,v,¢), —1 < mi”w’(b(z) and |mi”w’¢(z)| < ¥(z) where
VS Li. As in Section 1.2 we denote by K = ||19HLﬁ is the Lipschitz constant of f
w.r.t. ¢ (cf. Remark 2).

Let 0* denote the value

—00 if 2y < K2,
5 ={ K?+2x if 2|x| < K?, (11)

2
x(1+%> if 2y > K2

B. There exists p > §* such that

E (ef7) < 4o0.
If Condition B holds, then we put
0 if 2y < —K?,
W= TR e 12X < K (12)

if 2y > K2.

P 1
X
VItYX—T5 T =V
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A3’. Forevery j > 0and n > 0, the process Ut(j) = supj,|<; |f(t,y,0)— f2]isin L' ((0,n) x
Q) and there exists m > h* such that E [ |Uy(j)|"dt < +oc.

A4’. ¢ and (f°)~ are bounded.

A5. There exists a constant ¢ > 1 and a positive process 7 such that for any y > 0

p_
q—
t

Fty) < P L1 p0,0).

p is the Hélder conjugate of q.
A6’. 1 and f° are bounded.

Note that Hypotheses A3’ and A5 imply that

T 1
IE/ ————ds < +0o. (13)
0 ngq* ym

Remark 6 (on Al) For a random terminal time, we cannot assume w.l.o.g. that x = 0
n Al.

Remark 7 (on B and A3’) If2x < —K?2, Condition B is satisfied for any stopping time
7 (including T = 400 a.s.) since one can choose p < 0 in this case.

Note that 0* and h* are non decreasing functions of x and h* is a non increasing function
of p, with lim, 5« h* = 400 and lim, ;o h* = 1.

Assumptions (A’). We say that Conditions (A’) are satisfied if all following hypotheses
hold: A1, A2, A3’, A4’, A5, A6’ and B. o

Under the above conditions, Proposition 5 below shows that the truncated BSDE (5) has
a unique solution (Y'*, %, M¥). The crucial difference in order to obtain a supersolution to
the BSDE with singular terminal condition to the case of a deterministic terminal time, is
the derivation of a uniform upper bound for the family of processes (Y*) (cf. Inequality (7)).
Example 1 below shows that in general such an upper bound does not exist and that there
exist stopping times 7 such that the sequence (Y;*) converges to oo as L — oo for ¢t < 7.
Consequently one has to restrict the class of terminal times. Here we draw inspiration from
[29], where BSDEs with random terminal time and singular terminal condition have been
studied for the first time, and consider the case where 7 is given by a first exit time 7 = 7p
of a diffusion = from a set D.

More precisely, we assume that the filtration F supports a d-dimensional Brownian
motion W which is orthogonal to 7 and we introduce a forward process = in R?, that is a
solution to the stochastic differential equation

with some initial value Zy € R?. The functions b : R — R% and o : R? — R? x R? satisfy
a global Lipschitz condition: there exists some K > 0 such that

vo,y €RY o(x) — o)l + [Ib(z) —b(y)|l < Kllz —y]|-

14



Under this assumption there exists a unique strong solution Z to (14). Let D be an open
bounded subset of R?, whose boundary is at least of class C? (see for example [11], Section
6.2, for the definition of a regular boundary). From now on Z is fixed and supposed to be
in D. We define the stopping time 7 as the first exit time of D, i.e.

T=71p=inf{t >0, Z=;¢ D} (15)

The condition B imposes some implicit hypotheses between the generator f, the set D
and the coefficients of the SDE (14). In the next lemma, we give sufficient conditions to
ensure B. Let us denote by R the diameter of D:

R = sup{|x _'yL (x’y) € 1)2}?
by |lo|| the spectral norm of o

ol = sup  sup  w.(o(z)o"(z))v,
z€RL veRY, |v|<1

and by [|b]| the sup norm of b:

[b]] = sup [b(x)|.
rER4

Define j, to be equal to 72/4 if d = 1 and to be equal to the first positive zero of the Bessel
function of first kind Jy/p_; if d > 2 (for d = 2, ja = 2.4048).

Lemma 2 1. Assume that there exists v > 0 and v € R? such that for all x € R? it
holds that b(xz).v > v > 0. If §* < ﬁ, then Condition B holds for all p € (§*, ﬁ)

2. Assume that b =0 (there is no drift) and oo™ is uniformly elliptic, that is there exists
a constant o > 0 such that (co*)(z) > ald for all x € R If 6* < %(jd)2, then
Condition B holds for all p € (6*, %5 (ja)?).
Proof. Since D is bounded and not equal to a singleton it holds that 0 < R < 4o00.
Assume first that there exists ¥ > 0 and v € R? such that for all € R?, the scalar
product between b(x) and v is bounded from below by v. W.lo.g. we can assume that
|v| = 1. Let t > R/v. On the set {T > t}, it holds that Zy and E; are in D. This implies
on the set {7 > t}, for any 0 < s < ¢, that

sup (—v). <ES — =0 — / b(Eu)du> >tv — R.
0

0<s<t

Hence from Theorem I1.2.2 in [27]

p(r > ) < (s (-0 (2~ 20- [WEIw) 200 R) <exp <_ﬂ) .

0<s<t e[|t

This implies for all ¢ > R/v that

eP'P(T > t) < exp <pt -

(tv — R)2> .

ol
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It follows from Tonelli’s theorem that
400
E(ef") = / pe?'P(1 > t)dt + 1 < +o0
0

provided that p < ﬁ

In the second case, it is known (see e.g. Friedman [9], Theorem 14.10.1) that the condition
Eef™ < oo holds for all numbers p that are smaller than the principal eigenvalue of the
infinitesimal generator £ of Z on the set D:

Lo(x) = %Trace (o(z)o™ (x)D2¢(x)) ,

where D?¢ is the Hessian matrix of ¢ € C?(RY). To derive a condition on o and R for
Assumption B, we consider an auxiliary problem. The set D is contained in a ball B of
radius R/2 and 7p is the first exit time of = from B. Clearly 7 = 7p < 75. Hence we can
consider the operator £ on the ball B. Moreover the principal eigenvalue of L is greater
than the one of the operator («/2)A. The principal eigenvalue of the Laplace operator A
on the unit ball is given by the constant (jq)?. See [14] for details. Hence the principal
eigenvalue of («/2)A on B is given by %( ja)?. Consequently, B holds if

200, .
< ﬁ(]d)Q-

O

Remark 8 (On A3’) The bound

parameter m in A3’ (see Remark 7 and Lemma 10 in Appendiz).

ﬁ respectively 2% (jq)* give a minimal value for the

Next we adapt the Definition 1 to the case of a random terminal time and present the
main result of this section. To this end, we set

7. = inf{t > 0,dist(5;) < e}, (16)

where dist(Z;) denotes the distance between the position of = at time ¢ and the boundary

of D.

