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1. Introduction. Let T € (0,00) and let W be a Brownian motion on a probability space
(Q,F,P) and F = (F,)se0,77 be the augmented Brownian filtration. In this paper we consider the
mean-field stochastic control problem

T
min E {/ (Y;_ dZ, + % d[Z]s+ o.d[Z, WL) +/
0

Zeo 0

T

AX2 ds}

subject to the state dynamics
dX,=—dZ,
d}/s = 7p)/s ds + Vldcs + V2 dZs + 05 dWs
dCs = —(8 — a)Csds + a(Elz,| — E[X,]) ds
Xo-=z0; Yoo =Co-=0; X7 =0

for 0 <s <T where the set of admissible controls is given by

of = {Z : Z is a cadlag F semimartingale with E[[Z]r] < co and E [ sup Zf} < oc}

0<t<T
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Control problems of the above form arise in models of optimal portfolio liquidation with instan-
taneous and transient market impact and self-exciting order flow. In such models the process
(X¢)tepo,) describes the portfolio holdings (“inventory”) of a large investor, the terminal state con-
straint X = 0 reflects the liquidation constraint, (Z,).cjo,r] is the trading strategy, and (Y})icpo,1)
specifies the transient impact of the investor’s past trading on future transaction prices. We may
think of Y as an additional drift “added” to an unaffected (martingale) benchmark price process or
a randomly fluctuating spread that increases linearly in order flow and recovers from past trading
at a constant rate p. The process (C;)icjo,r) can be viewed as describing the expected number of
child orders resulting from the large investor’s trading activity. The first term in the cost function
describes the trading cost while the last term captures the market risk. These two terms are stan-
dard in the liquidation literature; see [4, 7, 20, 30, 47, 55] and references therein. When working
with semimartingale strategies one needs to penalize the (co)variation of the semimartinagle strat-
egy (with the driving Brownian motion); otherwise the optimization problem would not be well
posed. This observation goes back at least to Garleanu and Pedersen [35]. This explains the second
and third term in our cost function. Similar cost terms have also been considered in [2, 44, 51].

1.1. Portfolio liquidation models. The impact of limited liquidity on optimal trade exe-
cution has been extensively analyzed in the mathematical finance literature in recent years. The
majority of the optimal portfolio liquidation literature allows for one of two possible price impacts.
The first approach, pioneered by Bertsimas and Lo [12] and Almgren and Chriss [6], divides the
price impact in a purely temporary effect, which depends only on the present trading rate and does
not influence future prices, and in a permanent effect, which influences the price depending only
on the total volume that has been traded in the past. The temporary impact is typically assumed
to be linear in the trading rate, leading to a quadratic term in the cost functional. The original
modeling framework has been extended in various directions including general stochastic settings
with and without model uncertainty and multi-player and mean-field-type models by many authors
including Ankirchner et al. [7], Cartea and Jaimungal [19], Fu et al. [30, 31, 34], Gatheral and
Schied [37], Graewe et al. [39], Horst et al. [47], Kruse and Popier [50] and Neuman and Vof§ [53].

A second approach, initiated by Obizhaeva and Wang [54], assumes that price impact is not
permanent, but transient with the impact of past trades on current prices decaying over time.
When impact is transient, one often allows for both absolutely continuous and singular trading
strategies. When singular controls are admissible, optimal liquidation strategies usually comprise
large block trades at the initial and terminal time. The work of Obizhaeva and Wang has been
extended by Alfonsi et al. [5], Chen et al. [22], Fruth et al. [28], Gatheral [36], Horst and Naujokat
[45], and Predoiu et al. [56], among others.

For single-player models Graewe and Horst [38] and Horst and Xia [46] combined instantaneous
and transient impacts into a single model. Although only absolutely continuous trading strategies
were admissible in both papers, numerical simulations reported in [38] suggest that if all model
parameters are deterministic constants, as the instantaneous impact parameter converges to zero
the optimal portfolio process converges to the optimal solution in [54] with two block trades and
a constant trading rate.

The recent work of Horst and Kivman [44] provides a rigorous convergence analysis within a
Markovian factor model. They proved that in the stochastic setting, the optimal portfolio processes
obtained in [38] converge to a process of infinite variation with jumps as the instantaneous market
impact parameter converges to zero and showed that the limiting portfolio process is of infinite
variation and is optimal in a liquidation model with general semimartingale execution strategies.
As such, their work provides a microscopic foundation for the use of semimartingale strategies in
portfolio liquidation models.

Liquidation models with inventory processes of infinite variation and semi-martingale strategies
were first considered by Lorenz and Schied [51] and Garleanu and Pedersen [35]. Later, Becherer
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et al. [11] considered a trading framework with generalized price impact and proved that the cost
functional depends continuously on the trading strategy, considered in several topologies. More
recently, Ackermann et al. [2] considered a liquidation model with general RCLL semimartingale
trading strategies. In a follow-up paper [3] the same authors showed how to reduce liquidation
problems with block-trades to standard LQ stochastic control problems. The main difficulty in
[2, 3] arises from allowing a very general filtration while we consider a Brownian filtration but allow
for self-exciting order flow which results in the said mean-field control problem.

Carmona and Webster [18] provide empirical evidence that inventories of large traders do indeed
have a non-trivial quadratic variation component. For instance, for the Blackberry stock, they
analyze the inventories of “the three most active Blackberry traders” on a particular day, namely
CIBC World Markets Inc., Royal Bank of Canada Capital Markets, and TD Securities Inc. From
their data, they “suspect that RBC (resp. TD Securities) were trading to acquire a long (resp. short)
position in Blackberry” and found that the corresponding inventory processes were with infinite
variation. More generally, they find that systematic tests “on different days and other actively
traded stocks give systematic rejections of this null hypothesis [quadratic variation of inventory
being zero], with a p-value never greater than 107°.”

In this paper we consider a single player liquidation model with semi-martingale strategies and
expectations feedback where the large investor expects his current trading activity to have an
impact on future market dynamics. There are many reasons why (large) orders may have an impact
on future price dynamics. For instance, extensive selling may diminish the pool of counterparties
and/or generate herding effects where other market participants start selling in anticipation of fur-
ther price decreases. Extensive selling may also attract predatory traders that employ front-running
strategies; see Brunnermeier and Pedersen [13], Carlin et al. [17] and Schied and Schéneborn [58]
for an in-depth analysis of predatory trading.

Single and multi-player liquidation models with expectation feedback and absolutely continuous
strategies where dZ; = £;dt have been considered by, e.g. Cayé and Muhle-Karbe [21] and more
recently Chen et al. [23] and Fu et al. [34]. While Cayé and Muhle-Karbe [21] assume an exogenous
augmentation of the large trader’s order flow, due to e.g., predatory traders, Chen et al. [23] and Fu
et al. [34] assume that the market order dynamics follows a Hawkes process with exponential kernel,
and that the large investor’s trading triggers an additional flow of child orders whose rate increases
linearly in the investor’s expected traded volume. We retain the assumption of market order arrivals
following Hawkes processes but allow for general semi-martingale execution strategies. This results
in a novel mean field control problem.

1.2. Contributions to control problems. While the restriction to absolutely continuous
controls is standard in much of the liquidation literature, the assumption seems restrictive; it is
often made for mathematical convenience as the resulting control problem is much simpler to
analyze. In fact, while abstract existence and characterization of solutions results can be obtained
for models allowing for more general classes of admissible strategies (see [45] and references therein),
explicit solutions in stochastic settings are rarely available. Retaining the assumption that the
large investor’s trading activity triggers an absolutely continuous flow of child orders that increases
linearly in his/her traded volume, we obtain explicit solutions for both the value function and the
optimal strategy when allowing for general cadlag semimartingale trading strategies.

To the best of our knowledge, we are the first to address mean field control problems with cadlag
semimartingale strategies, which include mean field singular control problems as special cases. Mean
field singular control problems have been considered by many authors, including [32, 40, 42, 48].
Among them, using a relaxed approach Fu and Horst [32] established an existence of optimal control
result for a general class of mean field singular control problems. Guo et al. [40] established a novel
Itd’s formula for the flow of measures on semimartingales; however, the examples provided in [40]
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are mean field control problems with either regular or singular controls. Hafayed [42] established
a maximum principle for a general class of mean field type singular control problems. Using a
maximum principle approach, Hu et al. [48] studied mean field type singular control games arising
in harvesting problems.

Our paper also contributes to the literature on the characterization of non-Markovian singular
control problems. One-dimensional models were studied in, e.g. [8, 9, 10, 51]. Multidimensional
problems are much more difficult to analyze, even in Markovian settings; see Dianetti and Ferrari
[25]. For non-Markovian ones, refer to e.g. [2, 27]. In [2], Ackermann et al. solved a two-dimensional
problem with random coefficients arising in optimal liquidation problems. In [27], Elie et al. studied
a multidimensional path-dependent singular control problem arising in utility maximization prob-
lems. Our control problem is a three-dimensional non-Markovian one with the non-Markovianity
arising from a possibly non-Markovian volatility process o and the mean field term E[X]. Moreover,
our strategy is of infinite variation.

