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Abstract

We study a linear price impact model including other liquidity takers, whose flow of orders either
follows a Poisson or a Hawkes process. The optimal execution problem is solved explicitly in this context,
and the closed-formula optimal strategy describes in particular how one should react to the orders of other
traders. This result enables us to discuss the viability of the market. It is shown that Poissonian arrivals
of orders lead to quite robust Price Manipulation Strategies in the sense of Huberman and Stanzl [24].
Instead, a particular set of conditions on the Hawkes model balances the self-excitation of the order flow
with the resilience of the price, excludes Price Manipulation Strategies and gives some market stability.

Keywords: Market Impact Model, Optimal Execution, Hawkes Processes, Market Microstructure,
High-frequency Trading, Price Manipulations.

AMS (2010): 91G99, 91B24, 91B26, 60G55, 49J15.

1 Introduction

When modeling the price of an asset, we typically distinguish at least three different time scales. At the
low-frequency level, the price can often be well approximated by a diffusive process. At the other end,
when dealing with very high frequencies, some key features of the Limit Order Book (LOB) dynamics have
to be modeled. In between, price impact models consider an intra-day mesoscopic time scale, somewhere
between seconds and hours. They usually ignore most of the LOB events (limit orders, cancellations, market
orders, etc.) and focus on describing the price impact of the transactions. Their goal is to be more tractable
than high-frequency models and to bring quantitative results on practical issues such as optimal execution
strategies. The pioneering price impact models of Bertsimas and Lo [11] and Almgren and Chriss [6] consider
a linear immediate and permanent impact on the price. These models ignore the transient part of the
impact which is due to the resilience of the market and cannot be neglected when trading frequently. For
that purpose, Obizhaeva and Wang [28] have considered a model that includes in addition a linear transient
impact that decays exponentially. However, empirical evidence on market data shows that the price impact
is not linear but rather concave, see e.g. Potters and Bouchaud [29], Eisler et al. [16], Mastromatteo, Téoth
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and Bouchaud [27] and Donier [15]. Extensions or alternatives to the Obizhaeva and Wang model that
include non-linear price impact have been proposed by Alfonsi, Fruth and Schied [2], Predoiu, Shaikhet and
Shreve [30], Gatheral [19] and Guéant [21] to mention a few. Similarly, the exponential decay of the transient
impact is not truly observed on market data, and one should consider more general decay kernels. Alfonsi,
Schied and Slynko [5] and Gatheral, Schied and Slynko [20] consider the extension of the Obizhaeva and
Wang model when the transient impact has a general decay kernel. Another simplification made by these
models is that they generally assume that there is only one large trader, and basically ignore the market
orders issued by other participants. However, if one wants to use these models at a higher frequency, they
would naturally wonder how these orders (at least the largest ones) can be taken into account. This is one
of the contributions of the present paper.

On the other hand, high-frequency price models aim at reproducing some statistical observations made on
market data such as the autocorrelation in the signs of trades, the volatility clustering effect, the high-
frequency resilience of the price, etc., and to obtain low-frequency asymptotics that are consistent with
continuous diffusions. At very high frequencies, one then has to describe LOB dynamics, or a part of it.
Such models have been proposed by Abergel and Jedidi [1], Huang, Lehalle and Rosenbaum [23], Cont and
de Larrard [13], Garéche et al. [18], among others. However, as stressed in [13], LOB events are much more
frequent than price moves. Thus, it may be relevant to model the price at the slightly lower frequency
of midpoint price changes. For example, Robert and Rosenbaum [31] have proposed a model based on a
diffusion with uncertainty zones that trigger the price changes. Recently, Bacry et al. [7] presented a tick-
by-tick price model based on Hawkes processes, that reproduces well some empirical facts of market data.
This model has then been enriched by Bacry and Muzy [9] to describe jointly the order flow and the price
moves. In fact, there is a very recent and active literature that focuses on the use of mutually exciting
Hawkes processes in high-frequency price models. Without being exhaustive, we mention here the works of
Da Fonseca and Zaatour [14]|, Zheng, Roueff and Abergel [34], Filimonov and Sornette [17] and Hardiman,
Bercot and Bouchaud [22]. Asymptotic and low-frequency behaviour of such models has been investigated
recently by Bacry et al. [8] and Jaisson and Rosenbaum [25].

The present paper is a contribution to this also mutually exciting literature. Its main goal is to make a
bridge between high-frequency price models and optimal execution frameworks. On the one hand, Hawkes
processes seem to be rich enough to describe satisfactorily the flow of market orders. On the other hand,
price impact models are tractable and well-designed to calculate trading costs. The aim of our model is to
grasp these two features. Thus, we consider an Obizhaeva and Wang framework where market buy and sell
orders issued by other traders are modeled through Hawkes processes. This enables us to make quantitative
calculations and to solve the optimal execution problem explicitly. Also, we obtain a necessary and sufficient
condition on the parameters of the Hawkes model to rule out Price Manipulation Strategies that can be seen
as high-frequency arbitrages.

The paper is organized as follows. In Section 2, we set up the model and present a general criterion to exclude
Price Manipulation Strategies. Section 3 summarizes our main results. In Section 4, we present the optimal
execution strategy when market orders are Poissonian and discuss on the robustness of Price Manipulation
Strategies in this case. Section 5 gives the main result on the optimal execution problem along with several
comments and insights on the optimal strategy. Technical proofs are gathered in the Appendix.

2 Model setup and the optimal execution problem

We start by describing the price model itself, without considering the execution problem. We consider a single
asset and denote by P; its price at time ¢t. We assume that we can write it as the sum of a “fundamental
price” component S; and a “mesoscopic price deviation” Dy:

P, = S, + D, . (1)
~~~ ~~
fundamental price mesoscopic price deviation



Typically, these quantities are respectively related to the permanent and the transient impact of the market
orders. We now precise this and consider the framework of Obizhaeva and Wang [28] where these impacts
are linear. Let Ny be the sum of the signed volumes of past market orders on the book between time 0
and time ¢t. By convention, a buy order is counted positively in N while a sell order makes N decrease,
and we assume besides that N is a cadlag (right continuous with left limits) process. We assume that an
order modifies the price proportionally to its size, which would correspond to a block-shaped limit order
book. A proportion v € [0,1] of the price impact is permanent, while the remaining proportion 1 — v is
transient with an exponential decay of speed p > 0. This mean-reversion effect can be seen as the feedback of
market markers, who affect the price using limit orders and cancellations. Namely, we consider the following
dynamics for S and D:

14
dSt = - dNt
q ~—~
market orders
1—v
th = —p Dt dt =+ dNt;
——— q ~—~
market resilience market orders

with ¢ > 0. As usual, we consider (£, (F%), F,P) a filtered probability space where P weights the probability of
the market events and the filtration (F3)¢>o describes the market information at time ¢ > 0. We assume that
the process (Ni)i>o is (F¢)-adapted with bounded variation and square integrable, i.e. supe(g E[NZ] < oo
for any ¢ > 0. We will specify later on which dynamics we consider for N.

We now consider a particular trader who wants to buy or sell a given quantity of assets on the time inter-
val [0,7]. Through the paper, we will call this trader the “strategic trader” to make the distinction between
his market orders and all the other market orders, that are described by N. We will denote by X; the quantity
of shares owned by the strategic trader at time ¢. We assume that the process is (F;)-adapted, with bounded
variation and caglad (left continuous with right limits) which means that the strategic trader observes all the
information available on the market, and that he can react instantly to the market orders issued by other
traders. Thus, a strategy that liquidates xo assets on [0,T] should satisfy Xy = xg and X7y = 0: 29 > 0
(resp. 2o < 0) corresponds to to a sell (resp. buy) program.

Definition 2.1. A liguidating strategy X for the position xo € R on [0,T] is admissible if it is (F)-adapted,
caglad, square integrable, with bounded variation and such that Xo = x¢ and Xp+ =0, a.s.