Definition 2 (Weak supersolution in the case of a random terminal time) We say
that a triple of processes (Y, 1, M) is a supersolution to the BSDE (1) with singular terminal
condition Y, = £ if it satisfies:

1. M € M*, 9 € Gioo(m) and there exists some £ > 1 such that for all t > 0 and £ > 0:

tAT:
E<sup Vol + [ [ el utdepas + o1 ]fﬁ) +o0

s€l0,t

2. Y is bounded from below by a process Y € S?(0,7);

3. forall0<s<tande>0:

tATe tATe tATe
YS/\TE = Y;f/\TE +/ f(u Yuﬂ/)u du _/ / TIZ)u dZ du) / dMU

SA\Te NTe SA\Te
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4. Ontheset{t>71}: Vi =§¢=M=0 as. and ltierian}M > £ a.s.
—r+00

We say that (Y,1, M) is a minimal supersolution to the BSDE (1) if for any other super-
solution (Y’ 4!, M") we have Y; <Y/ a.s. for any t > 0.

Theorem 2 If 7 is the exit time given by (15), under Assumptions (A’) there exists a
minimal supersolution (Y,1, M) to (1) with singular terminal condition Y; = €.

As in Section 1.2 we first consider the truncated BSDE (5).

Proposition 5 Assume that Assumptions (A’) hold. Then there exists for each L > 0
a solution (Y ot ML) € S2(0,7) x L2(0,7) x M?(0,7) to the BSDE (5) with terminal
condition Y =& A L.

Proof. We check that all assumptions of Theorem 3 in [23] are satisfied. The driver f
(c.f. (6)) of the BSDE (5) satisfies the monotonicity condition A1l

(Frty,v) = Ay, )y —y) < xly — '

a.s. for any (t,y,9/,1) € [0,T] x R? x L;2r Moreover, from A2, f¥ is Lipschitz continuous
w.r.t. ¢. By Condition A3’ fF satisfies

Vj >0, VneN, sup(|fX(t,y,0) — fX(,0,0)[) € L'(Q x (0,n)).
ly|<j

Moreover [£AL| and fL(t,0,0) = fPAL are bounded from Assumption A4’. The conditions
B and A3’ imply that there exists » > 1 such that

5 b K <p and <
= —_ n
"X A S s ST
(see Lemma 10 in Appendix for the proof). Hence
E/ (€ AL + |FE(E,0,0)[7)dt < 400, (17)
0

Next, let & = E[¢ A L|F;] and let (I',1, N) be given by the martingale representation of
ENL

{/\LzE[{/\L]—i—/OOOFSdWS—i—/Ooo/zls(z)fr(dz,ds)—i—NT.

Since £ A L is bounded (by L for L large enough since £~ is supposed to be bounded), the
process & is also bounded by L. Using Conditions A1 and A2 we obtain for some constant
C' (depending on r) which will change from line to line:

EU eét]fL(t,gt,lt)]”dt} < CE [/ eét\f(t,gt,lt)—ftolrdt]+CE/ EYfONL|mdt
0 0 0
< CE [/ eét||lt||22dt}+CE [/ 65t|Ut(L)|rdt}
0 " 0
- CIE/ U fON LI dt.
0
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Since f° is bounded, using A4’ as in Inequality (17), one can show that the last term is
finite. By Holder inequality, for any h > 1 and h > 1 such that (h—1)(h—1) =1

T T 1/h T 1/ﬁ
E [/ e&HltHEgdt] < (E/ e‘mtdt> (E/ \|lt||2’2dt> .
0 " 0 0 "

But since £ A L is bounded, the process | coming from the martingale representation is in
any L7(0,7), m > 1. Hence choosing h close enough to 1, this term is also finite. We
proceed similarly for the remaining term:

E UOT e‘St|Ut(L)|rdt} < (E/OT e‘mtdt> v (E/OT |Ut(L)|7"ﬁdt> 1/5.

From Hypotheses B and A3’ we can choose h and h such that éh < p and rh < m.
Hence the assumptions of Theorem 3 in [23] hold and there exists a solution (Y%, 7, M*F)
to the BSDE (5) with terminal condition Y; = { A L. More precisely for any 0 <t < T

TAT
v = Yhe+ [ YD+ (oL ds
tAT

TAT TAT
[ [ bRz - [ aut,
tAT Z tAT

and V' = ¢ A L on the set {t > 7}. O
Observe that the proof of Proposition 5 does not use the fact that 7 is a first hitting
time but works for every stopping time 7 that satisfies the integrability conditions B and

A3’. Moreover if we assume
|£(t,0,9)| < K, (18)

for some constant K/, then in B we need simply p > x (see Remark 2 in [23]).

The next example shows that further assumptions on 7 are necessary in order to en-
sure that the family Y is uniformly bounded from above. Therefore we will assume the
particular form (15) of 7 in the sequel.

Example 1 Assume that f(t,y,v) = —|y|> and &€ = co. We assume that the filtration F
supports a stopping time T such that E [%] = oo and that satisfies the integrability conditions
B and (13). This holds for example for all stopping times that have a continuous density
function f on Ry with f(0) > 0. In particular, one can take T to be the first jump time of a
Poisson process, in which case T is exponentially distributed. For each L > 0 let YT denote
the solution to BSDE (5) constructed in Proposition 5. Next, we derive a lower bound for
Y. To this end let X; = exp(— fg Ylds). From Ito’s formula we obtain

dV;EX? = —(ViEXy)2dt + ZEXEdw,.

In particular, this implies YOL =E [fOT ngs—i—LX? . Next, firz a realization w € €.

Consider the deterministic control problem of minimizing the functional foT(w) 2(s)ds +

18



La?(1(w)) over functions  : [0,7(w)] — R starting in x(0) = 1 and being absolutely con-
tinuous. Using Pontryagin’s mazimum principle one can show that the trajectory xz(s) =

T =sH/L optimal in this deterministic problem. In particular, it follows that

T(w)+1/L
/ " s 4 L) = — < [ s 1 LX)
0 T(w)+1/L = Jo ° )
Taking expectations yields YOL >E [ﬁ] and consequently we have by monotone conver-

gence liminfy ..o YOL >E [%] = 00.

The preceding example shows that we cannot expect to obtain a finite supersolution to
(1) with singular terminal condition and random terminal time if the terminal time occurs
too suddenly. Therefore we restrict here attention to the case where 7 is the first hitting
time of a diffusion. We introduce the signed distance function dist : R — R of D, which is
defined by dist(z) = infy¢p ||z — y|| if # € D and dist(z) = —infyep ||z —y[| if z ¢ D. The
next result is a Keller-Osserman type inequality (c.f. (19) and see [21, 24]): Using analytical
properties of the diffusion near the boundary 9D, allows us to bound at each time ¢ the
value of process Y;* against the distance of the diffusion = to the boundary dD.