The main challenge when analyzing control problems with semimartingale strategies (with or
without mean-field term) is that there are usually no canonical candidates for the value functions
and/or the optimal strategies. Even the linear-quadratic case is difficult to analyze; although it is
intuitive that the value function is of linear-quadratic form, the dynamics of the coefficients is a
priori not clear. This calls for case-by-case approaches when analyzing such problems. We follow
the approach taken in [2, 35] and consider a sequence of discrete time models and then pass to
a heuristic continuous time limit. Our approach suggests that the value function depends on the
state process only through its distribution and that it is of linear quadratic form driven by three
deterministic processes and a BSDE.

It turns out that the driving processes follow a system of Riccati equations that does not satisfy
the assumptions that are usually required to guarantee the existence and uniqueness of a solution.
Our main mathematical contribution is to show - through a sophisticated transformation - that
our system can be rewritten in terms of a more standard system that satisfies the assumption in
Kohlmann and Tang [49] under a weak interaction condition that bounds the impact of the child
order flow on the market dynamics. Subsequently, we employ a non-standard verification argument
that shows that the candidate optimal strategy is indeed optimal. The key idea is to rewrite the
cost function as a sum of complete squares plus a correction term that turns out to be the value
function.

Our analysis shows that the optimal strategy jumps only at the beginning and the end of the
trading period. This is consistent with earlier findings in [35, 44, 45, 54]; in the absence of an
external “trigger” there is no reason for the optimal strategy to jump, except at the terminal time
to close the position and at the initial time.

The remainder of this paper is structured as follows. The models, main results and assumptions
are stated in Section 2. The wellposedness of the system of the Riccati equations that specify the
candidate value function and strategy is established in Section 3. The verification argument is
given in Section 4. Numerical simulations illustrating the nature of the optimal solution are given
in Section 5. Section 6 concludes. The heuristic derivation of the value function is postponed to an
appendix.

Notation. For a deterministic function ), denote by y its derivative. For a stochastic process
Y satisfying some SDE, we still use the same notation ) to denote the drift of ). For a matrix
(or vector) Y, V;; (or Y;) denotes its (i,7)- (or i-) component. For a space D, we denote by
L>(]0,T); D) the space of all D-valued bounded functions. C([0,7];D) is the space of D-valued
continuous functions. For an integer n, we denote by S™ the space of symmetric n X n matrices.
For a measure p on R™ we denote by ji the vector of expected values, and for a matrix A € R™*"
we put

Var()(4) 1= [ (o =) Al ~p(de) = [ o Aap(do) =7 AR

R3
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2. Model and main results. In this section, we introduce a novel single player portfolio liqui-
dation problem with semi-martingale execution strategies and expectations feedback. Our starting
point is a novel “semi-martingale extension” of the portfolio liquidation model with instantaneous
and persistent price impact analyzed in [38] that allows the impact process to be driven by noise
trading. We introduce this model in the next subsection before introducing an additional feedback
term of mean-field type into the dynamics of the benchmark price process.

We assume throughout that randomness is described by a Brownian motion W defined on a
filtered probability space (€2, F,P) where F = (F})c[0,7] denotes the augmented Brownian filtration.

2.1. The benchmark model. We consider an investor that needs to unwind an initial of x
shares over a finite time horizon [0,7] using general semi-martingale execution strategies Z. The
large investor’s stochastic control problem at time ¢ € [0,7T] is given by

T T
min E [/ (YS, dZ, + 2 d[2), + 0.d|Z, W]S) +/ AX? ds} (1)
Zeod 0 2 0
subject to the state dynamics
dX,=—dZ,
dY,=—pY,ds+ v dZ,+ o, dW, (2)

Xo- =x0; Yoo =0; Xr=0

for 0 < s <T, where the set of admissible controls is given by the set

o = {Z : Z is a cadlag F semimartingale with E[[Z]r] < co and E [ sup Zf] < oo}
0<t<T
of all square integrable semi-martingales with finite expected covariation.

The process (X,);cjo,r) describes the investor’s portfolio holdings ( “inventory”) with the terminal
state constraint X, = 0 reflecting the liquidation constraint. The process (Z;)icjo,r) is the trad-
ing strategy and (Y;).cjo,r) specifies the transient impact of the investor’s past trading on future
transaction prices. We think of Y as an additional drift “added” to an unaffected martingale price
process M that increases linearly in the investors order flow, changes continuously due to noise
trader effects, and recovers from past trading at a constant rate p > 0. That is, we assume that the
transaction price process is of the form

S,=M,~Y, te0,T]. (3)

The martingale part drops out of the equation when computing the expected cost from trading,
i. This explains the first term in our cost function. The

which are hence given by E [ fOT Y, dZ,
fourth term captures market risk and penalizes slow liquidation. These two terms are standard in
the liquidation literature; see [4, 7, 20, 30, 45, 47, 55| and references therein.

When working with semimartingale strategies one additionally needs to penalize the (co)variation
of the semimartinagle strategy (with the driving Brownian motion); otherwise the optimization
problem is not well posed. This observation goes back at least to Garleanu and Pedersen [35]; see
also [2, 44, 51]. This explains the second and third term in our cost function.

2.2. Expectations feedback. We are now going to introduce an additional feedback effect
into the above model that accounts for the possibility of an additional order flow (“child orders”)
triggered by the large investor’s trading activities. Specifically, we assume that the transaction
price impact process satisfies a dynamics of the form

dY; = —pY,dt +1dCy + 12dZ, + 0, dW,,  t€[0,T) (4)
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where the process (Cy):ejo,r) specifies the large investor’s assessment of the impact of child orders
triggered by his own trading on the price impact process.

To motivate the dynamics of the endogenous child order term, let us assume as in [23, 34] that
market sell and buy orders arrive according to independent exponential Hawkes processes N* with
respective intensities

t
Ei=pf +a / e P=9gNE,
0

Here, pu* are endogenous base intensities that will be specified below, and «,3 are exogenous
deterministic coefficients that capture the impact of past orders on future order flow. The total
order flow imbalance can be written as a sum

N} —N; = Z,+C,

of the trader’s contribution Z and the endogenous child order process C. Working with the child
order process is inconvenient. It is much more convenient to consider instead the ezpected child
order process as a measure for the impact of own trading on future transaction price dynamics in
(4), i.e. to set!

Cy:=E[Cy].

We assume that the market is in equilibrium - i.e. that u* = u - if the large investor is inactive.
In this case, the order flow imbalance N* — N~ is a martingale and hence C; = 0. If the large
investor employs a continuous semi-martingale strategy of the form

dZt == btdt + 5}th,
it seems natural to change the base intensities to
p =g+ by,

where b denotes the positive/negative part of b;. In other words, we assume that the market order
arrival intensities increase in the large investor’s trading with the martingale part of his trading
strategy having no impact on future order flow.

Since the compensated Hawkes processes <Nti — fot ¢ Sids) are martingales starting in zero,

. 0<t<T
the expected child order flow equals

Ct:E[/Othds—/otgds—Zt]. (5)

With our choice of base intensities the expected intensities satisfy
t
BIGH) =+ B +a | e "B ds.
0
As a result, the expected aggregate order flow imbalance N, :=E[N,” — N, | equals

t t
N, = / E[b,]ds + / e PN ds
0 ¢ 0 (6)
- E[Zt]—i—a/ e PN ds,

0

! Working with the expected child order process will allow us to work with the child order arrival rate and also
accounts for the fact that child orders are not directly observable. We further comment on the choice of the expected
child order process below.
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and hence the expected number of child orders equals
t
C,= a/ e P N ds.
0

Differentiating the above equation shows that?
dCy = (—(8— a)Cy + a(E[xo] — E[X])) dt, Cy=0. (7)

In particular, the child order flow rate resulting from the order submission rate b increases linearly
in the expected traded volume E[z,] —E[X;] and is mean-reverting if § < 1. In this case, each order
triggers less than one child order on average and the Hawkes process is stable in the long run; see

[43] for details.
Choosing the child order dynamics (7) in (4) our transient impact process follows the dynamics

dY; = (—th+%C‘t) dt+ 2 dZ; + o, dWy

dC, = —(8 — ) Cydt + (E[zo) — E[X,]) dt (8)
Yo=0; Cy=0.

In particular, the dynamics of the transient impact process Y can be decomposed into three
components®, namely, the transient impact of the larger trader’s own trading activity

dY' = —pY,' dt + v, dZ,,
the transient impact of the child orders

dY? = —pY? dt+~, dC,,
and the transient impact of noise traders’ activities

dY? = —pY?2 dt + o, dW,.