One then has to specify how the strategic trader modifies the price, as well as the cost induced by his trading
strategy. Again, we will consider the Obizhaeva and Wang model [28] with the same price impact as above.
However, we let the possibility that the proportion ¢ € [0,1] of permanent impact of the strategic trader
could be different from the one of the other traders (which we note v € [0, 1]). For instance, one could justify
that 0 < € < v should hold if the strategic trader does not hold any “real” economic information when he
liquidates his position. We then assume the following dynamics

1

aSe = - (AN +edX)), (2)
1

dD;, = —p Dy dt+ P (I =v)dN; + (1 — e)dXy). (3)

With the assumptions on N and X, the price processes P, S and D have left and right limits. More precisely,
in case of discontinuity at time ¢, (2) and (3) have to be read here as follows

v €

S¢ — S5 = E(Nt —Nio), Sey —Sp = g(Xt-',- — X4),
l-—v 1-—e¢

D= Die = = —=(Ni = Niw), Dis = Di =

(Xt+ — Xt)



When the strategic trader places at time ¢t an order of size v € R (v > 0 for a buy order and v < 0 for a sell
order), it has the following cost

m(v) = &g +

{515
=) N

cost at the current price
impact cost

Since P, = P, + %, this cost amounts to trade all the shares at the price % and corresponds to the

cost given by a block-shaped Limit Order Book with depth 1/¢, since 7 (v) = fOU [Pt + %y} dy, see [28]. We
stress here that if an order has just occurred, i.e. Ny — N;i_ # 0, the value of P; is different from P;_ and
takes into account the price impact of this order. Therefore, the cost of an admissible strategy X is given by

1

X2 4
TR (4)

1
C(X)= P, dX, + % § (AX;)? — PrXp +
[0,T) Yorer

1 1
= P, dXx¢ P (AX, — AX,)? — PrX — X2
[ e 30 PAX) + g 3 (X PrXe 4 o X

0<r<T Yoirer

since at time T all the remaining shares have to be sold. Here, the sum brings on the countable times of

discontinuity of X, AX; = X, — X, and X7 = X;— > (AX,) is the continuous part of X. We note that
0<r<t
all the terms involved in the cost function are integrable, thanks to the assumption on the square integrability

of X and N.

Remark 2.1. The cost defined by (4) in the price model (1), (2) and (3) is a deterministic function of
(Xt)tepo, 11, (Nt)eeo, 1), So, Do and the parameters q, v, and e. In this remark, we denote by C(X, N, So, Do, q)
this function when v and € are given. From (2), (3) and (4), we have the straightforward property

C(XaNaSOaDOaQ) :C(_Xa_Na_SOa_DOaQ)' (5)

Observing that qC(X) = f[oj) qP,dX, + %0<22<T(AX7)2 — (¢Pr)Xr + %(XT)Q, and remarking that ¢S and
qD satisfy (2) and (3) with g =1, we also g?zt

QC(X,N,S(),D(),(]):C(X,N,QSO,(]Do,l). (6)

Remark 2.2. Since X is a caglad process and N is a cadlag process, we will have to work with ladlag (with

finite right-hand and left-hand limits) processes. When Z is a ladlag process, we set A= Zy = Zy — Zy— and

AYZ, = Zyv — Zy the left and right jumps of Z, and Zf = Zy — Y, ATZ. — Y A~Z, the continuous
0<r<t 0<r<t

part of Z. We also set AZy = Zyy — Zy— and use the shorthand notation dZy = dZf+ AZ;. If dZ; = dZ; for

some other ladlag process Z, this means that dZ¢ :~de and AZ, = AZ,. In particular, when Z is cadlag

and Z is caglad, this means that Z, — Zy_ = Zys+ — Zy at the jump times.

Then, the optimal execution problem consists in finding an admissible strategy X that minimizes the expected
cost E[C(X)] for a given initial position zy € R. This problem for zy = 0 is directly related to the existence
of Price Manipulation Strategies as defined below.

Definition 2.2. A Price Manipulation Strategy (PMS) in the sense of Huberman and Stanzl [24] is an
admissible strategy X such that Xo = Xp+ =0 a.s. for some T > 0 and E[C(X)] < 0.

We have the following result that gives a necessary and sufficient condition to exclude PMS.



Theorem 2.1. The model does not admit PMS if, and only if the process P is a (Fi)-martingale when
X = 0. In this case, the optimal strategy X™* is given by
T T

AXf=——2 AXp=——"_ dX;=—
0 2+pT, T 2+pT, t P

Zo
24T

dt fort € (0,T), (7)

and has the expected cost E[C(X*)] = —Pyxo + % + 5| 23/q.

Theorem 2.1 is proved in Appendix B. It indicates that suitable models for the order flow N should be such
that P is a martingale when the strategic trader is absent. In this case, the optimal strategy is very robust
in the sense that it does not depend on N, and is therefore the same as the one in the Obizhaeva and Wang
model [28] that corresponds to N = 0 and Dy = 0. In fact, it does not depend either on € and v, and only
depends on p. However, this result is obtained in an idealized framework where the market can be precisely
described by the price model (1), (2) and (3) and where the strategic trader knows the model parameters.
If this model can be well fitted to market data, one may expect that the process P to be, roughly speaking,
nearly a martingale. This raises at least three questions. Which “simple” processes IV can lead to a martingale
price P? Can we characterize the optimal strategy when P is not a martingale? It would be interesting to
understand how the optimal strategy (7) may be modified by other market orders. Last, when P is not a
martingale, can we find strategies that still have a negative expected cost if the strategic trader has a wrong
estimation of the parameters? In this paper, we study these questions when N follows either a Poisson or a
Hawkes process.

Remark 2.3. The model can be generalized by adding a cadlag (F;)-martingale S° to the price process P,
i.e. if we replace (1) by P, = Sy + Dy +SY, with S§ = 0. This does not change the optimal execution problem
since, using an integration by parts, S° adds the following term to the cost

SYdX; — S%Xrp SAXp — S0Xo — X; dsSY — S9Xr
[0,T) [0,7)

X; ds?,
[0,T)

which has a zero expected value from the martingale property. Let us note that there is no covariation between
the processes X and Sy since they do not jump simultaneously and X has bounded variations.

Remark 2.4. Similarly, when N is a cadlag (Fi)-martingale and X is an admissible liquidating strategy for
Xo = xg, we have

1—¢ 1—¢ € o

E[C(X)] =E D, dX AX.)? — DrX ) ¢ —
[€(X)] w dXu + q Z (AX;) TAT + % 7|+ 2q$0’
(0.7) 0<7<T

since x3 = f[o T4 d[(X; — X0)?] = 2f[0 T)(Xu - X0)dX, + Y, (AX;)? —2(Xp — Xo) X7 + X2. When
’ ’ 0<7<T
€€ [0,1), we set Xf = (1—¢€)X; and get

1 1 1
E[C(X)] = g E / qD,d(XE) + 3 § (AXE)? — qDr X5 + 5(X;)2 + —xf. (8)
- T
q(1 —¢) [0,7) 0<r<T

Therefore, X is optimal if, and only if X is optimal in the model with no permanent impact, ¢ =1 and an
incoming flow of market orders equal to (1 —v)N.



3 Main results

In this work, we consider either a Poisson or a Hawkes process for N, which leads to the two following models.

The Mixed-market-Impact Poisson (MIP) model. Poisson processes are often used to model the
arrival of the customers in queuing theory. It is therefore natural to use them to model the flow of market
orders, as it has been made for example by Bayraktar and Ludkovski [10] or Cont and de Larrard [13]
in different frameworks. To be consistent with the parametrization of Hawkes process, we distinguish the
incoming buy and sell orders. Thus, we set

N; = N;" — N/, 9)

where (N;")teo,r) and (N; )iefo,7) are two independent compound Poisson processes of respective intensities
HS_ and k; . We assume that their jumps follow the same probability law 1 on R, and we define

mk:/ vPu(dv), k€N, S0 = kg — Ky and S = K + Ky,
R+

and assume that my < co.