Proposition 6 If 7 is the exit time given by (15), under Assumptions (A’) the solution
processes Y constructed in Proposition 5 are bounded uniformly in L: There exists a process
Y € S*0,7) and a constant C' such that:

. c
Yinr <YE < .
T =TT 2 it (Sgp, ) 20D

(19)

Proof. First observe that the lower bound of Y follows as in Proposition 1 from
a comparison theorem with a BSDE with terminal condition —¢~ and driver g(¢,y,v) =
() — 19) — (£0).

For the upper bound, let > 0 and introduce the set D, = {z € R%, |dist(z)| < u}.
Then it follows from Lemma 14.16 in [11] that there exists a positive constant p such that
dist € C?(D,,). Since D is bounded there exists a constant R > 0 such that 0 < dist(z) < R
for all z € D. Let p € C®(R%[0,1]) with ¢ = 1 on R\ D, and ¢ = 0 on D, . For
0 < e < 1 we define a function g € C?(R% R,) such that g = (1 — ¢)dist + Ry + ¢ on D.
Since g > € on D, there exists a function ® € C?(R?,R,) satisfying ® = Cg=2®P=1 on D
for any C' > 0. Observe that ® is bounded from above by Cdist 2?1 Next we apply [to’s
formula to the process ®(Z;4,). For every ¢t < 7 this yields
U(EY)

qg—1
t

d(I)(Et) = (p — 1) dt + V(I)(Et)O'(Et)th

+ <V‘I)(Et)b(5t) + %Trace(aa*(Et)chD(Et)) —(p-1) (bq(Et)) dt

(p— 1)®qq(,Ef) — 7
Us

dt + V@(Et)a(Et)th

_l’_

fto + VO (E)b(E) + %Trace(aa*(Et)DQCI)(Et)) —(p— 1)q)q(5t)] dt.
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On D we have

dT — ngf2q(p71) — ngf2p
Vd = —2(p-—1)Cyg vy
92% 9, Og Oy 9 0°g
= 20p—-1)(-2p+1 P2 2 _9op—1 P+l
8£C¢a$j (p )( p + )Cg 8£Cl axj ( )Cg 63:28::3]
For t < 7 let
1 dI(=
Gt = v@(Et)b(Et) + 5 Trace(aa*(Et)DZCD(Et)) — (p — 1) q(—lt)
Un
= —(p—1)Cg *(Z)H(E,)
with
—_ Cp_l —_ —_ —_ 2 * 12 —
H(Z) = nqil +2(gVgb)(E:) + (—2p+ 1)||o(E) Vg(ED)|* + [gTrace(aa D g)] (1)
t
cr! - - = \[I2 * 2 =
> H77||q71 +2(gVgb)(Er) + (—2p+ 1)||o(E) Vg(ED)|* + [g Trace(oo™ D g)] (1),

since from condition A6’, 1 is bounded. Now D is a compact set. Thus the continuous
functions b and o are bounded on D. Moreover, the functions g, Vg and D?g are bounded
on D uniformly in €. Hence there exists Cy > 0 which does not depend on € such that for
any C > Cy, for every t > 0 and on D we have H(Z;) > 1.

Again by Assumption A6’, the process f© is bounded from above. Hence for some C

large enough:
G =G+ f{ ==(p—1)Cqg P E)HE) + f{ < ~(p—1)Cq *(E) + | /0 < 0.

Now the constant C'is fixed. The process ®(=) satisfies

TAT -
—_ —_ PI(E
Q(Einr) = P(Erar) + /m [—(P - 1)# + £ | ds
TNAT TAT
—|—/ gsds—/ Vo (Z5)0(Es)dWs
tAT tAT

for all 0 <t < T, with G5 > 0. Let us denote by Z the martingale
t
Zy = / VO (ZEs)o(Eg)dWs.
0

The triple (®(Z),0, Z) is solution of the BSDE with the generator:

q—1
oty ) =~ - DU 04 pr0,0) + G,

un

and terminal condition ®(E7,) = 62@% on {T > 7}. Condition A5 on f implies that

fEt, ®(2,),0) < v(t, ®(Z),0).

20



Moreover we choose € small enough such that L < C/e(p_l)/Q. Hence Yjé/’\j < O(Epar)
on {T" > 7}. The comparison principle (c.f. Remark 3 in [23|) leads to: for any t > 0,
Y;f\j < ®(E4ar) and by construction ®(Ei,) < Cdist*Q(pfl)(Et,\T). This achieves the
proof. O

Now as in Section 1.2, we can define a process Y as the limit of the increasing sequence
Y~ to obtain the minimal supersolution of (1). The next proposition completes the proof

of Theorem 2.

Proposition 7 Suppose that T is given by (15) and that Assumptions (A’) are in force and
let (YE, o', M") denote the solution of BSDE (5) obtained in Proposition 5. Then there
exists a process (Y,1, M) such that Y,* converges a.s. to Yy, ¥* converges in L2(0,7.) to
Y and MY converges in M?(0,7.) to M for any e > 0. The limit process (Y, 1, M) is the
minimal supersolution for the BSDE (1) with terminal condition .

Proof. We proceed as in the proof of Proposition 3. We outline the main steps. First
observe that Y;* converges a.s. to a limit process Y by a comparison principle (c.f. Remark
3in [23]). Recall the definition of the stopping times 7., € > 0, 7. = inf{t > 0, dist(I';) < e}.
We have dist(I'4rr. ) > ¢ for € small enough. Moreover 7. converges to 7 when € goes to zero.
Using this sequence of times 7., the whole sequence (Y%, % M) converges to (Y, v, M) on
S2(0,7.) x Li(O, 7.) x M?(0,7.) for all ¢ > 0. The main argument is that by Proposition 6 on
the interval (0,7.), the process Y is uniformly bounded by C/e2P=1). Moreover (Y, ), M)
satisfies for any ¢ > 0 and any 0 <t < T

TNATe

YVt/\TE — YT/\’TE + / f(sa Y;, ’I;Z)s)ds

tAT:

T AT T AT
—/ /ws(z)%(dz,ds)—/ dMs.
tAT: zZ tATe

Since the filtration is supposed be to left-continuous, we have a.s. limy o V5, = & A L.
Therefore we obtain the following behaviour of Y at the terminal time lim inf; , o Yinr > €.
The minimality of the solution follows by the same arguments as in Proposition 4. O

2 Optimal Position targeting

2.1 Problem formulation

Let us now describe the stochastic control problem. We assume that the setting from Section
1.1 is given. Moreover, we suppose that the measure p is finite. As in Section 1 we fix
some p > 1 and denote by ¢ = 1/(1 — 1/p) its Holder conjugate. Let 7 be a F stopping
time. For any ¢t € R} and = € R, we denote by A(t,x) the set of progressively measurable
processes (Xg)s>0 that satisfy the dynamics

sVt sVt
Xs==x —1—/t oy du —i—/t /Zﬁu(z)w(dz,du) (20)

for any s > 0 and for some a € L!(t,00) a.s. and B € Gjue(m). Observe that for all
X € A(t,x) it holds that Xy = x for all s <¢. We consider the stochastic control problem
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to minimize the functional?