REMARK 1. At first sight one may be inclined to work with the child order process C in (4) and
hence in (8). We prefer to work instead with the expected order flow C' for at least two reasons.
First, working with the order flow renders our model analytically tractable. Second, the Hawkes
processes N+ and hence the child order processes are unobservable in general. While the trader
cannot observe the child order process he/she can estimate the base intensity p along with the
parameters o and 3 from past data and hence estimate the intensities (*. This allows the trader to
compute the expected intensities and thus to specify the expected order flow, which strikes us as
a canonical way to measure own impact. We acknowledge that it would be more even canonical to
work with the conditional expected order flow given the trader’s own submission rate b. However,
to the best of our knowledge there is no closed form expression for the conditional expected flow.

2 Essentially, it makes no difference to consider o as random or deterministic. Here, we assume it is a square integrable
r.v..

3 Note that a similar decomposition also appears in [52].
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2.3. The optimization problem. We are now ready to state the large trader’s optimization
problem when general semi-martingale strategies are allowed. We retain the assumption that the
cost functional at time ¢ € [0,7) is given by

T T
162 =8| [ (vodzos Pzl adzwl)+ [ axzas).
t t

We also assume that the child order flow is mean-reverting and that it increases linearly in the
expected traded volume E[zg] — E[X;]. In other words, we assume that the impact process satisfies
(4). The trader’s control problem at time ¢ € [0,77] is thus given by

min J(t, Z) 9)

Zed,
subject to the state dynamics
dX,=—dZ,
aY, = (= pYs+nC, ) ds+12dZ, + 0, AW,

(10)
dCs = —(B— a)Csds + a(E[zo] — E[X,]) ds
(Xt—7}/;—> Ct—) = X7 XT = 07
where the set of admissible trading strategies is given by
oy = {Z : Z is a cadlag F semimartingale starting at ¢ with E [[Z]r] < oo and
(11)
E [ sup ]ZS|2] < oo}
t<s<T

REMARK 2. i) We assume that large block trades increase the rate of child order arrivals

but do not trigger “block child orders”. Block trades following block trades would be executed at
very unfavorable prices. Hence, it is natural to assume that other traders would not submit block
trades in response to observed block trades but much rather increase their order submission rates.

ii) Models in which market dynamics depend on expected trading rates or trading volumes have
been considered in the liquidation literature before. Acciaio et al [1] and Fu and Horst [33] consider
models in which the benchmark price depends on the large trader’s expected trading rate, i.e. the
“market’s expectation” about the trader’s current activity. Fu et al [34] consider a model similar
to ours where the dynamics depend on the large trader’s expected “overall” activity. Cayé and
Muhle-Karbe [21] consider a model with self-exciting order flow where “other (e.g., predatory)
traders augment the order flow [...] of the large trader by a [linear| factor depending on zq — X,”.

2.3.1. The value function. In what follows we denote the value function of our control
problem, given the random initial state X = (X;_,Y;_,C,_) at time ¢ € [0,T'), by

V(t,X)= inf J(t,2). (12)

The challenge is to identify a candidate for the value function. Although it is natural to expect the
value function to be of linear-quadratic form, the dynamics of the respective coeflicient processes
is far from obvious.

Our goal is to represent the value function in terms of two deterministic symmetric R**3-valued
processes A, B, an R3-valued deterministic process D and a real-valued adapted square integrable
process F as*

V(t,X) = Var(u)(A;) + " Bii+ D/ i+ E[F] (13)

* The notation Var(u)(A;) was introduced at the end of the introduction.
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where p denotes the law of the initial state X', and g denotes the vector of expected values.

The dynamics of the processes A, B, D, F' is derived heuristically in Appendix A by first analyzing
a discrete time model and then taking the limit as the time difference between two consecutive
trading periods tends to zero. It turns out that:

e The process A is symmetric, satisfies A1y = Y2421, A1a =240+ %, A3 =5A23, and the ODE

A11 s (pAi1s +)\)
72p+)\

(B (pA11:+A) (M (B—a) —2pAisy)
Aras _< L o+ (B =), - 2P +A) (14)
(8 —a) (71(B — ) —2pAis,)
A, 2(8—a)Ass + oMWY 4 :
33,6 = ( (B— 33,¢ ” 13,¢ TENESY
AllT —%27 13,T:07 A33T—

The above is a standard ODE system that can be uniquely solved.
e The process B is symmetric, satisfies By; = Y2 Ba1, B1a = Y2 By + %, B3 =,B53, and the fully

coupled system of Riccati-type equations

. o
By = (27;311,t +2aBi3; — A
2

2
(2(’)’106 Y2p)Bi1t + Y1720+ 20072 Bis y — 2’72)\> )

495 (Y2p — e+ A)

+
B = (2 (8- a)Bss +271(67_O‘)313,t
2

2
(2 Y10 —Y2p) Bz + 2720 Bss  + 71728 — a)))
+

493 (yap — i+ A)

. —«a
Bis = {%(B)Bnt-i-aB%t‘i‘(B OH‘ )Bl3t
V2 V2
+ (2(7104 —Y2p)Bi1,s + 1200+ 20072 By — 272)\)
) (2(v1ax = 72p) Bisy 4 27200Bss s + 7172(8 — o))
473 (v2p — M+ A)
\Bll,T = %7 Bz =0, Bssr=0.

This system is complicated to analyze; its analysis is postponed to the next section.



Fu et al.: An MFC Problem of Optimal Liquidation with Semimartingale Strategies
10 Mathematics of Operations Research 00(0), pp. 000-000, © 0000 INFORMS

e The vector-valued process D satisfies Dy =7, Dy, and the components D; and D satisfy the
coupled linear ODE system

. 2viaE|x «
Dy, = { - MBIIJ —2aE[z| B3, + LDl,t +aDs,
V2 V2
+ < — 2\ +2(y1a — y2p) Bii g + Y120 + 0472B1g,t>
( — 720K [mo] + (1 = 720) D1 ¢ + a'72-D3,t) }

295 (y2p = + )

B3+ MDM + (B —a)Ds,
Y2 Y2

+ (2(’)’104 —72p)Bist + 272 B33t +7172(8 — a))

( —1yeaExo] + (vre — Y2p) D1 ¢ + Ol'Y2D37t) }

. 2v1alE
Dg}t = { — 2QE[1}0]B33¢ — m

293 (yep — e+ A)

Dyr= D37 =0
e Due to the random volatility process, the process I’ satisfies a BSDE, namely
2411+ — D
—dF; = {afn’tQ% + amy E[zo] =2 + oE[xo) Ds
273 Y2 ,
1 Dy, F (17)

— —avE — — D dt — 7. dW,

A(A+72p — am) ( enElzo] +(ne = mp) = S 4o 3’t> } o

FT:O.

We prove in Section 3 that the system (15) is well posed and admits a unique global solution if
the feedback effect as measured by the constant « is weak enough. In this case, the joint dynamics
of the process (A, B, D, F) is well-defined.

2.3.2. The main result. We assume throughout that the following standing assumption
holds.

1. The coefficients v, 2, o, 5, p and A are nonnegative constants.

2. The coefficients satisfy § —a >0 and vp — y1a0+ A > 0.

3. The initial position z, is a square integrable r.v. that is independent of the Brownian motion.
The volatility process o is a square integrable progressively measurable process.’

It will be convenient to rewrite the state dynamics and the cost function in matrix form as

dX, = (HX, + HE[X,] +g) ds+D,dW, +KdZ,, selt.T), a8
th ==
where
00 0 B 0 00
H=|0-—p-mnB-a)|, H=|-an00],
00 —(B—a) —a 00 (19)
T T
g= (O a%E[xg] aIE[:EO]) , D= (0 o O) ,

The following is the main result of this paper. Its proof is given in Sections 3 and 4 below.

® We emphasize that ¢ is allowed to be degenerate.
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THEOREM 1. If the standing assumption is satisfied, and if either A=0 or Apy, >0 and « is
small enough, then the following holds.
i) In terms of the processes A, B, D, F introduced in (14)-(17) the value function defined in (12)
s given by
V(t, &) = V(t, 1) = Var()(A) + i Buji+ D} i+ E[F). (20)

i1) The optimal strategy Z Jumps only at the beginning and the end of the trading period where
the initial and terminal jump is given by

- IA IB P -
a a a

respectively. On the time interval (t,T) the optimal strategy satisfies the dynamics

a7, = _Ii(xs ~E[X,]) - % (] - % _L (X —E[X])
é ‘ (22)
(M4 FOELY +g)) ds— "= D,am,, set.T)

where @ =Yop+ N\, a ="2p— v+ A, and the processes I, I8 and IP are given by

—pAin—A ' SBEBy + aByy — A+ 93 '
A A ay1—y2p Bis _am
"= (;fa")/%_’_p ; 1P = 7% B11+a72 _;’0 2721
TS = pAgs 1G9 4 (ya - V2p) 2 + By
and
1 = - NEg] + (11— ’ygp)& +2Ds.
2 27, |2

3. Wellposedness of the Riccati Equation. In this section, we prove that the system (15)
is well posed and has a unique global solution. Specifically, we prove the following result.

THEOREM 2. In addition to the standing assumption, let us assume that o is small enough
and that \,7y2,p > 0. Then the matrixz Riccati equation (15) admits a unique solution

B e L>([0,T);R*)NC([0,T];R?).