The Mixed-market-Impact Hawkes (MIH) model. The Hawkes model extends the previous one. It
assumes that N; = N;” — N;, where (N;");ej0,7) and (N; )sejo,7] are two self and mutually-exciting jump
processes, with the same common law y for the jump amplitudes. Their respective intensities x;” and x; are
now assumed to be cadlag processes which follow the Markovian Hawkes dynamics:

def = =B (k) — ko) dt + s dJ;F + e dJ; , dr; = —B (k] — Keo) dt + te dJ;T + 15 dJ; (10)

with ic, ts, 8, koo > 0, and where JT (resp. J ™) is a cadlag jump process that counts the number of buy market
orders (resp. sell market orders) from environment traders since time 0, and the two processes cannot jump
simultaneously. In other words, J = J* — J~ jumps of +1 when N jumps and we have AJ; = sign(ANy).
This model boils down to the Poisson model in the case ¢, = ts = f = 0. The meaning of the parameters
is rather clear: x* and xk~ are mean reverting processes, and the parameters s and i, respectively describe
how a market buy order increases the instantaneous probability of buy (resp. sell) orders. More precisely, ¢s
encodes both the splitting of meta-orders, and the fact that participants tend to follow market trends (which
is called the herding effect). Empirically, it is found by Toth et al. [33] that the main contribution comes from
the splitting effect. The parameter (. describes opportunistic traders that sell (resp. buy) after a sudden rise
(resp. fall) of the price.

Hawkes processes have been recently used in the literature to model the price. In particular, Bacry et al. [7]
consider this model with v = 1, ¢s = 0, and deterministic jumps (i.e. p is a Dirac mass). More recently, Bacry
and Muzy [9] have proposed an four-dimensional Hawkes process to model the market buy and sell orders
together with the up and down events on the price. In contrast, the model that we study here determines
the price impact of an order in function of its size.

The main results are the following.

e The optimal execution problem can be solved explicitly in the MIH model and the optimal strategy has
still a quite simple form, see Theorem 5.1. Of course, this result relies on the assumptions of linear price
impact and exponential decay kernel, which are not in accordance with empirical facts, see for example
Potters and Bouchaud [29] and Bouchaud et al. [12]. We mention here that it would be possible to
keep an affine structure of the optimal strategy by considering complete monotone decay kernels as
in Alfonsi and Schied [4]. However, we believe that the optimal strategy is interesting at least from
a qualitative point of view, since it gives clear insights on how to react optimally to observed market
orders and on the role of the different parameters of the model.



e Price Manipulation Strategies necessarily appear in the MIP model. They mainly arise from the fact
that the strategy which consists in trading instantly half of the volume of each incoming market order
in the opposite direction is profitable on average, since the price resilience of the market is modeled as
deterministic and the jump rate of IV is constant.

e In the MIH model, Price Manipulation Strategies also arise. Depending on the parameters of the model
and on the size of each observed market order, one should trade instantly in the opposite direction as
in the MIP model or in the same direction to take advantage of the self-excitation property of Hawkes
processes. However, the Hawkes framework allows for a very specific equilibrium to take place, that
we call the Mixed-market-Impact Hawkes Martingale (MIHM) model, where PMS disappear. When
fitting the MIH to market data, one may then expect to get parameters close to the MIHM model.

e In the MIHM model, one has in particular ¢s > i, ¥ < 1 and 8 = p, i.e. the self-excitation property of
the order flow exactly compensates the price resilience induced by market makers. The resulting price
process is a martingale even at high frequencies, and in this case we find that the optimal strategy and
cost function are those of Obizhaeva and Wang [28]. The conditions of this model imply that if ¢, = 0,
the norm «a/f of the Hawkes kernel that symbolizes the endogeneity ratio of the market, see Filimonov
and Sornette [17], should be equal to 1 — v, i.e. the proportion of market impact which is transient.

e The fact of reacting to the market orders of other traders with instantaneous market orders may be
seen as artificial volume that could lead to market instability. We show that in the MIH framework, the
conditions under which it is profitable for the strategic trader to react instantaneously to other trades
is quite equivalent to the existence of PMS. This makes the connection between market stability and
free profits.

4 The Mixed-market-Impact Poisson (MIP) model

We will use the following function in the sequel

LimAt) = r/otw ds = exp(—2\/r) [5 (%(um)) _¢ (Qﬂ (11)

24r7rs r

where E(y) = — f T e qu is the exponential integral of y, in terms of Cauchy principal value if y > 0.

Since we w1ll only cons1der differences E(y) — E(y') with either y,3" > 0 or y,y’ < 0, we will only consider
proper integrals. The function £ is standard and is implemented in many packages such as the Boost C++
library. Thus, L can be evaluated as a closed formula.

4.1 The optimal strategy

The following theorem gives the optimal strategy and the value function of the problem in the Poisson model.

Theorem 4.1. Let € € [0,1). The optimal admissible liquidating strategy X* for the position xy in the
Poisson model for N 1is

(1= o + [1+pT] (aDo — 2 8) — 232pT%5,

1—-eAX) =
(1 —e)AX] 2+ pT
. gD — (1 — €)xg my 1—2p°T? pT v
1-gAx; = L0V 9% M a1l g ym(1+ 2 )+ L 1| s
(1= e)AX7 2+ pT Faiel e i Gt 2R C sl Il R I
171/AN
DM ST AT )
o<T<T



and, on (0,T),

14 pT (14 2pT 2+ pT 1+ 2p(T —t
(1 - e)dx? RaA Gk VL NS <L>Kpt B 1)) R
2+ pT 24 p(T —1t) 2 2+ p(T —1t)
Do — (1 - 1—v)AN;
+lq At Y |
+p o<r<t +p(T =7)
1 T—
_Mx(l_y)d]\ft
24 p(T—-1)
The corresponding cost function is given by C(xzo, Do, So), where
1—¢ € oT doma
C(z,d = - d —|2? d— Go(T 12
0xCds) = ot + g e b P ad - Go(r) P (12)
1 pT/2 5077’1,1 2 1 l/2 33 507’)@1 2
— —— X —— |qd — Go(T - —— X — p°T° | —
1—6X2+pT {q Go(T) p 1—6X48p p
(1—v)? T 1 oT
- ———In(1+ = Yo.
1 _ ¢ X mag X B) pn + 5 0

where Go(T') = 1+ 5pT'. In particular, the model admits price manipulation strategies unless my = ma = 0

(i.e. N=0) and Dy = 0.

The proof of this theorem is given in Appendix A.3.1. When m; = mo = 0, there is no other orders and we
get back the results in the Obizhaeva and Wang model [28]. In this case, the steady state is Dy = 0 and there
is no price manipulation strategy, see Alfonsi and Schied [3]. Otherwise, Poissonian market orders always
create possible manipulation strategies, which we discuss now in detail.

First, we observe that the most important source of gains in (12) is in O(T3) when T is getting large. It
appears when §y # 0, which means that there is a price tendency. There is a predictable imbalance in the
order flow of which the strategic trader can take advantage. The corresponding arbitrages are the dg terms
in the strategy given in Theorem 4.1, and the associated expected gains are the negative terms proportional
to 82 in the value function. Also, we observe that when dp # 0, the gain goes to infinity when p — 0. This
infinite gain can be reached by the following admissible strategy X*

AX) =X , dX}=0 forte (0,T) , AXp=—\,
for some A € R. From (4), we have when p = 0, C(X?*) = f)\éo% and therefore

We now consider the “balanced case” where 6o = 0. This means that the flows of buy and sell orders have
the same distribution, which is a rather natural assumption. In this case, the negative cost grows in O(T)
and we have

1 oT/2 5 5 (1—v)? T 1 oT
(0,d,2) = — PR g LTV L oIm(1+2) s
4% C0,d,2) = =g ¥ 5754 e <Mxg ot 0

The term in d? is due to the fact that the strategic trader knows the initial temporary price shift and takes
advantage of this information. The other term comes from the dynamic part of the strategy, in which the



strategic trader reacts instantaneously to price jumps to take advantage of their transient part. It vanishes
when p — 07 or v — 1~ since in both cases, the price impact becomes exclusively permanent.