163 <[ [ (mlaP+ulxl+ [ @I IPua) ) ds + x. P

AT

f} 21)

over all X € A(t,z). The random variable £ is supposed to be non negative and may take
the value co with positive probability. Observe that if for z > 0 there exists X € A(t, x)
such that J(t, X) < oo, then 7 > ¢ a.s. and X satisfies almost surely that

X lemoo = 0. (22)

This way we impose implicitly a terminal state constraint on the set of admissible controls.
For future reference we define the set S by S = {{ = +00}. The coefficient processes (1:)¢>0,
(7¢)e>0 and (A¢)¢>0 are nonnegative progressively measurable cadlag processes. The process
X is P-measurable with values in [0, +00].

We introduce the random field v that represents for each initial condition (¢,x) the
minimal value of J

v(t,x) = Xeesjiél,a) J(t, X). (23)

Theorem 3 below summarizes the main results of this section. It shows that the value
function v and optimal controls of the control problem (23) are characterized by the BSDE
(3) with singular terminal condition

Y/? ~
dY; = (p—1) q'il dt + O(t, Yy, ¥y)dt — ydt + / Y (2)7(dz, dt) + dM, (3)
Un z

where the function © is given by

_ . B Ae(2) X
O(t,y,v) —/Z(erw( ) (1 (ot o) +At(z)q1)p1> Lyty(n>0 #dz).  (24)

Again we distinguish two cases. In the first case we assume that 7 is deterministic and

impose some integrability assumptions on the coefficient processes (1;)i>0 and (7¢)>o.
Assumption (C1). The stopping time 7 is a.s. equal to a deterministic constant 7 > 0.
The process 7 is positive, the process v is non negative, such that for some ¢ > 1

T T
1
E [/ (e + (T —t)Py)'dt| <o and E [/ ﬁdt] < 00.
0 0 7y

o

In the second case we assume that 7 is given by (15) as the first hitting time of a

diffusion. We need to impose some stronger boundedness conditions on 7 and ~ compared
to (C1).

Assumption (C2). We have 7 = 7p and there exists p > p(Z) such that Eef” < oc.

The processes n and v are bounded from above, 7 is positive and satisfies the integrability

n
1
[ Lo
0 7

2We use the convention that 0 - co := 0

conditions

E

+E

T
——_dt| < o 25
/Onl”(q_l) ] )
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for all n € N and for some m satisfying:
2p
p—1(Z) + (VP — V21(2))1 ps0u(2)

The process « is non negative. o

m >

Lemma 2 gives sufficient conditions on the coefficients of the forward SDE (14) such
that Ee™ < oo holds.

Theorem 3 Let Assumptions (C1) or (C2) hold. Then there exists a minimal supersolu-
tion (Y, 1, M) to (3) with singular terminal condition Yy = &£. Set Yy =& for all s > 1. For
all (t,x) € Ry X R it holds P-a.s. that v(t,x) = YiaP. Moreover, for every (t,z) € Ry x R
the process X satisfying the linear dynamics

sVt Y, q—1 sVt
X :x—/ <—u> Xudu—/ Xu/ Cu(2)m(dz, du),
t Tl t pt

Cu(z) = Yo+ Yul2))T
‘ (Y- + 9u(2))271 + Au(2)971]
belongs to A(t, ), satisfies the terminal state constraint (22) if t < T and is optimal in (23).

with

The optimal process X* is given explicitely by

X* = zexp [_ /:W (%)qldu] exp [/:W/Zln(l—Cu(z))w(dz,du) (26)

To prove Theorem 3 we first conclude from Theorems 1 or 2 that there exists a minimal
supersolution to (3). We then consider a variant of the minimization problem (23), where we
penalize any non zero terminal state by ({ A L)| X |P and thus omit the constraint X;1s =0
on the set of admissible controls. We show that optimal controls for this unconstrained
minimization problem admit a representation in terms of the solutions Y of a truncated
version of (3). We then use this result to derive an optimal control for (23).

2.2 Existence of a minimal supersolution

Observe that BSDE (3) is a special case of (1) with generator f given by

—1
Pt,8) =~ - D2 ety 0) +

Un

Recall that in this section p is supposed to be a finite measure, thus © (given by (24)) is
well-defined. Here we have that f = f(¢,0,0) = ;. For simplicity we denote by w the
function

)\t(Z)
((y+ @)=t + M(2)771)

w(t.0) = -+ 0) (1 1) Lureso

such that
O(t,1.0) = [ @ty (:))n(d:).

The next result is a consequence of Theorems 1 and 2.
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Corollary 1 Under Assumptions (C1) or (C2), the singular BSDE (3) has a minimal
non negative weak supersolution (Y,v, M).

Proof. We have to prove that f satisfies Conditions (A) (respectively (A’)) if (C1)
(respectively (C2)) holds. A simple computation proves that for a fixed (t,4) € [0,T] x L2,
and z € Z, the function y — w@(t,y,1(z)) is non decreasing and of class C! on R with a
derivative bounded by 1

Ow A (2)? )

—(t,y,v(z) =1-— 1

3y 0940 = (1= (g ) oo
Since n > 0, the condition A1 is satisfied with y = 0.

From the same argument the function w is Lipschitz continuous w.r.t. ¥ (z) and hence

we obtain
Ot = Ot 0] < [ 6(:) — ¥ (=) < p(2) 21— o

Moreover for any (t,y,v,1’) € [0,T] x R x (L%)* we have
fty, ) = f(ty,d") = —O(ty, )+ O(ty, ) Z/Z(W(t,y,W(Z))—W(t,y,w(Z)))u(dZ)
~ [ @@ v st Gntaz)

e (t,,8(2)) = w(t,y, ¥/(2)
K;y,w,w/z :_w 'Y, z)) —w(, Y, z 1 B .
t (2) 0(z) — U (z) Y(2)#Y (2)
Since w is non decreasing in v with derivative bounded from above by 1, we obtain —1 <
m%’w’w < 0. Thus Conditions A2 and A7 hold for any £ > 1. We can even note that (9)

(cf. Lemma 1 and Remark 4) is true with th = 0. For every r > 0 and |y| < r we have

F(t9.0)— 1) = (o >7ly’ Lle(ty, >\s<p—1>%+u<2>\rr — U(r).