To prove Theorem 2, it will be convenient to introduce the matrix-valued processes

yia | (re—vep)(r1a—2X) a(y1a—2X)
P = <B11 Bl3> ., M = (n(ﬁg—;‘; 272 (v2p—v104+2) ot 2('v2p—71(a+>\) ) . Ny = <71Ol—’Y2P> :

(mo—vep)m(B-a) 5 __ na(B-—o)
B3 Bss 2 272 (v2p—y1+N) f—a+ 2(v2p—714+X) 124
1 o’ —4hep  m(B—a)(y1a—2)) 4 0
Ny = M=— 4(v2p—v104+X) A(rgp—matA) G=| "7
2 ) _ _ _ ’ )
— v+ A\ 1 (B=—0)(y1=2X) i (B—a) 00
%2 (V2P =m ) A(yap—y10+X)  4A(y2p—via+A)’

so that the system (15) can be rewritten in the matrix form as:

{ Py = (PNNoNY P+ NP+ PN — M), t€[0,T)
Pr=G.

The matrix-valued Riccati equation (23) does not satisfy the requirements of [49, Proposition
2.1, 2.2] as M is not positive semi-definite. To overcome this problem we employ a sophisticated
transformation to bring the equation into standard Riccati-form. To this end, we define

(23)

P=P+A,
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where the matrix A is given by
i A A2\ Aa?  Aa(B—a)
T\ A \Aa(B—a) A(B—a)?

for some constant A that will be determined in what follows. The process P satisfies the dynamics
Po= PNaNoNy P+ NiPi+ PN, — M, te(0.T) =
Pr=G+A,
where the matrices ]\71 and M are given by, respectively,
Ny =N, —ANGAGNY and M= —ANGNNy A+ N A + AN + M.
It is enough to prove that the above matrix-valued ODE has a unique solution for a suitable A € R.

PROOF OF THEOREM 2. We are going to show that the equation (24) satisfies the assumptions
of of [49, Proposition 2.1, 2.2], that is that the matrix M is positive semidefinite for a suitably
chosen constant A. The entries of M are given by, respectively,

{)\1(7104 —Y2p) + /\2’7204}2

M o (%a—%p)(%a—%))
My =— NI )V [Lingis
" '7%(72p—(71a+A2)A) ' g P i 272(Y2p — M+ A)
alna— o —4Ayp
+ 2 [ o+ _ 7
N N 2( 2(72,0—’71&4—)\)) A(vap — 1+ A)
MIQ - M21

{)\1 (ma—p)+ )\27206} {/\z(’yla —Yap) + )\37204}
B : V3 (%)p( — o ;&% ( =
N N1 = V2P ) (1 — a7 —
— + + X3l a+
V2 272 (2p — 1+ A) ’ ( 2(72/)—7104—1—)\))
A M (5 - a) + (’YlOé - ’sz)’Yl (ﬂ - a) 7104(5 — ) )
2 272 (2p — M+ A) 2(yap—ma+A)
- nB-a)(nma—2A
4(y2p —ma+A) ,
_ {Az(%a—%p) +A372a}

22 = —

+ Ao

)‘1‘)\2 <6—Oé+

)

+ 2\

(8 — ) N (v = y2p) 01 (B — a)>

Y3 (Y2p — 1+ A) g 2272(72p—'ha+>\)
+2A3<5_a+ Mo(f —a) )_ 11 (B —a) ‘
2(ep—ma+A))  Alrep—ma+d)
In terms of the functions
9 2
o« <710‘—’W’+72(5_0‘)> g na | mo(na—yp)
FA) = — _ Y +B-a
Y3 (y2p — i+ A) , \ 72 272 (2p — i+ )
M8 —a) A Vi
2(72p — M+ A) 4(y2p — 1+ N)’

Y1 — V2P p—a
A = )\ 9
98 <72(72/)—%04+>\) Yop — Y10+ A

the matrix ./\7 can be written as
( F(M)a? —2a%g(A) + 222 o FM)a(B—a) —a(B—a)g(A) + MU) |

F(N)a(B—a) —a(B—a)g(A) + goul-a) FA)(B—a)?

2(y2p—v1004+)
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Straightforward calculations show that

Det[M]
a2 AY2p _ A2t 2.2 _ _ M—la
_(f O(é; <f)(:\)’72p71a+/\ i(Zzp*%aJrA)Q g4 - () g(A))wp%aJr)\)
_ AvpB—a) - 2
C mp—ma+ A (f(A) 472p(72p—71a+k)> +0le)

The proof of the positive semi-definiteness of M is now split into the following two cases.
e Case 1. vy —Yp+72(8 — ) <0. In this case,

g(A)<0 forall A>0 (25)

and we put
i

Cdyp(rap—ma+ N

hi(A) == f(A)

Case 1.1. a(yia — Yep +72(8 — @) = 0. In this case either a =0 or yia —y2p+ V(8 —a) =0
and hence h; is linear with a positive leading coefficient. Thus, choosing A = Ay > 0 large enough,
hi(Ag) > 0 and thus f(Ag) > 0 as well. Moreover,

—~ )\/}/Qp —~
_ 2 2 _ PRy
Mn —f(A())Oé 2g(A0)O£ + ’yzp_’)/la_l_)\ >0, Mgz f(Ao)(ﬁ Ol) >0

e X1l — )’ N
Vi YepP—a 2
Det[M] =~/ (f( 0) — :
2P =N+ A Ap2p(r2p =+ A)
by choosing A( large enough. Hence, in this case our matrix is positive semi-definite.

>+O(a)>0

Case 1.2. a(yia—y2p+7(f —a)) < 0. In this case, h; is a quadratic function with a maximum
point Ay > 0. If « is small enough, then the discriminant of h; is positive since

- - 221\ 2
2(ﬁ—a)+%a{72p Y +72(8 — ) + }>
72(72p—72104+k)
2 _ —
_4a (’W V2P +72(8 O‘)) ( Vi M3 )
Y3 (Y2p — 1+ A) 4(72/)—710445& 4y2p(y2p — 1+ A)

— — 22

_ (2(ﬁ—a)+%a{72p nat+p(B-a)+ })
’)’2(’)’2P_%204+)\)

via? (%a —y2p +72(B — a)) Mia? ('ha — Y20 + 726 — a))

2

73 (12p =+ A)? pY3 (V20 — N+ A)?
> 4(8—a)® —o(a)
> 0.
As a result, f(Ag) — Wﬁﬂaﬂ) > 0, which implies that f(Ao) > 0. Thus,

vi AV2p Vi
M= f(Ag)a? —2g9(Ag)o* + ——=5—— >0, Mo = f(A —a)?>0
1= f(Ao) g(Ao)a” + TP — oA 22 = f(Ao)(f— )

and Nyapl3 )2 2
- YepP\P — & 71
DetiM] = —————"— Ay) —

M] Yap — 10+ A (f( o) 4y2p(v2p — 1+ A)

for small «.. Hence, in this case, too, the matrix M is positive semidefinite.

>+O(a)>0
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e Case 2: vy —y2p+72(8 — ) > 0. In this case, we put
ha(A) = F(A) — 2() 2
- o? <’yloz —Y2p+72(B — a)) A2

%5 (2p —mna+A)
N <272(72p —ma)(f—a)+ma(yep—ma)+nrea(f—a)+ 272p>\> A

Y2 (Y2p — 1+ A)

gk
4(72p —ma+A)

The discriminant of the quadratic function h, is positive since

272(72p — ) (B — ) +1a(y2p — 110) + (B —a) + 272p>\> ?
72(72@ —ma+ )

a? (%04—72p+’72(5—04)) 2

Y (y2p — N+ A) 4(y2p — M1+ N) i
_ <272 (Y2p — @) (B — a) +yia(y2p — 1) + 1720(8 — ) + 272p)\>
12(12p = Na+A)

(ma(%p—%a) +vwzoz(f3—a)) .
— > U.
Y3 (Y2p — 1+ )2

Let us denote the maximum point by A;. Then A; >0 and so ha(A;) > 0. To show that the
determinant of M is positive we first show that

i

- >0
4y2p(2p — 1+ )

f(Ay)

for o small enough. Indeed,
A7

A _
S Aysp(vap — na+ A)

f— 2 .
40?2 (%a —Y2p +72(B — a)) (Y2p —ma+A)

({272(5 —a)(y2p =) +2A(na—y2p+ 728 — ) + a(yep — a+ 1 (B —a)) + 272p>\}2

2 A
— AN (ma—mp+r(B-a))?—a’y] (’ha —Yap+ (B — a)) <1 + ’W) )
1

>

5 (430" X —0(@)) >0
4a2(%a—72p+72(ﬂ—a)> (V20— +A)

for e small enough. In this case,

AY2p

m>0, //\\/1/22:f(A1)(ﬁ—04)2>0

-/\711 = hz(Al)Oé2 +

nd Xap(B = a)? Mt
i Aep(B-a gh
DetM] = -
M= =ty <f( ) Baolrap—ma + )

and so M is positive semidefinite.