Last, let us give some heuristic interpretation on the optimal strategy. When the strategic trader observes
a market order at time 7, he immediately posts a market order of the opposite sign, with a proportion
1115 X % of the volume. This allows him to take advantage of the deterministic resilience effect. He
then compensates this block trade by modifying his continuous trading rate of 11_7: X WANT (with
the sign opposite to his block trade), see Figure 1 for an illustration of this strategy. If moreover dy # 0,
he takes advantage of the price trend by trading continuously at a time-dependent rate, and also adapts the

initial jump of the strategy accordingly.
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Figure 1: Optimal strategy in the Poisson model for ¢ = 100, T' =1, p = 50, ¢ = 0.1, v = 0.1, Dy =
1, Iiar = Ky =60, m; =50, Xg = —500 and p = Exp(1/m1), with the corresponding trajectory of (IN¢).

4.2 Price manipulation strategies with model uncertainty

Theorem 4.1 shows that PMS exist when the market orders follow a compound Poisson process. However,
this result holds under the assumption that the strategic trader knows exactly what the model parameters
are. It is then natural to wonder if these PMS may disappear when he has a wrong estimation of some
parameters. In this section, we focus on the case where the buy and sell orders are balanced (dy = 0), which
means that there is no expected trend in the next future. A remarkable feature of the optimal strategy in
this case is that it only depends on the process N, and does not depend directly on the law of the jumps
and their intensity. Then, when applying the optimal strategy, only two quantities have to be known: ¢Dy
and p. In this paragraph, we consider a trader that wants to make profit without moving their position, and
therefore uses the optimal liquidation strategy with zy = 0 shares. We assume without loss of generality that
So = 0 and denote by Cy(Dg) the cost of the optimal strategy of Theorem 4.1 in this case:
1

pT/2 T oT
(1 —¢€)g x Co(Dy) = 5t T q2D§ — (1 —v)? 2kgma {5 — ;ln 1+ 5 (13)

First, we assume that he knows p but not Dy. Then, we assume that he knows that Dy = 0, but does
not know the true value of p. In both cases, we show that the trader can still make profits on average.
In particular, he can do this by using the basic strategy that consists in trading half of the volume (times
(1—v)/(1—¢) if € # v) of each incoming market order in the opposite direction. This indicates that modeling
the time stamps of market orders as a Poisson process is not compatible in our model with eliminating PMS.



Uncertainty on Dy

In this paragraph, we assume that Dy = dp is deterministic and that the strategic trader applies the optimal
strategy computed with a false value dy. His strategy X is then

_qd~0[1+pT] (1 _V)ANT

1-eAXy= LT (1 AKXy = RSl 14
(1= €)AXo 1m0 L TOAXT 2+pT+OZ 2+ p(T — 1) (14)
<r<T
. dq 1—v)AN, 1 T—t
(1-e)dX, = |12 }:-L—JQ——— mﬁ——iﬁL——lx(l—VMNg
2+ pT O<T<t2+p(T—T) 24+ p(T —-1t)

Proposition 4.1. The expected cost of the strategy X is given by

L T2
(1—¢€)q 24T

Ek@ﬂ:@%ﬂ- x ¢*(do — do)?,

and is nonpositive if, and only if |dy — do| < Ado(T), where

1—v)2 4 2 ) [T 1 T
Ado(T) = \/d%+< qgm  Aroma(2+ 5 >[§__1n(1+%)]

pT p

The proof of this proposition is given in Appendix C.1. We obtain that PMS with deadline T disappear if

the error in the estimation of dy exceeds Ady(T). We can check that T — Ady(T) is nondecreasing, such

that Ady(0) = |do| and Ady(T) o (1 — v)v2koma2T/q. When T is large, even if the estimation of dj is
— 00

imprecise, it is still possible to get a PMS. More importantly, we observe that the choice dy = 0 always leads
to a PMS for any deadline 7" and should be used if no better estimation is available.

Uncertainty on p

To study the uncertainty effects on the parameter p, we conduct a reasoning similar to the previous paragraph,
assuming now that we apply the optimal strategy with a false value of p of p. To simplify the calculations,
we place ourselves in the case dp = 0 which is the asymptotic average value of D, since N is a martingale.
The strategy X of the strategic trader is then given by

~ ~ 1 - v)AN, . 1-V)AN, . 1+ p(T—t
AXo=0, 1-eAXr= Y é?ﬁ%i7T(leth(2;t§+m%—ﬂp&2+§T—gﬁde'

o<T<T

This strategy X would be optimal if p = p, with the expected cost — ((i::)); X 2KgMe [% — %ln (1 + %)}
Proposition 4.2. Let r = ‘g > 0. The expected cost of the strategy X is given by

BIOCR)] = G20« 202 1),

where f(r) = = +1n (14 25) = (1= 1)° Lipr,—p, 1) = (47 = 2) x SPEED 4 (r = 1) x 5 dp L -1,

T T

The function f is negative, nonincreasing on (0,1] and nondecreasing on [1,00), and X is thus a PMS.

The proof of Proposition 4.2 is postponed to Appendix C.2. This results shows the robustness of the PMS
obtained by the optimal execution problem with respect to the estimation of p. When taking p = 0, the
strategy X is the very basic one which consists in trading half of the volume times (1 — v)/(1 — €) of each
incoming market order in the opposite direction.

10



To be more quantitative, in the worst-case underestimation scenario (r — 07), we get from (55) that

E[C(X)] P ((11:16’)): X 2kgma X T/4, which is only divided by two with respect to the case where p

is known. Similarly, in the worst-case overestimation scenario (r — +00), the asymptotic expected cost

E[C(X)] i ((11:16’)): X 2koma X pT? /12 obtained from (56) equals two thirds of the one when p is known.

4.3 Transaction costs

The last subsection demonstrates the robustness of the PMS in the Poisson model. However, such strategies
may be no longer relevant if there are transaction costs. We now consider the effect of proportional transaction
costs, that can arise in practice from the crossing of the bid-ask spread or from transaction fees imposed by
the market organizer, for instance. Only in this subsection, we assume that any market order of signed volume
v undergoes the additional cost v|v|, with v > 0 a constant. We still consider the balanced model with do = 0
and, for simplicity, dy = 0. Also, we focus on the existence of PMS and assume zy = 0. Solving explicitly the
optimal execution problem with proportional transaction costs is not obvious. However, it would be natural
for the strategic trader to consider a strategy which is a linear interpolation between the optimal one when
there is no transaction cost and the strategy that ignores the jumps of N, which is optimal when v — 4o0.
This leads to consider the strategy X? computed with a process N? = § x N instead of N, with 6 € [0, 1].
In the present context, this yields X? = 6 x X*, where X* is given by Theorem 4.1 when zy = dy = dp = 0.
We can compute the expected value of this strategy (see Appendix C.3)

E[C(X9)] +~]|X?]] = —[20(1 — 0) + 6?] x (Gt X 2K0ma E — %m (1 + E)] + 411X (16)

(1-e)q 2

_ 2
Hx{vnx*n £ 0-2)x B2 o, [3_11n<1+£>”
q 2 p 2

where we define || X|| = E [ fOT |[dX |t} The bracket term is increasing with respect to 6§ and is minimal for
6 = 0. This leads to the following result.