By Assumption (C1), the mapping ¢ — Uy(r) is in L'((0,T) x ©) and Condition A3 holds.
Condition A4 holds since v and £ are non negative. Finally since ® > 0, Condition A5 is
satisfied and A6 holds if Assumption (C1) is assumed.

A similar computation shows that under (C2), Conditions A4’ and A6’ hold. We
have here Yy = 0 and K2 = pu(Z2), thus 6* = p(Z) (see Equation (11)) and therefore
the assumption p > p(Z) implies Condition B. Moreover from (25), the process U;(r) is
in L'((0,n) x Q) for any n € N and satisfies E [ [Uy(r)|™dt < +oo, with m > h* (see
Equation (12)). Hence Corollary 1 is a direct consequence of Theorems 1 or 2. Moreover,
by Proposition 1 (respectively Proposition 5) there exists a solution (Y, % MT) of the
truncated BSDE
(YL)1+Q

L dt+0(t, Yl )dt — (A L) dt+/ OE(2)7 (dz, dt) + dME (27)

Ayl =p-1
i =r@-1) o

with terminal condition Y, = ¢ A L. The process (Y, 1, M) is the limit as L goes to +oo of
(YL ok M) and is the minimal (super-)solution of the BSDE (3). O

24



2.3 Penalization

For L > 0 and (¢,z) € Ry x R we consider the unconstrained minimization problem:

Lit,z) = essinf JE(t, X
vitz) = essinf JH(E X)
= essinf E / (sasp+ s AL X3p+/ s p >d8
XEA(t) [ e\ s + (75 A L)X _ 5(2)1Bs (2) [P u(dz)
HeADIX || (28)

Proposition 8 Let Assumption (C1) or (C2) hold and let (Y T, M*) be the solution
o (27) with terminal condition Y, = E N L. Let Yy = LNE for all s > 7. Then for all
(t,x) € Ry x R the process X satisfying the linear dynamics

sVt YL q—1 sV
XE=g —/ <L> XEdr —/ / ¢E(2)m(dz, dr),
t r t

(V2 + e (2))7!
[0 +0E G+ A2 ]

is optimal in (28). Moreover, we have v'(t,z) = Y,/ |x[P.

with

G (2) =

To prove Proposition 8 we will make use of the two following auxiliary results. The first
lemma shows that in the case x > 0 we can without loss of generality restrict attention
to monotone strategies®. To this end we introduce the set D(t,z), the subset of A(t,x)
containing only processes X that have nonincreasing sample paths (i.e. ap < 0 and £;(z) <
0), and that remain nonnegative.

Lemma 3 Let x > 0. Every control X € A(t,z) can be modified to a control X € D(t,x)
such that JE(t, X) > JE(t, X). In particular, v (t,z) = essinf xep(r 2) J* (¢, X).

Proof. For s > 0 we consider the solution of the following SDE

- sV sVt
Xs:x—/ adu—/ /ﬁs m(dz,ds),
t

where ™ denotes the negative part of 2. This process is nonincreasing and satisfies X s < X,
Then we define

By Tanaka’s formula we have

sVt sVt .
X, =x— / 15 o0y du — / / 1 o(Bulz)” A (X )")w(dz, ds).
t “ t z T

We define

~

as =—1g 0%, Bs(2) = —1)}3_>0(53(z)* AX)T).

31t is straightforward to show that v(t,z) = v(t,—z) for all (t,2) € Ry x Ri. Therefore, we restrict
attention to the case > 0 in the sequel.
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Then X belongs to D(t,z). Moreover we have
@l < sl 1Bu(@)] < 1Bul2)], 0 < X, <X

which implies that J=(¢, X) > JE(t, X). O
The second lemma provides the dynamics of two auxiliary processes.

Lemma 4 Let Assumptions (C1) or (C2) hold and let (Y1, %, M¥) be the solution of
(27). Let X* € A(t,x) be the strategy from Proposition 8. Then we have for t < s < T that

d (o) = (X aME = (o A DX s = [ 6.(:)(dz.ds),
with ¢s(z) = Y& | XL [P~ — X\ (2)|BE(2)|P~. Moreover, we have fort <s <t
AVHREY) = = o+ of(EP + [ A IBHPas)| ds
sxbyant+ by [ (v + o) [(0- ) -1 7 ds)

Proof. To simplify notation we set v = ~, A L. Recall that X' and Y satisfy the
following dynamics for t < s < 7

YL
dxt = ! q) XEds — /XL E(2)m(dz, ds),
Ms
dYL _ ( 1 (YsL)q L I
s - p ) q—1 +19(87Yt9 7¢s) 75 ds + 1/}5 dZ d8)+dM
Ms

For t <s <7 let
0 = okt [ HXEP = YEXEP 4 [ xEp
t t
Applying the integration by parts formula to 6 results in
b, = (XZ)PlaY) +YEd(XOPY) +dY " (XEP T + 0| X7 P s

= (XEylavk 4+ vE(xky (—<p - 1)%) ds
sviakrt [ (=che)y -)
sty [ (0= de)y 1)

— 1) p(dz)ds
(
X /Z h) (1= ch@)" = 1) m(dz, ds) + prt| X EPds

7(dz,ds)

= (XE)yrte(s, vE, yhyds + (XLl / (VE +0EE) (1= cHE)" " = 1) u(dz)ds
zZ
(XL yp-tamlt + (xE ! / (VE + o) (1= chE)" = 1) 7(dz,ds)
Z
= (xEylamt + (xEyp! / (VE + k) (1= ¢He)" = 1) F(dz, ds)
zZ
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from the definition of ¢ and © (see Equation (24)). Moreover we have

(VE +9EE) [(1- ¢HE@)" ™ = 1] = AP = (VE + 0k (),

which yields the first claim.
For the second equation we apply the integration by parts formula to the process
YL (XE)P to obtain

AVHXEY) = (XEyayE+yEa(XEy) +dy*, (X1,
o ()1
=~ [
X )PO(s, Y v )ds
ek [ @ 4ok [(1- )" 1] udeis
Ly [+ k) [(1- )" 1] Rz, do).