) +O(a) >0,
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In conclusion, we can always find a constant A > 0 such that M is positive semidefinite. Since the

terminal value
( 2 +Ao* Ao(f— a))
Aa(f—a) A(B—a)?
is positive definite, all the coefficients in (24) satisfy the requirements in [49, Proposition 2.1, 2.2].
As a result, the system (24) has a unique solution in L>([0,7];S*) N C([0,T];S?). O
REMARK 3. In the case of risk-neutral investors, i.e. if A =0, the assumption that « is small
enough can be dropped. Indeed, in the risk-neutral case, the matrix M can be written as

( f(A)a? f(/\)a(ﬁ—a)>
fM)a(B—a) f(A)(B-a)? )

f(A)::_a2(71a—72p+72(5—a)) A2+<2(5—a) Mo W)A—Q( y2

+—+ — 1
273 (2p — M) Y2 (20— ) Vop — 1)

Since the determinant of M is zero, it is sufficient to prove that f(A) >0, for some A. This can
be seen as follows. If a(yiae — Yap +72(8 — ) =0, then f(A) >0 by choosing a A large enough.
If a(yia —v2p +72(8 — @) # 0, then the maximum point of the quadratic function f is strictly
positive and the discriminant of f is positive since

_ 2 (ma—y2p+7(8— i 2
(2(3—04) na - ol a)) 404 <’ya Yop + Yo a)> 73

T Ty T 295 (2p = m0) 2(72p — 0)
vla(Vzp—%aJr’yz(B—a)) via? (7104—72,0+’yz(5—0<))
= (28—l Yo (Yap — M1¥) - Y5 (y2p —na)?
via? (’sz —ma+y (8- a))2 Yia? <’sz —ma+y (8- a))2
> (Ao Y2(72p — M10v) - %3 (120 — Max)?
> 0.

Hence there exists a A > 0 such that f(A) > 0.

4. The verification theorem. To verify that the strategy given by equations (21) and (22)
is indeed optimal we first prove that the cost functional can be written as a sum of two complete
square terms and a correction term that we will identify as the value function.

PROPOSITION 1. Let the standing assumption hold. Then the cost functional can be rewrit-
ten as

T T
1 1
1.2 =8 [ i) s+ [ (104 1) ds]
t i
+ Var(u, ) (Ay) + i Biju— + D/ i, +E[F)],

where . is the law of X.. In particular, the cost functional reaches its global minimum if

T T
[ @) ds= [ (@ 2) ds=0, s
t t

In this case, the value function is indeed given by (20).
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Proof. For any strategy Z € o/, we first separate the cost of the jump at the terminal time from

the cost functional. To this end, we write the cost functional as

1.2 =8| [ (vodz+ Lz vodzw
[t.T)

/ (Ys, iz, + 2
L [t,T) 2

+E [ (YT, - —AXT) AXT}

]s_l'o-s

_l’_
Y2
:IE/ (Y;,dzs+— lo + 0o d]
LJ ¢, 1) 2
_l’_

T i
+/ AX?Zds
t i
/ )\X2 ds
/ )\X2 ds

E[(XT——ﬂT—)TAT(XT——MT )+:U’T Brjir- +DTMT + Fr].

d|Z
V2 2
E [EXT_ —I—XT,YT,} ( since X =
d|Z

Next, we are going to analyze the expected jump cost term-by-term. From this we will see that

many terms cancel and then arrive at the desired representation of the cost functional.
o We start with the term E [Xr_ ArXr_]. Using It6’s formula in [57, Theorem 36],

T—
/ azTAT:wT(dx):E[/ 2(A X, ) dX, +Tr(Ad[X, X))
R3 t
+ ) (AX X AX

t<s<T

T
+/ xTAtac,ut_(dJ:)—i—/ / wTAsxus(dw)ds.
R3 t R3

—yd[Z°, Z¢],

Note that
d[Z¢,Z°],

0

- 2(A5Xs,)TAXS)}

—o.d[Z¢, W],
A, X = | —0.d[7°, W), — 1d[Z¢, Z¢), 02 ds +A2d[2°, 2 + 2720 d[Z¢, W],

which implies by the relationship between the entries of the matrix A (cf. the statement above

(14)) that

T— T
/ Tr(A, d[X°, X].) ds / (_% d[Z°, 2%, — 0, d|Z¢, W], + 02 Ass., ds) .
t t

Taking this back into the above equation shows that

/ ' Arzpp_(dx)
R3

T T—
:E[/ 2(A,X,)" (HX, + HE[X,]+G) d5+/ 2(ASXS)TICdZS]
t t
T
+E / (—% d[Z°, 29, — 0, d[Z¢, W]y + 0 Asa.s ds)]

+E| > (A AX - X AX, -2

t<s<T

T
+/ x' Ay, (dz) +E [/ XA, ds] :
R3 t

(27)
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e Next, we consider the term fi; Arfir_. In view of (18) the expected value 1 follows the
dynamics

i, = ((H FH)E, + g) ds + K dE[Z,). (28)
Applying the chain rule to 1" Az from t— to T—, it follows that
T—
ﬂ;—ATﬂTf = / 2( sﬂs + Z s s,us - ﬂ;r—Aslasf - Q(AS[LS,)TA[LS)
t t<s<T

T
+ i Ay +/ i Agfig ds.
t
Taking (28) into the expression of Jij. Arfi,  we arrive at

T T—
Top Arfip_ = i Aujis + / 2(Aspis) " (Hp, +Hp, +G) ds+ / 2(Asi,_ ) TKdE[Z,]
t t

T (29)
+ Z (ﬂsTAslas - /jST—AS/jL57 - 2(A3ﬂ37)TAHS) +/ ﬂ;rAsp’s ds.
t<s<T t
e Similarly to the last step it holds that
T o T—
Tip_Brlip_ = i) Bijis_ +/ 2(B,jis) " (Hp, +Hp, +G) ds+/ 2(B,Jis—) K dE[Z,)]
t toro, (30)
+ Z (p’:leas - /jsT—BSﬂsf - Q(leasf)TAﬁs) +/ [LIBS[LS ds.
t<s<T t
e Applying the chain rule to D", we see that
T
Dljir. = E[/ D (HX, + HE[X,] + ) ds+/ DTKdZ,
T
+ Z -D]Xx,)- DZAXS)} + Dy i +/ D] i, ds (31)

t<s<T

T T
:EU D] (HX,+ HE[X,]+G) ds—l—/ D/KdZ,+ D/ i, / D;rﬂsds}
t t
Next, we collect all the terms in (27), (29), (30) and (31) involving jumps. Their sum equals

T—
E[/ 2AX, ) KdZ, + Z (XJAX, - XA X, 72(ASXS7)TICAZS)]
t

t<s<T

T—
_E[/ 2A i, )T KdZ, + Z (i) Aspis — ) Aspis— — 2(Asfis—) TAX,) }

tT, t<s<T (32>
+E| / 2Boji) K dZ,+ 3 (] Bojis — il_Bufie- —2(Boji, ) TAX,) |

t

T t<s<T
+E [ / DK dZS} :
i

K'A=(-170)A=(0-10)=K"B, (33)

Since
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we obtain that

T— T—
E[/ 2(As,a5,)TICdZS} +E[/ 2(Bsgs,)%dzs} 0.
t t
Since A =E[KLAZ] we also obtain that

E [(ﬁ:BSﬂs - ﬂsT—BSﬂs—) - Q(Bsﬂs—)TAXs] = AﬂsTBsAﬂs
= E[AZ.K" B, A
= E[AZKT A, AR
= AﬂjAsAﬂs
= E (&, Asfts — By Asfis—) — 2(Asis— ) TAX] .

Using (33) again, we have that

2(A.X, ) KdZ,=2K" AX,_dZ,
= (0 -1 0) X,_dZ,
=-Y, dZ,.

Moreover, the definition of K implies that

XTAX, —X] AX,_ —2(AX,_ ) KAZ, = AX] A,AX,

=AZKTAAX,
= —lAZSAYS
—-Zaz),
and that
—1
D'K = (D, Dy Ds) 702 =—D; +7D,=0.