iti c _ 2(-v)? T_ 1 ol * ¢ yOh
Proposition 4.3. Let vf = Ti=57 X 2k0m2 |5 — 5 In(1+ 5 JIIX*| > 0. If v < ~&, X7 with

i
0r =1— —L € (0,1
T 2 (0,1]

is a PMS, and it is the optimal choice among all the strategies X, 0 € [0,1]. If v > ~%, none of these
strategies lead to a PMS.

Therefore, having v > 5. for any T' > 0 is a necessary (but not sufficient) to exclude PMS. From a regulatory
perspective, requiring this condition either by fixing the tick size or by adding transaction costs would be a
way to restrict the PMS in the Poisson framework. Although % cannot be determined analytically, we have
the following result.

Lemma 4.1. The critical level v§ of transaction costs satisfies Y SV < A7s with

2(1 — v) X 2kgma {% — %hl (1 + %)} /q

Jr =
2Kkom1 [T — % In (1 + %)} + 72”°m2£2+’ﬁ) X {g — arccos ( —L2+zT)} — “;_:;fTT
2(1 — T/2
5 = A-v)me [, /
q m T711n<1+LT)
P 2
Besides, we have v =75, = To = (1;”%, thus 05, =1 — (1'1‘1:;71712 if v < (1;;;)17"2.
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The proof of this Lemma is given in Appendix C.3. The limits when T — 400 gives some quantitative
insights on the value of the critical threshold that are in line with heuristic arguments. If the liquidity level
q is high or v is close to one, the temporary price impact of market orders from environment traders is small
and the strategic trader can make less profit by reacting to these orders. Also, the higher the ratio ms/my,
the higher the variance of the volume of incoming orders, the larger the arbitrage opportunities when big
market orders are placed on the book. Interestingly, 7S does depend on kg that tunes the instantaneous
traded volume.

4.4 Low-frequency asymptotics

In this section, we study the price process (F;) in the absence of the strategic trader, and we are interested
in the behaviour of P at a large time scale when buy and sell orders are balanced, i.e. §o = 0. To do so, we
first analyze the process D and show that it is ergodic. To do so, we introduce the processes

1—v 1—v

dD;” = —p D} dt +

dN;t , dD; = —p D; dt +

dN[,
with Df = max(Dy,0) and D; = max(—Dy,0). These processes are independent, nonnegative and such
that D =D* — D~.

Proposition 4.4. Ast goes to infinity, D;” converges in distribution to an a.s. positive and finite random
variable DY.. The Laplace transform of the limit law is given by

(A=v)u/a | _ 4 (p
Vu >0, Elexp(—uDL)] = exp <—%/ %() d9> (17)
0
where 1, is the Laplace transform of p. In particular, we have E[DL] = 1_7” x = and VarlDL] =
(1;21’) > l<6027;)%2

The proof of this theorem is given in Appendix D.1. It gives immediately that D; converges in law to a

random variable Do that satisfies E[Do] = 0 and Var[Ds] = -y 2 %

q

Koma
p

To study the low-frequency asymptotics of the price process P, we have to rescale accordingly price and time.
We then consider the sequence Pt(n) = Pn:/+/n for n > 1. We have Pt(") = S’t(") + D,E”), where we also define
St(n) = Spt/+/n and D,E”’ = D,¢/+/n. On the one hand, the process D™ converges to zero from the ergodic
property of D. On the other hand, the process St(n) converges in law to %\/2110—7712 W, with W a standard

Brownian motion. This can be easily obtained since the increments of St(n) are independent and stationary

2
and St(") converges in distribution toward a centered normal variable with variance 2kgmat (%) .

Proposition 4.5. For any T > 0, the sequence (Pt(n),t € [0,T]) converges weakly to the Bachelier price

process (Py,t € [0,T)]) as n goes to infinity, where P, = %\/2/107712 Ws.

It is interesting to notice that the MIP model is compatible with low-frequency dynamics that exclude
arbitrages, even though it allows PMS at a short time scale. Figure 2 illustrates this convergence and shows
that the relative importance of D with respect to S vanishes as the time scale increases.
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Figure 2: Simulated trajectories in the Poisson model with ¢ = 100, p = 50, Dy = 1, So = 5000, H(J{ =kKg =
60, my =50, v =0.3, u = Exp(1/m1). We plot D; and S; — Sy (above), and P;/100 (below), over the time
scales: To = 1 (left), Ty = 25 (middle), Ty = 400 (right). The scaling of the graphs with respect to the time
scale is square root.

5 The Mixed-market-Impact Hawkes (MIH) model

We need to introduce some additional notations to present the main results on the optimal execution. Instead
of working with ;" and k; , we will rather use the &; = k;” — x; and X; = k + k; that satisfy from (10)

A6, = —B 6 dt + o (dJ;7 —dJ7) , d% = —B (St — 2kee) dt + (a+2te) (AT +dJ;7),  (18)

with o = 15 — tc. We note (7;);>1 the ordered random jump times of J (i.e. those of N) and set 7o = 0. For
t € [0, 7], we also note x; = J;” + J;_ the total number of jumps that occurred between time 0 and time ¢.
From (18), we have

Xt

6 = Soexp(—pt) + a Y exp(~p(t —m)AJ, = So exp(—pt) + aexp(—ft) Oy,
=1

where we define Oy = 0 and

Z exp(B71) AJr,i> 1.

o<r<t;

0, = Zexp(ﬁn)AJﬂ =
=1
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For ¢ > 0 and t € [7;,7i+1), we obtain that d;exp(f8t) = dy + a©; only depends on ¢ through the integer
i = x¢. Last, we define the differentiable function ¢ : R — RT by

1 —exp(—
w0, () = Oy
Yy Yy
and ¢(0) =1, ¢/(0) = —1/2. We have ¢/ <0, ((y) = 400 as y goes to —oco and ((y) — 0 as y goes to +o0.
For A € R and u > 0, one also has <= [u{(Au)] = exp(—Au) and [1 — ((Au)]/A — u/2 as A vanishes.

5.1 The optimal strategy

In this MIH model, the five state variables of the problem are Xy, Dy, S, §; and ¥;. To describe the optimal
strategy and the value function, we distinguish the cases o = 8 and « # 3. The general case a # (3 is stated
in Theorem 5.1 below. When o« = 3, some simplifications occur in the formulas. Theorem A.l gives the
optimal execution strategy and its cost in this case. The proof of these theorems is given in Appendix A.

5000
1

Optimal strategy
0
Continuous trading

-5000

-1000

x
10000
1

1500

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 o8 1.0

(a) (Xe)o<i<T (b) dX¢/dt

Figure 3: Optimal strategy in the Hawkes model for ¢ = 100, T =1, p =50, a =5 =20, tc =0, ke =
10, e = 0.1, v = 0.1, Dy = 1, k{ = kg = 60, m; = 50, Xo = —500 and p = Exp(1/m;), with the

corresponding trajectory of (N).

We introduce some notations, and define
n=p0-a.