; mf(XsL)”] ds + (X2 rdMF

But note that ol
L (Y)7
‘as ‘p = ‘ :}qfl Xs

S

and from the very definition (24) of ©

O(s. V) + [ i+l [(1-¢He) ) 1] ()

(
( A(2)1 )
[(VE +9E(@) 1 + As(z)e ]
_ As(2) .
(IVE +pL(z)|e ! + As(z)q_l)m] p(dz)

As(z —
e e Eewere UG

- [ @),

- / (VE 1 gH(2)
Z

/(Yst( )1

O
We close this section with the proof of Proposition 8.
Proof of Proposition 8. We omit the superscript L in the sequel. Let (¢,x) € Ry x Ry.
Take another process X in D(t,x). Use the convexity of the function y ~— |y|? and o, < 0
to obtain

/ (na(Jaxsl? — [@[P)) ds < —p / nelas P (g — @) ds
t

AT tAT

S / Dl P (dX, — dX) +p / Dalas P~ (Ba(2) — Bo(2)) m(dz, ds)
t AT

AT

=7} + 17 (29)

27



By integration by parts on the first integral and using Lemma 4 and boundedness of X and
X (see Lemma 3), we obtain

EFT! — —pE” [n]ar P~ (X, — X,)] + pE” [ / (X, — X.)d (ns|as|p1)]
tAT

87 | [ [ () = Bue) ()

:
= —pE" [V, XP7Y(X, - X,)] — pE? [ /
t

AT

7| [ [ (00~ B euoutaz)as

where ¢ is defined as in Lemma 4. Using again convexity of y — |y|P yields

(6 A L)X (X, — E)ds}

BRI < —ET [(¢ A L)(X? - X0)] — 7 [ | e - Yi’)ds}

AT

87 | [ ] (0 = Bue) s.(omtaas | (30)

Moreover we have

B2t = 7 [ [ o™ () - By(2) nld)ds (31)

Now, using (29), (30) and (31) we obtain

JtX) - IX) < EF [/ [ p(6.6) = 5.) (0.) - nsrasrp*)u(dz)ds}
e | [ / M) (8P = [BulIP) nlaz)ds].

Now recall that ns|as[P~t = Y| XE|P~1. From the definition of ¢5 and from convexity of

x +— |z|P we obtain:
J(tX) - J(tX) < EF [ | [ o e - (xEpt - !Xf\”_l)u(dZ)dS]
tAT

and therefore J(t, X) — J(t,X) <
It remains to verify the 1dent1ty vE(t,z) = Y,"|z|P. But from Lemma 4 we deduce that

vhap = B[ fdakp + b (xhy + [ b GIPua)| dut B rExEP)
t zZ

AT

= J(t,X) =o't ).

2.4 Solving the constrained problem

This section is devoted to the proof of Theorem 3. For the convenience of the reader we
restate the result here.
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Theorem 4 Let Assumptions (C1) or (C2) hold and let (Y,v, M) be the minimal solution
to (3) with singular terminal condition Y; = £ from Corollary 1 and let Yy = £ for all s > 7.
Then v(t,x) = Yi|x|P for all (t,x) € Ry x R. Moreover the control given by Equation (26)

sVt Y. q—1
X, =xexp —/ (—u> du
t yn

(Y- +¢u(2))"
(Y= + ()71 + Ae(2)2]
belongs to A(t,x), satisfies the terminal state contraint (22) if t < T and is optimal in (23).

exp [/:Vt/zln(l — Cu(2)) m(dz, du)

with
CG(z) =

Proof. Let (t,z) € Ry x Ry. If 7 =T is deterministic, we set 7. =T — ¢ for £ > 0. In the
case where 7 = 7p is given by (15), the stopping time 7. is defined as in (16).

Observe that Y and Y* satisfy the same dynamics before time 7.. Hence, the results
from Lemma 4 remain to hold true if Y* and X’ are replaced by Y and X*. In particular,
it follows that the process

S
O = Y| XZP7! = Vipr | X P71 + / Y| XEP du, s>t AT, € >0,
tAT:
is a nonnegative local martingale on the stochastic interval [t A 7., 7[ for any € > 0. Conse-
quently it is a nonnegative supermartingale and thus converges almost surely in R as s goes
to 7 (see Chapter V.3 in [16] or Appendix A in [6]). Hence

*p— q—1 _
0< X*= (68_pj‘ti\7-g qu’Xu‘p 1du> < < Os )‘1 1.

-7 pYsnr pYs
Since Y satisfies the terminal condition liminfs »; Ys1s = oo we have a.s. on the set
{t<1}NnS:
6\
0< X< ( z ) -0
pYs

when s goes 7 . It follows that X satisfies (22) if ¢t < 7.

Appealing once more to Lemma 4 we observe that for t < s < 7
d(Ys(XZ)P) = —nslagl” +7s(X5) ] ds — LAS(Z)\ﬁi(Z)\pM(dZ)dS
H M, + (X [ (Vi + ) [0 - =) = Az, ds)
Z

Since | X/| <z we deduce for all € > 0

TVt
Vel = 1B | [ {nu|az|p+%<xz>p+ /Z Au<z>|ﬁ:;<z>|pu<dz>}duwﬁwmw}
t

+1sryélzff

r p71eVt
> 1o ER / {nu!aZ!er’Yu(Xfi)er / Au<z>rﬁz<z>m<dz>}du+1{g<oo}nswxxwwp}

+1{t27}J(t, X*)
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Appealing to monotone convergence theorem yields

iy 1< [ [ e e+ [ isi@Pua) ol
~ 10t | [ {lai +uC6r + [ M@ Pua) | al

Since we have liminf._,o Y, > ¢ and by Fatou’s lemma, we obtain?

Vv

1{t<T}IE]E {hmmfl{g@o} Vt’XTth’:|

L B [iecon)é1 X 7]
Loy B € X, [P)

lim inf 14y B [1qecoy Vvl Xrvil”]

Y

Alltogether we obtain that Y;|z|P > J(t, X*). Next, note that for every X € A(t, z) we have
J(t,X) > JE(t,X). This implies v(t,x) > v"(t,z) for every L > 0. By Proposition 8 we
have Y,“|z|P = v¥(t,z). Minimality of Y implies

Yi|z|P = lim Y/'|z|P = lim o* < _
ol = Jim ¥i*[z) = lim v*(t2) < v(t,7)
Consequently we obtain
Yilal? > J(t, X*) > v(t,z) > Yi[af?

and thus optimality of X*. O

Appendix

Some details concerning the proof of Proposition 3

In this section we give the details for the proof of Proposition 3. The constant ¢ is defined
in Condition A6. Let us begin with two results contained in [23]. For ¢ € Lf(€), let
(Y9, M) € S0,T) x L.(0,T) x M*(0,T) be the classical solution of the BSDE:

Yt:<+/tT (uYu,wudu—/ /wu (dz, du) — /tTdMu

where the generator g satisfies Conditions A1, A2 and A3 and ¢ = g(t,0,0) is in H*(0, T).
Again the existence and the uniqueness of (Y, M) comes from Theorem 2 in [23]|. Recall
that v(z) = |z|"'21,40. The first result is the It6 formula.

4Recall that 0- 0o := 0
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Lemma 5 (Corollary 1 and Remark 1 in [23]) Let ¢({) = w

T, then it holds that

and 0 < s <t <

rwf<mré+e/ Yl oY), Y o) — e /rY\ 21y od[ M

—e/ Y-ty )dMu—e/ IV, - [y, /1/15 7(dz, du)
—/ /Z Y+ vu(2)]" = [V | —ElYuf\Z’IV(Yu—)wu(z)} 7(dz, du)

= 37 [V + M Y | = Y (Y, )AM,]

s<u<t
Moreover fg 1y, —od[M]S = 0.
The second result is the following.