As a result, the jump terms (32) together with the term E [ftT (—2d[z°, 2, — o, d[ZC,W]S)l

n (27) cancel with the first three terms in (26). Hence, taking (27), (29), (30) and (31) into (26
yields that

J(t,2)
T L T T . T
:EU 2(A, )" (HX, + HE[X,] +G) ds+/ D:A5D3d3+/ XJASXSdH/ ijXSds]
t t t t
T T
-E / 2(Asfis) " (HX, +HE[X,]+G) ds]—/ fil Afis ds
i
T T
+E / 2(B,jiy) ”HX +HE[X, ]+g) ds]r /ﬁZBsﬁsds
t

T

T
+E D] (HX,+HE[X,]+G) ds} / D] usds—HE[/ Fsds]
t

t

"‘Var(ﬂt )(A )+Nt B, +Dt i, +E[F],

where

A00
Q:=1000
000
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Recalling that 7 = E[X] and collecting the terms X (---)X, @' (---)f, (---)@ and other terms,
we have that

J(t,2)
T
=E[/ XJ(Q+2HTAS+A)de+/ (
tT T .
+/ (QQTB +DT+DTH+DTH uqu+/ <DSTASDS+DZQ+FS) ds}
t
+ Var(u-)(41) +0_Bifi,_ + D/ fi,_ +E[F]
=K [/ (X —fis) " (Q+HTAS+AS’H+AS) (X, — [is) ds
t

A, —2HT A, + B, +2H B, + 2ﬁTBS) i, ds

T
+/ I, (Q+BS+HTBS+BSH +ﬁTBS+Bﬁ) fis ds
t

T T
+ / <2gTBS +DI +DIH + Djﬂ) i, ds + / (DJASDS +DIG+ Fs) ds}
t t
+ Var(u; - )(Ar) + I Bifi,_ + D/ i, +E[F].
By (49), (50), (51) and (52) in the appendix it holds that

Tr4 .
(2: Q+HTA+AH+A
IB TIB . - o
()a: Q+B+H B+BH+H B+BH
2IP 18 ) _
= 2G"B,+D] +D/H+D]H
(. .
a
which gives us the desired result. O

Let X be the state process driven by the strategy Z given by (21) and (22). The next theorem
shows that X satisfies the equality in Proposition 1 thereby concluding the verification argument.

THEOREM 3. The state process X driven by the strategy (21) and (22) satisfies
(X, —E[X])=0, IPE[X]+IP=0, sel[tT). (34)

Proof. Tt is straightforward to verify that Z determined by (21) and (22) is admissible. We first
prove that (34) holds at s =t. From the definition of AZ; in (21), we know that
IB ID . A

E[AZ,] = ~—E[X]-—, AZ= —%(X ~E[X]) +E[AZ)],

a
where we recall that X := X,_. Since I*K =a and I®K = a, we have that

IPE[X,) 4 IP = IPE[X + KAZ,] 4 IP = IPE[X] + aE[AZ,] + IP =0
and
INX, —E[X)]) = IM(X+KAZ, —ElX +KAZ)) = I} (X —E[X]) +a(AZ, —E[AZ,]) =0.
Next, we prove that d{IA(X —E[X. ])} = d{IBE[ ]+ID} =0 for all s € [t,T") from which (34)
follows. In fact, the state dynamics gives us that
~ b IB IB
GELX] = ( (M + TR + 6 — K= E[ V) = K= — K= (H + H)E[X,]) — K= Y

a a
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and

d(X, —E[X,)) = (H()?S—E[)?S])—ICI:(X E[X,]) — ICIAH(X ~E[X ])) ds—ICIAD AW, + D, dW..

Hence, the desired result follows from the following equalities:

d{IBIE[X ]+ ID} = [PE[X,]ds+ P ds + [PdE[X)]

a a

. [B [B . ~
= (IP+IP | (H+H)-K= K= (H+H) | | E[X.]ds

. IB [P

+1Pds+ 1P Q—/Cig—lCi ds

= (1P + 120+ H) — I2 — 1P (M + ) ER,] ds
+(IP +IPG— 1PG — IP) ds
=0,
and
af 1A (X, - B[X) } = dI2 (X, ~ B[]) + [} d(X, ~ B[,

A

[Xs])
rA A IA I A I?
= (I (M=K - K1) | (X - EX))ds + I} -K2D, 4D, ) dW,

- (1‘;‘ FIAH - TA - I;,“H) (XS —E[X.))ds + (~I*D, + IAD,) dW,
= 0.
O

5. Numerical simulations. This section provides numerical simulations that illustrate the
dependence of the optimal inventory process on various model parameters. In all cases z =1,
c=y=0,0=0.8 and T = 1. All trajectories were generated from the same Brownian path to
guarantee that the trajectories are comparable. In addition to our optimal solution we display the
optimal solution in the Obizhaeva-Wang model [54], which is the canonical reference point for our
model. Setting a = =0 =0 our model reduces to the Obizhaeva-Wang model.

Figure 1 displays the optimal position for two extreme choice of the market risk parameter.
When the investor is highly risk averse the optimal holding in our models is relatively close to
the one in the Obizhaeva-Wang model with added twist that in our model the investor may take
short positions generating additional sell child order flow and buy the stock back while benefitting
from the additional sell order flow. Overselling own positions should not be viewed as a fraudulent
attempt to manipulate prices. Instead, the large investor rationally anticipates his/her impact on
future order flow when making trading decisions and uses it to his/her advantage. Similar effects
have previously been observed in the literature; see [34] and references therein for a more detailed
discussion of different manipulation strategies in portfolio liquidation models.

When the investor is risk-neutral, then the variations in the optimal inventory process are much
larger; portfolio holdings range from about —0.4 to 1.2. This, too is very intuitive. Large portfolio
holdings are much “cheaper” for a risk-neutral than a risk-averse trader.

Figure 2 displays the optimal position for varying degrees of child order flow. Even in the absence
of any feedback effect (o = 0) we see that it may be optimal to take short positions, that is, to drive
the benchmark price down and then to close the position submitting a large order at a favorable
price at the end of the trading period. This effect is much stronger in the presence of child order
flow where the price decrease due to own selling may be very strong and may well outweigh the cost
of block trade at the end of the trading period. Optimal positions for different transient market
impact parameters are shown in Figure 3.
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FIGURE 1. Dependence of the optimal position on the risk parameter A for A = 1.5 (left) and A = O(right). Other
parameters are chosen as p=0.7, v1 =0.1, 2 =0.5, «=0.5, =1.1.
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FIGURE 2. Dependence of the optimal position on the impact parameter « for & =0 (left) and o =1.8 (right). Other
parameters are chosen as p=0.4, A=0, 11 =0.1, 72 =0.5, §=3.

—— FHX Model —— FHX Model
—— OW Model 1.5 4 —— OW Model

0.8 1

=
[=]
—————

1.0

0.6
0.5

0.4
0.0 1

0.2 1 054

0.0 1 A -1.01

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
L3 t

FIGURE 3. Dependence of the optimal position on the impact parameter 2 for v2 =2 (left) and 2 = 0.3 (right).
Other parameters are chosen as p=0.7, A=0, v1 =0.1, «a=0.5, S =1.1.

6. Conclusion. We considered a novel mean-field control problem with semimartingale strate-
gies. We obtained a candidate value function by passing to the limit from a sequence of discrete
time models. The value function can be described in terms of the solution to a fully coupled system
of Riccati equations. A sophisticated transformation shows that the system has a unique solution
and that the candidate optimal strategy is indeed optimal.

Several avenues are open for future research. Let us just mention two. First, except the volatility
of the spread all cost coefficients in our model are deterministic constants. Although there are many
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liquidation models where similar assumptions are made, these assumptions seem restrictive from
a mathematical perspective. However, as far as we can tell there is no obvious way to extend the
heuristics outlined in the appendix to the case of random coefficients. Second, we only considered
a single-player model. While there is a substantial literature on N-player games and, more so
on mean-field games (MFGs) with singular controls (see e.g. [14, 15, 16, 26, 29, 32, 41]), MFGs
with semimartingale strategies have not yet been considered in the literature to the best of our
knowledge.

Appendix A: Heuristic derivation of the optimal solution. In this appendix we con-
sider a discrete time model from which we heuristically derive the Riccati equations in terms of
which we can represent both the value function and the optimal strategy in our continuous time
model. The idea is to derive a recursive dynamics in a discrete-time setting and then to take formal
limits as the time between two consecutive trading times tends to zero.

A.1. The discrete time model. Let us assume that there are N + 1 trading times
0,A,2A,--- ,NA. Let the volume traded at time iA be denoted by &;. The state immediately
before this control is implemented is denoted by

Xiao = (me, Yia_, Cmf)-

Let (€,,) be a sequence of i.i.d. N(0,A)-distributed random variables. In terms of the quantities

. AXN00
£=(010", R=2, Qs=| 000
000

the discrete-time cost functional is given by

N
J(§)=E ZﬁTXiA—fi +RE + Xy QaXia_|,

=0

and the discrete time state dynamics in matrix form reads

X(nJrl)Af - AXnAf +jE[XnA7] + Bgn +E]E[£n] +C + D€n+17 (35)
where
1 0 0 B 0 00
A= [01-Ap —Ay (f—a)|, A=|-aAy 00|,
0 0 1-(B—a)A —aA 00 (36)
B= (—1 (1—=Ap)ye O)T, E:(O aAvy, ozA)T,

C= (0 aAyE[z] aAE[zg)) , D=(000) .