We refer to (11) and (19) for the definitions of L and (, and we also set for 0 < s <u <T
1
Py (t) = T T —1) " 1+exp(—n(T —t)) + vp(T = t)C(n(T — 1))
22 (= 1) % {1+ G = )+ wplt = (T = D))/} |
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and

D, (s,t) = % (% - %) % [exp(—ps) — exp(—ft)]
. exp(QPBT) {H M N g <1 %ﬂ % [L(p, B, T — 5) — L(p, 3,T — t)]

Theorem 5.1. Let e € [0,1). When n = — a # 0, the optimal strategy X* is given by

(I—€zo + [1+pT)gDo — - x [2+ pT x {1+ ((T) +vp[l — ¢(nT)]/n}] o

(1-0aX; = - A |
p
. qDo—(—¢wo | doma _ [2+pT x {1+C(T) +vp[l = ((T)]/n}
(1-eAX] = 54 T % X [ 51 T - 2p ®,(0,7)
xr—1
(1-v) AN,
—ami Oy, Oy (Tyr, T ©; &, (1,7 + 5T
e : Z = 0<TZ§T2+9(T*T)
am; 2+p(T {1+C( (T'— 7)) +vpll — (T — 7))]/n}
+ X AJ,
2p OQZST 2+ p(T -7)
— % (00 + aOyp ) exp(—BT),
and, on (0,T),
(1—dx; — {2 +pT x {1+ C(;ﬂ;);rTVp[l —cD)l/n} 2 @n(O,t)] doma
—my ¢y(t) (6o +aBy,)exp(—pt) dt
qDo — (1 —€)xg (1 -v)AN,
T oy | pdt
i 24 pT O;§t2+p(T_T)
2+ p(T —7) x {1+ (T = 7)) +vp[l = C(n(T —7))]/n} amy
+ Oggt 24 p(T—1) Az 2 d
| xt—1
- [Ox @y (TXt)t) + Z 0; ¢U(TivTi+1)1 pamy dt
i=1
14+ p(T—1t) [ am
+2+/)(T—t){ p th(lV)dNt}
amy p(T —t) x [L = ¢(n(T" —1)]/n
+ o, o) x S T — 1) dJp.
The value function function of the problem is then:
B 1—e¢ el 5 p(T —1) omy
gxC(t,z,d,z,6,X) = —q(z+d)x + [m + §:| x° + m [qd gn(T*t) 7} T

- 2piTp(_Tt)/j) {qd— G, (T 1) TT P (ﬂpl)z

Fe(T—t) % + g(T—t),
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where for v € [0,T7,
Gn(w) = Clpu) +wp[l = ((nu)]/n

Cp(u) 1 i - % (1 - %) X %(nu) x [1+ exp(—nu) — 2¢(nu)] .

The functions e and g are the unique solution of the differential equations (33) and (34) with e(0) = g(0) = 0.
When n = 0, the optimal strategy is given by Theorem A.1.

Let us mention here that the functions e and g admit explicit forms by the mean of the exponential integral
function, that are very cumbersome. They can be obtained by using a formal calculus software such as
Mathematica. Since they do not play any role for the optimal strategy and require several pages to be
displayed, we do not give these explicit formulas except in the case o = 3, see Theorem A.1.

It is worth to notice that the optimal strategy X* is affine with respect to xg, Do, dg, J and N. This is
due to the affine structure of the model and the quadratic costs. In particular, the reaction of the optimal
strategy to the other trades does not depend on xg. Also, the optimal strategy can be seen as the sum of
the strategy (7) which is optimal when Dy = §p = 0 and J = N = 0 and the optimal PMS which is given by
Theorem 5.1 when zg = 0.

Let us make some comments on the optimal strategy and more precisely how the strategic trader reacts to the
other orders. Quite similarly to the Poisson case, the trade that follows immediately an order is compensated
by the continuous trading rate. Contrary to the Poisson model, this trade is not always contrary to the
previous market order. Namely, in the case where n = vp, the strategic trader makes a trade in the opposite
direction if |dNy| > %, but trades in the same way otherwise. The same conclusion holds for any
parameter value when 7' —t — 0. We now consider the asymptotics when the trading horizon is large: in
this case, it is likely to assume that 7 > 0 which is required to get stationary intensities x* and x~, see

Section 5.3. Then, when T' — ¢ — +o0 the jump part of the optimal strategy can be well approximated by

ami

2p

Therefore, the strategic trader makes a trade in the opposite direction if [dNy| > 575~ (1 + £7) and trades

in the same direction otherwise. Heuristically, we can understand this behavior as follows when ¢, = 0. In the

MIH model, market orders all have the same excitation on the intensity. If a market buy order is relatively

small, it may be a part of a big split order, and thus be followed by other buy orders that will make the

price go up, and the strategic trader has interest to follow this trend. However, if a market buy order is

relatively big, the price resilience effect is likely to dominate and the strategic trader has interest to trade in
the opposite way, as in the Poisson model.

(1 + ﬂ) dJ, — (1 - v) dN,.
1

Last, it is interesting to notice that the optimal strategy only depends on (s, t.) through « = t5 — t.. This
key self-excitation parameter tunes the way that the strategic trader should react to other market orders.

5.2 The Mixed-Impact Hawkes Martingale (MIHM) model and manipulation
strategies

Theorem 2.1 gives a necessary and sufficient condition on N to exclude Price Manipulation Strategies. Here,
we apply this result to identify which parameters in the Hawkes model exclude PMS.

Proposition 5.1. The MIH model does not admit PMS if, and only if the following conditions hold
B=p, a=(1-v)p, u= Dirac(my) (i.e. N =mq x J), and ¢Dy = méo (20)
p

or u = Dirac(0) with Dy = 0. In both these cases, the optimal execution strategy is given by (7).
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To be precise, when m; = 0, N = 0 and the MIH model does not depend any longer on the parameters «
and 3, that can then be fixed arbitrarily.

Proof. From Theorem 2.1, PMS are excluded if, and only if the price P is a martingale when X = 0. In this
case, we have from (1), (2), (3) and (18)

1 1
dPt = *thdt + —dNt = —(dNt — 5tm1dt) + (ﬂ& — th) dt.
q q q

Therefore, P is a martingale if, and only if %& = ¢qD; P-a.s., dt a.e. This condition is equivalent to
qDo = #3+00 and qdD; = =+ddy. From (3) and (18), the latter condition is equivalent to

paDy = 2135, and (1 — v)dN, = a2d.J,,
p p

which leads to (20). Conversely, (20) implies %(& = qDy, and P is then a martingale. O

Remark 5.1. When 8 = p, a« = (1 —v)p, p = Dirac(my), we get from the previous calculations that
d(%ét —pDy) = —p(%&t —pDy)dt, and therefore %5,5 — pDy converges exponentially to zero. The condition
qDy = %50 simply means that the model starts from this steady state.

One can also check directly that the optimal strategy and its cost given by Theorem 5.1 coincide with those
of Theorem 2.1 when (20) holds. For clear reasons, we call Mixed-Impact Hawkes Martingale (MIHM)
model the MTH model when (20) holds. Proposition 5.1 is very interesting since it gives what should be the
parameters of the MIH model in a perfect market without PMS, and makes connection between the different
model parameters. First, the condition 8 = p means that the mean-reverting action of liquidity providers
compensates the autocorrelation in the signs of the trades of liquidity takers ; we thus reach a conclusion
similar to Bouchaud et al. [12]. The condition oo = (1 — v)8 gives a link between the Hawkes kernel and the
proportion 1 — v of transient price impact. When ¢, = 0, /3 represents the average number of child orders
coming from one market order, and is thus equal to the proportion of endogenous orders (i.e. triggered by
other orders) in the market. What we obtain here is that this ratio should be equal to 1 — v, which is a a
priori different measure of endogeneity, since it gives the proportion of market impact that does not influence
the low-frequency price (see Section 5.3). The positivity of « reflects the fact that the parameter ¢, tuning
opportunistic trading should be small to avoid market instability. Last, it is interesting to notice that u
should be a Dirac mass, which means that market orders should be in principle all of the same size. This is
a consequence of the modeling that assumes that any market order has the same excitation on the intensity,
regardless of its size. However, if we admit that orders that have roughly the same size have a similar impact,
the size of market orders should cluster around some values. Typically, the most common size should be the
average size that moves the price of one tick.