Lemma 6 (Lemma 9 in [23]) If ¢ < 2, the non-decreasing processes involving the jumps
of Y control the quadratic variations:

3 [m- + AMJ = [Yoe | = Y, | (Y- ) AM,
O<u<t

0 3 AMP (1Y, PV Y, + AM, )7

0<u<t

Ly, _ vy, - +AaM.|#0

and
t
| [ 0l = ¥ = ¥ 00 ()] ez,
0 JZ
t
C 6)/ / ‘¢u(2)’2 (‘Yuf ’2 V ’Yuf + ¢u(z)’2)€/2_1 1|yu_‘me_eru(z)#ow(dz,du).
0 JZ

The main step in the proof of Proposition 3 is the convergence of the solution (Y'*, %, M*)
of the BSDE (5) with terminal condition ¢ = ¢ A L. In order to carry out this step, we
need suitable a priori estimates for the difference Y — Y. We proceed as in Proposition
3 in [23]. These are established in Lemma 9 below. Let 0 < s < ¢ < T. For L and N

nonnegative, we put
Yo=Y =YE ws(e) =0 (2) =0 (2), Moo= M — M.

W.Lo.g. we may assume that £ < 2 and we choose a = £||9]|?, /(¢ — 1). Then Ito’s formula
m
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(see Lemma 5 above) implies
o~ o~ t o~
aS]Y\€<eat]Y]£ /ae““]Yu\gdu
o[ R AT 0 Y 0) - 7  VE
—e/ Y, | w(Y,- )dM, —e/ Y, - |y /w(z (dz, du)
/ / T+ ulD = Far | = AT, 10T, ()] ()

e ||V + AMLI* = [T | = [T 0 (V, )AL
O<s<t

—c(0) / Y, g od[MI5. (32)

Here v(z) = |z| t21,40 and c(¢) = £(¢ — 1)/2. For the term containing the generators we
have

Yl (Y, )(f (uw, YV, 0)) = fh(u, Yh wh)
< |Vl (Y, )(fN(u YN )) = fEu, VN )
Y, < D YN ) — i YVE vl))
<Vl W) (FIAN = FOAL) + [V oY) (P2, YY) = 2, VY k)
/ Bul2)sY PN (2)(d2)

< [Tul I AN — N L]+ 915 1Vl 1l

<Vl “UIIAN = UL+ |V

where we used monotonicity A1 of f w.r.t. y (with x = 0) and the condition A2 of f*
w.r.t. ». Then by Young’s inequality

o -1y ()
9z 1Yl ~Htpullzz < 191, ¥l + =2 1Yl 2 a7

l
(-1
We define .

X = T + e/ (T [1 FO N N — fO A Ldu.
0
From Lemma 6 we obtain for every s € [0, t]:
2-1

- _ . N N
eS|Vl e(0) Y e AM,[? (\Yu_yQVyYu_+AMu\2> 1

s<u<t

! au > 2 (1v 12\ |V i 2\ /21
wel0) [ [ P (17 v|Yu_+wu<z>|) Lo (o2 )

t —~
belt) [ T L dO; - / Pl 23 d

19, VIV, - + AN |0

t t
gX—e/ Y, | (Y, )dM, e/ Y- (Y, /% 7(dz,du).  (33)
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Indeed from the choice of a, the terms

Oz, o , b
“/ ™Yy du:a/ e Yy | du
(=1 J s

cancel each other.
Lemma 9 is a consequence of the following two lemmas.

Lemma 7 There exists a constant Cy depending only on £ such that for any 0 <t <T

E ( sup eas\izV) < CE(X). (34)

s€[0,t]

Proof. Indeed we take 75, as a fundamental sequence of stopping times for the local mar-

/0 Y- [ (Y, <dM +/¢u 7(dz du)>

and 7 as a localization time

A : ! au| 2 (1o 2y 2) /2!
ao=int {020, [ [ iR (T PyvInR) "™ 15 s (s > £}

We set 7 = 7, A T At. Now we have:
T - 215 1210 -~ 2\ P/2-1
B [ e [ WP (9P V Ve 4 0l N e g o (e ds)
i ~ ~ ~ 5\P/2—1
=B [ [l (e Py ITE)" 15y pgr(an.d

)
B [ e [ R @PTP 1y on(duds =B [ e T2 TPy, s
0 Zi 0

From this equality and taking the expectation in (33) we deduce that

tingale

— ~ ~ N E/2-1
COF Y eAM2 ([T, 2V [T, + AMP) T 1

O<u<Tt

|V, VIV, - +AM,|#0
T au |y |42 FVare c(g) ’ aw|v 4=20.70 112
DR [Tl g, Lod DM + SR | e Tl d
14
L0

c T ~ ~ ~ ~ 2/2—1
Dy e R (T P 1T+ 0uo) " 1 s, sz do
< 2E(X) (35)

and we can allow 7 to be equal to ¢ in this last inequality. Then using the Burkholder-
Davis-Gundy inequality in (33) we obtain that:

E < sup eaS|?s|f> <E(X) + kE ([MY];? + [7]%)
0<s<t
with

MSY+7~T§:£/O Y, | (Y, )dM, M/ ™Y, - [y /q,z)u T(dz, du).
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Since £ > 1, the bracket of the first martingale is controlled by:
weE (M%)

t - . o /—1 _ 1/2
= [</0 A ([T v o + AMLP) 1|?u|v?u+Aﬁu¢0d[M]“> ]

1 > T —
<-E < sup e““\Yu]£> + kIR (/ Y, | 21 #Od[M]C)
4 \o<u<t 0

~ ~ N lj2—1 A
R [ 3 e (W PVITa +AME) T Lp e amse AMP
0<s<T

and for the second

1 1
. 2 t 2
RE(F) < kE (sup <eauyyu\f)> < / (Y, |21y, 40 / lz/zu(z)IQW(dz,ds)> ]
0<u<t 0 Z
1 t
< 18 (s e Tl) B ([ el 1y, o).
4 \o<u<t 0 i
Hence the Inequality (34) is proved. O

We apply again Young’s inequality to obtain that

N 1 t
C/E(X) < O/F (eatmv) +5E < sup |V, |f> + CgIE/ e fONN — fONL[fdu  (36)
s€(0,t

and we can conclude that

t
E ( sup easyYS\f> <O (eatm@ n CgE/ U fONN — fONL[fdu.  (37)
s€[0,t] 0

Next, we derive a similar inequality for ¢ and MT.