A.1.1. The value function. To derive a representation of the value function in discrete time
we denote by p the law of the random variable X := X, o_ and set

N
Vo(u):= inf E [Z LTXA&+RE+ XL QAXm] :

AN
(gl)i:n i=n

By the dynamic programming principle given in [24, Corollary 4.1] we have that

Vo(p) = iIglf {E [LTXE+RE +XTQAX] + Viia (P ° X((fif)lA_> }7 (37)
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where X'© denotes the state corresponding to the control £. Let

~ ~

f = g+ 57 f = (XnA— ) YnA— ) anA—)T - (XnA— - 57 YnA— + 7257 CnA—)T =X + (_57 7267 O)T
A straightforward calculation shows that

Vi(n) = i%f{IE [LTRE+RE + BT QR+ Vo (Po X113 )| }
+E[5YnA +E62+>\A52+2)\A5)?M }
V(i )+E[5YM +7252+AA52+2AA5XM ] (38)
V(70 + E[(2A A, 6, 0) |+ ”252 AAG?
V(7)) + (2)\A550)u+%52 AAS,

where X follows the distribution . Let us now make the ansatz
V() = Var(u)(A,) + 8" B,i+ D, i+ F,, (39)

where for each n, A,, B, €S?, D, € R® and F,, € R are to be determined. Along with equation (38)
the ansatz yields that
E[XTA,X] -E[XT|AE[X]+E[XT]|B,E[X]+ D, E[X]+F,
=E|XTA,X| —E[XT|A,E[X] +E[XT|B,E[X] + D] E[X] + F,
+ (20AG,6,0)7 + %52 A

Dividing by § on both sides and letting § — 0, we get that
1
(_1572)0)Bnﬂ+ -D ( ,'YQ,O)T+()\A,§,0)ﬁ:0

The fact that this equation needs to hold for all & suggests that the coefficients multiplying the
entries of the vector i are all equal to zero and so are the entries of the second summand. This
yields that
—Bh1 +72Br21 FAA=0
1
— B, B, —=0
12 T Y2Dn 20 + 5 (40)
— B3 +7Br23=0
- -Dn,l + 72Dn)2 =0.

We conjecture that the entries of the matrix A,, satisfy the same equations as those of B, i.e.

—Ap11+7A,0 +FAA=0

1
—Ap 12+ 724,00+ 5= 0 (41)

— A3+ 72 A 23 =0.

From the equations (37) and (39), we will derive recursive equations for the coefficients A,,, B,
D,, and F,, from which we will then derive the candidate continuous time dynamics.



Fu et al.: An MFC Problem of Optimal Liquidation with Semimartingale Strategies
24 Mathematics of Operations Research 00(0), pp. 000-000, © 0000 INFORMS

A.1.2. The optimal strategy for the discrete time model. To derive the desired recur-
sion, we first need to determine the candidate optimal strategy for the discrete time model. To this
end, we first use (35) and (36) to conclude that

X(nJrl)Af —K [X(n+1)Af] =A (XnAf - E[XnAf]) + B (gn - }E[gn]) + D€n+1- (42)
Hence,

Var(Po (9 )(An+1
=E <X —-E { (n+1)A— ]) n+1 <X(n+1)A— —E {X rfzrl)A ])]

E[{A(¥ua- ~ElXus 1)+ B (6 ~EIED +Dens} Au
A~ B ]>+B<fn—E[§n1>+DenH}

(n+1)A—

E[{A (¥ ~Els D+ BE~ElE) } Avo{A(Xs ~E%s )+ B (& ~EE)) }]
+ADT A, 1 D.

Moreover,

(n+1)A

PoX( ik =E[¥,s | = (A+A)n+ B+BEE +C
From the ansatz (39) we get that

Visr (Po X&)

—E[{A@a -+ BE-EE)} A {A(Xa 1)+ B(e—Ele) )]
+ADTA,,+1D+{(A+Z)ﬁ+(B+B)E[5]+C} n+1{(A+A)u+(B+B)IE[§]+C}
+Dn+1{(A +ﬁ)ﬁ+(B+E)E[§}+C}+FnH.

Thus, the DPP (37) implies that

Vo (p) = ngf {E (LT XA E+RE+ X\ QaXua-]
VE[{A@uas 1) +BE-BIED } Aun{A(Xa- )+ B¢~ Elg) }] + ADTA,D
+ {(A + A+ (B+ B)E[¢] +C}TBn+1{(A + A+ (B+ B)E[¢] +C}
+ DnH{(A + A7+ (B+B)E[g +c} + FM}
= ir{lfj({).
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Let £&* be the candidate optimal strategy and let E be an arbitrary strategy. Then

JE +e)—-TJE)= sE{ﬁTXnA5~+ IREE
+2(AXs- 1)+ BE ~EIE])) AvBE-EL)
+2((A+ A7+ (B+B)E[E] +c)TBn+1(B+E)E[§]
+D;+1(B+B)E[§]} +0(e?)
_ gE{ [LTX,LA_ +2RE 42 (A(Xm_ — )+ B — E[f*])) "A,B
+2 ((A + A+ (B+B)E[¢"] + C) " Buii(B+B)+ Dysr (B+ B)} 2}
+0(&?).

T (" +e8) =T (6"
g

Since liminf,_,q ) >0 for any fN, we conclude that

LT Xa +2RE +2(A(Xus 1)+ BE ~EIE) AunB

+2((A+ )+ (B+ BIE[] +€) B, (B+B) (43)

+D, ., (B+B)
=0.

Taking expectations on both sides of (43), we get that

E[¢"] = — {2R+2(B+B)TB7L+1(B+B)} {£T+2(B+B)TB”+1(A +A)
(44)

— {273 +2(B+B)"' B, (B +B)}1{QCTBH+1(B +B)+ D, (B +B)}.
Combining (43) and (44) yields that
£ _E[e*] = — {ZR n 2BTAn+1B}71 (L7 +2BT 4,1 A) (Xua_ — 1), (45)
and from (44) and (45) we have that
¢ — — {QR n 2BTAn+1B}_1 (L7 +2BT A, 1 A) (Xoa_ — )

— {2R +2(B +15’)T15?n+1(15’+8)}_1{ET +2(B+B) B, (A +A)}u

-1
— {2R +2(B —I—B)TBnH(B—I—B)} {QCTBnH(B +B)+ D, (B+ B)}.

In terms of the notation
in=R+B"A,.1B, an= R+ (B+B)"B,1(B+B),
I :%ET +BTA, 1A, IP = %L’T +(B+B) "B, 1(A+ A), (46)
I”=C"B,..(B+B)+ %DJH(B + B),
the optimal strategy at time nA as a function of the initial state X,o_ can be written as
IA 5 1P

=6 (Xa) = — = (Xoa- — 1) —

an an an
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A.2. Heuristic derivation of (4;, B;, D;, F;). To obtain the continuous time dynamics of the
coefficient processes (A, B, D, F') we are now going to derive a recursive dynamics for the processes
A,,B,,D, and F, and then formal derivatives.

Taking the equation (47) back into the cost function J(-) we get that

T(€) = B{LT (Xus- — )&+ LTRE +R(E)* + (Xas- — 1) Qa(Xas —10) +7 Qi
FE{ (Yuae =) AT A AR =) +2( X~ ) AT AuaB(E; ~ B[]
+ BT Au1B(€;, —EIE)? + ADT A,1D
+1 (A+A) By (A+ A+ 20" (A+A)" B, 1 (B+B)E[E]
+2(B+B)" B1CE[;] + (B+B) " B,11 (B + B)E[E;]”
+2" (A+A)"B,:C+C "B, C
+ D,y (A+ A+ D,y (B+B)EE] + D,y i€+ Fry
= Var(u) (Qa + AT A A= (1) T8, 1) 477 (Qa 4 (A4 AT B (A+-A) — (17) T, 17 )
4 (=24 IPIB + (2CT By + DLl)(A—i-Z))ﬁ
(I7)°

- 47?7 +AD"A,\D+C ' B,;1:C+ D, ,C+F,1.

Comparing the coefficients of Var(u)(---), ' (--- ), (---)@ and the remaining terms respectively,
we see that A, B,, D, and F,, satisfy the following recursive equations:

An = QA —|—ATA7H_1A — (I;?)ngllf,
B,=Oa+(A+A) B, (A+A) —(I5) a, 1P,

D] = —2a;'IPIP + (2C" B,y1 + D], ) (A+ A), (48)
ID 2
F,= — (47;) +AD" A, 1 D+C' ByiiC +DI+IC+F”+1‘

Let (A, B, D, F) be the formal limit of (A4,,, By, D,,, F,,) as A — 0. Using (40) and (41), the driver
of (A, B, D, F) is formally obtained by taking the limit

hm (I)7L+1 - q)n

lim =" =" &=AB,D,F.