Of course, in practice, it would be miraculous if the estimation of the MIH model to market data led to
parameters satisfying exactly (20). Market frictions such as transaction costs (and the crossing of the bid-ask
spread) or the latency to execute an order increase the execution costs (see Stoikov and Waeber [32]) and
then limit possible PMS. Therefore, one may expect that an estimation of the MIH to market data gives
parameters that are not too far away but different from the condition (20). Then, the optimal strategy
given by Theorem 5.1 is useful and should give better perform than the one given by (7). The practical
implementation of the MIH model on market data is left for future research.

The framework of the MIH model also gives some interesting insights for the characterization of the existence
of short-time arbitrages. Let us introduce the following definition.

Definition 5.1. We say that a market admits weak Price Manipulation Strategies (wPMS) if the cost of a
liquidation strategy can be reduced by trading immediately after other market orders.
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Corollary 5.1. In the MIH model, the market does not admit wPMS if, and only if,
B=p, a=(1—v)p and p = Dirac(mq) (21)

or = Dirac(0).

Proof. The proof is quite straightforward from Theorem 5.1. The jump term

1+ p(T —1) {aml p(T —t) x [1 —¢(n(T —1))]
24p(T—t) | p 24+ p(T —-1t)

/n e

ai—(1-v) dzvt}+ O (4 — )

2p

cannot be almost surely equal to zero if p is not a Dirac mass, and we necessarily have p = Dirac(mq). When
my > 0, this leads to

! « 1—<¢(nt)
W20, (o) (5= (1-0) 4 2 wp -t o,
p 2p n
which precisely gives (21). The converse implication is obvious. O

By Remark 5.1, the condition gDy = ™L§y means that the model has reached its equilibrium, which is
basically the case after some time. Thelref{;nre7 the conditions that exclude wPMS and PMS in the MIH model
are quite the same. This is an interesting link between two different point of views. The condition “no PMS”
means that there is no free source of income. The condition “no wPMS” rather brings on market stability,
since it excludes artificial trading volume coming from the response to other trades.

5.3 Law of the price process and low-frequency asymptotics

In this section, we are interested in price asymptotics when the strategic trader is absent, i.e. X = 0. We
first focus on the intensities x* and k. From (10), we have

t t
ki = kg exp(—fBt) + Koo(1 — exp(—fBt)) + / ts exp(—pB(t — s))dJ + / teexp(—pB(t — s))dJ;
0 0

ki = iy exp(—Bt) + oo (1 — exp(—B)) + / Lo exp(—A(t — 5))dJF + / 1y exp(—B(t — ))dJ

We know that this process converges to a stationary law if ts + tc = a4 2t < 8, see e.g. equation (6) of
Bacry et al. [7]. Since d; = &g exp(—pt) + ozfot exp(—f(t — s))dJs and J; — fot dsds is a martingale, one has
4 {exp(BOE[3]} = o exp(E[S], thus

E[d:] = dp exp(—(8 — a)t).
Similarly, ¥; = 2k (1 — exp(—/ft)) + Zo exp(—St) + (o + 2ic) fot exp(—B(t — s))(dJF + dJ; ), which yields

4 {exp(BOE[S]} = (o + 2uc) exp(Bt)E[S:] + 2Bko exp(Bt). The resolution of this ODE gives E[%,] =
Yo + 2Bkt if a4 2t = B, and

E[X:] = Xoexp(—(8 — a — 2u.)t) + 2R[1 — exp(— (8 — o — 2¢¢)t)]
where o
T T (et 2w)/B

otherwise. We then have the following result.

Proposition 5.2. The process (k] ,k; ) converges to a stationary law if, and only if o + 21 < B.
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Remark 5.2. In is interesting to look at the stationarity condition when the conditions « = (1—v)8, B =p
required for the MIHM model hold. In this case, the stationarity condition becomes p > (1 — v)p + 2., i.e.

te <Vp/2.

The quantity of v X p can be seen as a stationarity margin left for cross-excitation in market orders. If this
condition is violated, the price process is still a martingale but the mutual excitation between buy and sell
orders makes the volatility increase exponentially.

We now study the low-frequency asymptotics of the price process P. As in the Poisson case, we consider
the sequence Pt(n) = P,://n for n > 1. We have Pt(n) = St(n) + D,g"), where we also set St(") = Snt/\/1
and D,g") = Dyp¢/+/n. To study the behaviour of D™ we need the following lemma that is proved in
Appendix D.2.

Lemma 5.1. When a + 2t < 3, the expectation E[D?] converges when t — +o0.

Thanks to this lemma, (Dg?), . Dg:)) converges to zero for the L2 norm for any 0 < t; < --- < t;. This

b e
gives that the process D(™) converges to zero. We now focus on the convergence of St(n) = %% To do

so, we apply Corollary 1 of Bacry et al. [8]. It gives the convergence in law of

(7G5 ) e (1) eon)

K B (B - LS>Bt1 - Lth2 . . .
to | \/ T e CLB A (B — 1) B2 ,t €10,T] ), where B is a two dimensional standard

-
Brownian motion. Therefore, (%, te|o, T]) converges in law to

2K o0 1
Wit € [0,T
<V1a/m——“+§‘“ vel ]>’

where W is a standard Brownian motion. Let us now assume that the jumps are bounded, i.e.

3K >0, u([0, K]) = 1. (22)

Then, it is not difficult to adapt the proof of Bacry et al. [8] and in particular Lemma 7 of [8] to get that

(7GR 205 (1)) o)

: Koo M2 B (ﬂ - LS>Btl - Lth2 :
converges in law to ( /12272 sy C1BY (B — 1) B? ,t €[0,T] |. This leads to the fol-
lowing result.

Proposition 5.3. When a + 2t < 8 and (22) holds, (Pt(n),t € [0,7)) converges in law to (P,,t € [0,T])
with Py = L— 22 Ty, = L S —

e A )

We get back the result of Proposition 4.5 in the MIP model when ¢, = 15 = 0 and kg = Ko, and get again a
Bachelier model at a low frequency. Figure 4 illustrates the convergence. It is interesting to notice that we

have
P 1 V2UKsemo

t = P Wi
q 1/72/)
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in the MTHM model, and we get that the volatility explodes when ¢ — %, which is in line with Remark 5.2.

The volatility of Pis greater than iq / 2”“77”2 and goes to +00 when the permanent impact v goes to 0, which
is different from the Poisson case.

400

200

200

400

50.15
506

5000 5005 50.10
L
500 502
s

5
498

4990

4985

Figure 4: Simulated trajectories in the MIHM model with ¢ = 100, p = 50, Dy = —0.05, Sy = 5000, a =
35, B =50, keo = 6, kg = 25, kg = 30, tc = 1.5, my = 50, v = 0.3, u = Dirac(m;). We plot D; and
St — So (above), and P,/100 (below), over the time scales: T = 4 (left), 71 = 100 (middle), Ty, = 4900
(right). The scaling of the graphs with respect to the time scale is square root.

A Proof for the optimal control problem (Theorems 4.1, A.1 and
5.1)

A.1 Notations and methodology

In the general Hawkes model, the jump intensity of the process (N;) is characterized by the cadlag Markovian
process (0¢,%;) defined by (18), taking values in R x RT, which is constant and equal to its initial value in
the Poisson model. The state variable of the problem is then (X, Dy, St, dt, Xt), and the control is X; — zg,
i.e. the variation of the position of the strategic trader, (X):e[o,r) being an admissible strategy as described
in Definition 2.1. The control program is thus to minimize E [C(0, X)] over all admissible strategies, where
the cost C'(t, X) of the strategy X between ¢ and T is given by

1 1
C(t, X :/ P, dX, + — AX)? — PrXy + — X2,
(t, X) - > Z( ) 5g T

qt§T<T
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The final value at time t = T is the cost of a market order of signed volume AXy = —Xr (so that
Xp+ = X7 +AX7 =0). At time ¢, the price P; depends on D; and S; which in turn depend on (X )ue[0,4-
The value function of the problem is
C(t,x,d,z,6,%) = inf E[C(t, X))
(Xuw)uept,7) adm.
with X3 =z, D; =d, St = z, 0 = § and X; = 3. In order to determine analytically the value function
and the optimal control of the problem, we use the probabilistic formulation of the verification theorem. We

determine a priori a continuously differentiable function C(¢, z, d, z, 6, ¥) and an admissible strategy X* and
we verify that

t

1

I (X) = / Py dX, + o > (AX:)? + C(t, Xy, Dy, S, 01, %) (23)
0 Yorat

is a submartingale for any admissible strategy X, and that II;(X™*) is a martingale. We proceed in three

steps:

1. We define a suitable function C, and derive a set of ODEs on its coefficients which is a necessary
condition for C to be the value function of the problem. This step is common to the Poisson model
(a=p0=0, 0 = o, Xt = Xp), and the cases (0 < o = ) and (a # ) for the Hawkes model.