Lemma 8 There exists a constant ég such that for any 0 <t <T

(oo (f oo frnsse)

Proof. From Lemma 5, it holds a.s.

t —~
/0 15, d[M): =0.

E [(/Ot e2as/€d[ﬂ7]§> éh] & [(/Ot e2a8/£1Ys;éod[]\7]§>U2]

L N\@D2 s N2
<E|[| sup ™Yy, / e® 1s ,.d[M 2)
<0§u1§>t v > < 0 T M)

Y,
21 ) I S
<TE sup e™Y,| +E
0

0<u<t

/2

E < C/E(X).

Hence

£—2

“Na| g M
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where we have used Hélder’s and Young’s inequality with # + % = 1. With Inequality

(35) we deduce:
t . £/2
(/ eQas/Zd[ME)
0

For the pure-jump part of [M], let € > 0 and consider the function u.(y) = (|y|*> + £2)/2.
Then

E < C,E(X).

2/2
E Z 62a8/£|A]/\4\S|2

0<s<t
/2
N 02-2)/2 N N - —9 -
<E (sup eas/%(m) > e (w(Ver |V [T + AML))) AR
Os<t 0<s<t
My (2=0)/2
([ )
0<s<t
/2
~ - ~ N2
QB[ e (wVe- |V [Tee + AML)) AP
0<s<t
21 as v \¢ 4 as v v 7 =2 = 2
< 2B | swp e (T 4 B [ 2 e (wellTi | VIV + ARL)) AN
2 0<s<t 2 0<s<t
Let & go to zero with Inequality (35)
/2
_ 9 _ .
E Z GQGS/E‘AMS‘Q < TE < sup eas‘n’f)
0<s<t Ossst
¢ as (|3 v AA =2 A/\ 2
5B | 30 e (Wl VIV +AML) " Nig e axzgol AM
0<s<t
< CE(X).
The same argument shows that
t €/2 _
IE[< / ¢?as/t / |1/)s(z)|2u(dz)ds> ] < C/E(X).
0 z
]

Combining estimates of Lemmas 7 and 8 with Inequalities (36) and (37) we obtain the
desired result:

Lemma 9 There exists a constant Ky such that for any 0 <t <T

~ ‘ ~ % ’ PN
sup eas’}/;‘é + (/ eQas/ﬁ/ ]wu(z)\Qu(dz)du> + </ eZaS/Zd[M]S> ]
s€[0,4 0 z 0

t
< K/E <eat|yt|f) + KE </ | fOAN — fON L|fdu>
0

E
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where Ky depends only on £.

Some details concerning the conditions B and A3’

Recall that 0* and h* are defined by the formulas (11) and (12).

Lemma 10 If p > 0" and m > h*, then there exists r > 1 such that
K2

r[xqtm} <p and T—5<m.

p—20

Proof. Let us define the function 6: (1,00) — R,

K2
o(r) = — .
RS =]
We show that ¢* is the minimal value of §. We first assume that K # 0. Then lim, 1 §(r) =
+00.

e Case 1: y < —K?/2. § is decreasing and tends to —oco as 7 tends to +oo. Thus

0" = —oo0.

e Case 2: Y = —K?2/2. § is a non increasing function with §(r) > 0 for any r < 2 = r*
and 6(r) = 0 for any r > 2 = r*. Hence 6" = 0.

e Case 3: y > —K?/2. The function § tends to +0o when r tends to +oco and has a

strict minimum at r* € [1,2]:

N K
el <1_KTQ<X3K; - ¢T—X1X>K;> -

Moreover the minimum 6* = §(r*) > 0 is given by:

2<X+K72>:K2+2X if — K2 <2y < K2,

%
’ % <1 - %{)2 = x(r*)? if 2y > K2
Gathering together the above results implies that ¢* defined in Equation (11) is the minimal
value of 4.

Therefore if p > ¢* (Condition (B)), there exists an open interval (R;, Rg) such that
for any r € (Ry, Ra), p > 0(r) > 6*. In Case 1, we have 1 < Ry and Ry = +o0; in Case
2, 1< Ry <2and Ry = +00, and in Case 3, 1 < R} < 1" < Ry < 400. Let us define on

(R1, R2) the function
pr

~p=0(r)
e Case 1: here Ry = +00, §* = —oo. The optimal choice of p is p < 0 (see Remark 7).
Then for any r € (Ry,+00), h(r) <0 < m.

h(r)
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In the other cases we will prove that the minimum value of h on (Ry, Rg) is h*. Hence if
m > h* (Condition A3’), there exists a value r € (R, Rg) such that m > h(r) > h* and
since p > d(r) on this interval, the lemma is proved.

Note that lim,_, g, h(r) = 400 and p > 0 since 6* > 0. The derivative of h (expect for
r = 2) is equal to

B (r) = m (p —o(r) + 7”(5/(7“)) .

For r > 2, W (r) = p?/(p — 8(r))? > 0. For 1 < r < 2, we have

10 = S (S o)
Kr Kr
o5 (P ) (P )

Therefore for some rf € (1,2), /(rT) = 0 if and only if :

/2 T
TPZ Tr1<:>,0>2K2andrT:1+
rl —

K
T € (1,2).

From the convexity of ¢ if 7' exists, then Ry < rf < Ry and

TN T V- K)P 2

e Case 2: here Y+ K2/2 =0, Ry = +00. If p < 2K? the minimal value of h is attained
at r = 2, with h* = 2. If p > 2K?, then

hrt) = ——P 2

W= bt = 2p 2p _ 2p
(V2o —K)?=2x (V2p—-K)PP+K? p+(/p—KV2)?

e Case 3: here p> 90" >0and 1 < R; < Ry < +00.

a. x < K2/2: then Ry > 2. If §* = K2 +2x < p < 2K?, then

2p
h* =h(2) = .
® p— (K2 +2x)
Else if p > 2K? then
2 2
W= n(rt) = p2 = 2 ,02 2
V- K —3x (V2 — KPP+ KZ— (K2+2y)
2p

p+ (vVp— KV2)? — (K? + 2x)

Finally

2
B = - p - .
p— (K% +2x) + (VP — KvV2)?1 g2
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b. x> K2/2. Then 6* > 2K2. Hence p > 2K2. Thus the minimum of A is attained
at h(rf) :

Bt = h(rl) = 2 - £
VoK =B (v vw- ) (Vo vi- )
1

d X .
PR G o (Vi)

Let us now summarize the results. h* is given by (see also Equation (12)):

0 if 2y < —K?2,

. 2p i < K2
h = pi5*+(\/ﬁiK\/§)21p>2K2 lf Q‘X‘ — K ’
if 2y > K2.

p % 1
VPHVX= s T VPV
Note for K = 0 that the formula (11) still holds and for x = 0, A* = 1 and for x > 0,
h*=p/(p—X). O
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