In terms of the notation

~ ~ —«
Jh= 71 A1 + A, JP=v14+ 0 Ass, JA:—PA13+M7

2
~ ~ —a o o
JP = y1Bi+vBis, JP=vBis+vBss, JP=—pBi3+ %(62)’ J?=—pBu+ %7

JD = "}/1D1 +’}/2D3, jD = —,ODl — OZ"}’lE[iL’()],

we obtain
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e the following matrix-valued ODE for A:

0 _ A _B=a jaA

P t
dAt A1l 2A1;Y2t 2 [3 Dt’j]zA Ji
- = TP a v2 72
dt _B=a jA aJA 2(5 &)JA
v2 Ut W2 2 .
1 _pﬁll,t A _pﬁll,t - A
- —p=;ttp —p=tp
)\ Y2 Y2
+ Y20 Wl(f;—a) 7pA13’t 71(5 a) PA13 . (49)
A00
+1000
000
1
T30
Ar = % 00]),
000
e the following matrix-valued Riccati equation for B:
_2a 7B o 7B | 1 7B _B-a 7B _ a 7B
dB 'Yz J R J;B + 2 Jt (ﬁ’vz )Jt 2 Jf\
t o 1 7B _ 11,t—72 _ (B-a B 1 7B
At w% t +”r2 JtN p v3 R 732 Ji Jrjg J;
_B-ajB_ o JB _(ﬁ—;)JtB_’_%JtB _%JtB ]
a JB jB o JB jB
_/\+ 1_a 7§JB_|_ JB_|_P’Y2 a1 2JB_’_ JB+M2 ayy
e JE 4 jp TP e g (50)
A00
+1000
000
1
220
BT = % 0 0 5
000

e the following vector-valued ODE for D:
( 20E[zg] JB o JD

th _ 2Odfi?ﬂ?fo] JB+ ’Y JD
dt

2odE[acO JB ,8 ocJD
t

Y2 .
. e+ I8 = A
S A+pp—ay <’Y JD+JD> BI04 1
2p — Q71 2 ~ v
%JtB+JtB

e and the following BSDE for F"

272 [%]D&t

1
AN +vp—am
FT :0

524 D
—dF, = { 22 72 + oy, E[zg ]fyl’t
2

D ? 52
) (—O/YlE[xo] + (M1 —72p) ’_Yl’t 7 ) } dt — ZtF dW, (52)
2

In view of (40) and (41) the above systems reduce to (14)-(17).
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A.3. Heuristic derivation of the optimal strategy in continuous time. In this section,
we construct a continuous-time candidate optimal strategy by taking limits of the discrete time
model. Intuitively, and in view of the results established in [44, 45] we expect the optimal strategy
to jump only at the initial and the terminal time, and to follow an SDE on the open interval (0,T).

A.3.1. The jumps. The final jump size is X_ in order to close the open position at T'. To
determine the initial jump we first deduce from (46) that

an = AA+v2p) +O(A?),
an = AN+ pro —am) +O(A?),

2= A (i +3) + 0 (o~ 222) 1 0(@), (MY ) +0(8) ).

2
(m_p)Bll7LA+aBl3nA_)\+%+O(A)
IB:A a1 — szBu A+ qEnA Bi3.na _|_p_m_|_0(A)

T

n 72 72 57 ’
71 (ﬂ @) | (Y100 — yp) 222 Bisna +aBss na +O0(A)
o o aADs ,
n = —A le[QUO]—FMDLnA—'_i&A—FO(A)
2 27 2

Thus, letting nA =t and n — oo in (47), we see that

A IB ID
6= = (s —)— LH—
t — t — 1y
= —— (X —n) - —p——:=AZ,
where
a="2p+A, a="yp—na+A, .
_PAll _)\ T aylﬂ;’mpBll‘i‘O{Bl?,—)\‘i‘%
A A B __ a1 — ’Y2l) av
1" = (,Bf)aA)rl; +p , I7 = “/2> B+ a S 272 ’ (54)
= —pAg, 1B 4 (v ’}’2/))% + aBsjs
av D, «
’=——"F — — + —Ds.
9 [o] + (T1cx — 2p) 27 + 53

The limit AZ; in (53) is the candidate initial jump when starting with a position X;_ at time
tel0,T).

A.3.2. The candidate strategy on (¢,7'). Next, we derive recursive dynamics for the

discrete-time optimal strategy from which we deduce a candidate optimal continuous-time strategy.
The strategy at time (n+ 1)A satisfies

§;+1 <X(n+1)A—>

I;?Jrl If+1 InD+1
= — = (Xoprna- —EXnina-]) — E[Xnina-] —
6}7}1—’_1 An+41 An41
= = 2 {A(Xoa- ~EXa ) + B (€~ EIED) + Do |
%+1 o o ID
— LA+ DX, ]+ (B+B)E[] +C} - L
QApt+1 An41
’ril I’I’? 1 ITlDJrl
= T = + (XnAf *E[XnAf]) o ]E[XHA*] -

An41 Qnt1 an+1
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14 I8 1A 1B

IR (g~ B[E]) - KRS - 2 Dy — e
a’r}lJrl anJrl angl an+1

- d”—i(A — Iy) (Xna —E[Xna-]) — afl (A+ A~ L) E[Xa-]
I T TP

— M (B-K) (& —E[g]) - " (B+B - K)EE],
Api1 Ap+1

where I3.3 is the identity matrix of order 3. In view of (47) the first line in the third equality
equals &, | (X,a—). Thus,
1 (

n+ X(n+1 ) A B A B
I I I I
= & (Xoas) — K (€ —E[E)]) — MHKE[E] — = Depyy — —FC
IA avn+1 an+1 an}l an+1
a" 1 (A = I3xs) (Xpa- + K&, —E[Xn- +KE]) — ﬁ(v‘l + A — I3x3)E[Xa— + K}
n—+ n+
IA
- ﬁ(B —K—(A—Lx3)K) (&, —E[])
i3 _ _
— aLJ:(B—FB — K~ (A+ A~ Ly3)K)E[E]].

Direct computations show that

I72+1IC = &n+1, If+1,<: = OQp+1,

In+1lc = CNLn-ﬁ-la Ir?JrlIC =0nt1, (55)
B— E_(A_I3XB)LC:O3X17

B+B—-K—(A+A—I33)K = 0341,

where 034; is 3 X 1 vector with zero entries. Hence we have that

€Z+1(X(n+1)
:§:L+1( nA+ Kf) f( nA+ — IC§ )+O(A2)
L I = I
- (A~ ) (Kuns — ElXua ) = (A4 A — I E[Xusy] — C (56)
aTA+1 an+1 an+1
_ 77+1D
e €nt1
:= I+ I + I,

where we use X,a; to denote the state at nA after £} is implemented. Let Z be the candidate
optimal strategy, and let 5Z(n+1 A =& 1 (Xntna—). (56) can be written as

. I+ 11 4
57 :( )A— Intlpe
(n+1)A A an+1 €nt1-

This suggests to study the limit of - and limit of & as A — 0. By (47), we have that
E _f:wrl( nA+ 5 ) f*( nA+ Kf;) + O(A2)

A A A
I';il»l 1—717,4 *
B K B[, - KE)
Apt1
(2 1)( K€~ ElX,n, — KEI) (&)
- nA+ — nA+ n
IAB+1 B B

I&—ﬁiz 14g;+mN>
Aan A A

an+1 ap
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Since @yt 1, G, Any1, an = O(A), we get that

Qpt1 — Gy _ 2 At i1 — Ain 9 All,t
As P A aar
Ap41 — Qp _ (’Y1a ’YQP) Bll,n+1 - Bll,n + 201(7104 - ’Y2P) Bl3,n+1 - BlS,n + o? B33,n+1 - 333,n
A3 73 A Y2 A A
o — 20(vio0 — . .
(71 ’)’2P) Bn s (m Y2p) Bia. +042333,t,
’72 Y2
from which we deduce that
1 1 N" B Nn A2 ~n - Nn
] _T:_aNH Na _ ] Oy aA_>0’
An+1 G, Ap4+1Gn an+12an AS
e e Vntl “An ),
Gp41 Qn, Ap410n Gp410n A3
Furthermore, we have that
A INK A1 — A1 .
( nJrlAS n) :pQ 11, —i—lA 11, —>,02A11’t
(Ifﬂ IE)K _ (’YlOé 72P)2 Bll,n+1 - Bn,n + 204(7104 - ’sz) 313,n+1 - B13,n + o B33,n+1 - 333,n
A3 2 A Y2 A A
o 20(v a0 — . .
M B+ 22ma=wh) g ap
’)’2 V2
Altogether, we conclude that
I I? IB ID
— = — — (X, —-E|X —LEX -
A~ (W —EX]) LR - L

The limit of % as A — 0 reads

moo1/ I
A:Ag L (4~ F) (s~ Elaas])

In+1 a If+1
— = (A+A—-L;3)E[X,a] — C
an+1 Apt1
’
- e - (e B +0).
Moreover, heuristically,
It IA
Il =— "' D¢, 1 = ——D, dW,.
Gp41 a

Combining the above limits we obtain the candidate trading strategy on (¢,7):

_ i Ik I
—dX, =dZ, = | == (X, —E[X)]) - = E[X)] - == - = H(X, — E[X)])
17 I
I (HAREL] +6) ) ds - ED.aw,
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