2. We solve the set of ODEs by distinguishing the cases o = § and a # (.

3. Using the results of the previous steps, we derive the strategy X* such that IT;(X*) is a martingale.
Here, we must distinguish the cases a = =0, 0 < a = and a # S.

The verification argument then yields that C(¢,z,d, z,0,%) is the value function and that X* is optimal.
Without loss of generality, we can assume that ¢ = 1 by using Remark 2.1.

A.2 Necessary conditions on the value function

We search a cost function C as a generic quadratic form of the variables x,d, z,6,% with time-dependent
coefficient (the variable z symbolizes the current value of the fundamental price S;). As we see further, we
need C to verify 0,C + (1 — €)04C + € 9.C +d + z = 0 : it is thus necessary that C is a quadratic form of
(d— (1 —e€)z), (z—ex), § and %, plus a term —(d + 2)?/2. We define
1 d 2
C(t,x,d, 2,6,%) = a(T —t)(d—(1—ex)* + 5(2 —ex)? + (d— (1 —ea)(z—ex) — HTZ)
+ 0T —t)6(d—(1—e)z) + (T —1)6* + e(T—t) % + g(T —1t), (24)

with a, b, c,e,g : RT™ — R continuously differentiable functions. We choose the limit condition C(T, z, d, z, §, )
—(d+2)z+2%/2 = 1(d+2z—2)* — (d+ 2)?/2, which is the cost of a trade of signed volume —z. We thus

have
1

5 )
Let us note that other terms should be added in equation (24) for C to be a generic quadratic form. The five
terms

hi(T—t) (d—(1—€)x) + ho(T —t) S(d— (1 — €)x) + hs(T —1) 65 + ha(T —1) 5 + hs(T —t)(z — ex)

a(0) = =, b(0) = ¢(0) = e(0) = ¢g(0) = 0.

have to be equal to zero since C(t, z,d, z,4,%) = C(t, —x,—d, —z,—4, %) by using Remark 2.1 and the fact
that the buy and sell orders play a symmetric role. For the term in X2, we checked in prior calculations that
it is necessarily associated to a zero coefficient. For Az € R, we have

(A2)”

Clt,x + Ax,d+ (1 — e)Ax,z + eAx,6, %) — C(t,2,d,2,6,X) = —(d+2) X Az — 5

(25)
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The process C(t, X¢, D¢, St, 0, X¢) is 1ladlag, and with the notations of Remark 2.2, we have by using (25)

AC(t, Xy, Dy, S0, 60, 50) =  OC(t, Xy, Dy, Se, 6, S0)At + 8,C(t, Xy, Dy, Si, 01, Sy )d X
+ 84C(t, Xy, Dy, Si, 8y, zt)( — pDydt + (1 — e)dxg)
+ 8.C(t, Xy, Dy, Sy, 00, %) ed X
— B8, 85C(L, Xy, Dy, S, 04, 50) dt — B(Ss — 2k00) 9sC(t, Xo, Dy, Sy, 60, 50) dt
n [C(t, X, Dy + (1 — V)ANy, S- + VAN, 6 + a( AT} — AJ7), B4 + (a + 2) (AT + AJ))
CC(t, X, Dy, i 0,5 )| — (D + S) AX, — %.

The definition of II(X) given by (23) yields dIl;(X) = (D; + S;)dXy + (D¢ + Si)AX; + (AX,)?/2 +
dC(t, X, Dy, St, 04, X¢). We define the continuous finite variation process (AtX)te(o,T) such that A()f+ =
C(O, )(()+7 D0+, S0+,50, 20) and fOr t S (0, T)
dAY = (D¢ +Sy) dXP + Z(t, Xy, Dy, S, 8¢, B¢)dt

+ atc(t; Xta Dta Sta 515) Zt)dt + amc(ta Xta Dt; Sta 615; Et)de

+ 3dC(t, Xt, Dt, St, 5,5, Et)( — thdt + (1 — €)de)

+ 8ZC(t, Xt, Dt, St, (St, Et) €ng

— B 6t 05C(t, Xt, Dy, St, 6, 5¢) dt — B (X4 — 2K00) OxC(t, Xi, Dy, St, 04, ) dt,
where, for V' ~ pu,

Y+6
Z(t,x,d,z,6,%) = —; xE[C(t,x,d—l—(l—V)V,z—l—uV,(S—i—a,Z—l—a—i—QLC)—C(t,x,d,z,&,Z)}

-9
2

+

xE[C(t,z,d— (1—v)V,z2=vV,0 —, X+ a+ 2u.) — C(t,x,d, 2,0,%)].
Then, IT1(X)—AX is a martingale (let us note that almost surely, dt -a.e. on (0,T), Z(t, X¢, Dy—, Sy~ 64—, 34— ) =
Z(t, X¢, Dy, St,6¢,%)). This yields that II(X) is a submartingale (resp. a martingale) iff AX is increasing
(resp. constant). From (25), we obtain 9,C(t, x,d, z,0,%) + (1 — €)04C (¢, 2, d, 2,6, X) + € 0,C(t, x,d, 2,0, %) +
d+ z =0, and then
dAY = {@C(t,Xt,Dt,St,(st,Et) — p Dy 04C(t, Xy, Dy, St, 04, 5¢) + Z(t, X, Dy, St, 01, 5¢)

_6 6t a(sc(ta Xta Dt; Sta 5t5 Zt) - ﬁ (Zt - 2'“‘-‘00) aZC(t; Xta Dt; Sta 6t; Zt)}dt (26)

Given the quadratic nature of the problem, we search a process AX of the form

dA¥ = Loatx [T =)D~ (1= X;) = Di + k(T 1) 542, (27)

with j, k : Rt — R continuously differentiable functions, in order to obtain an non-decreasing process AX that
can be constant for a specific strategy X*. Let usnote V; := Dy — (1 —€) Xy, Z¢ := Si—eXy, y:=d—(1—e)x,
E:=z—¢ex. Sinced+z=y+&+ax=E+ dl_—_iy, we have

0C(tx,d, 2,8,%) = —ay® —boy — ¢d% — é% — g,
—pd 8C(t,2,d,2,8,5) = — <2pa+ 1i> dy + 1L 4 — pbdd,
— € — €
—B6 05C(t,x,d, 2,6,%¥) = —Bbdy — 2Bc 62,
—B(2 — 2ks) OxC(t,2,d,2,6,8) = —pfeX + 2fksoe,
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E[C(t,x,d—i— 1-v)V,z+ 0V, 04+, X+ ) —C(t,x,d,z,é,E)]

2

v
= al[(l-v)*me+2(1 —v)my y] + 5 m2 + vmy €

1 2m 2em
+v(l—v)me + vmiy + (1 —v)mi€ §(m2+2m1§+11€d 172 y)

+b[(1=v)mi d + ay + a(l —v)m] + c[o® + 2a 8] + (a+2)e,
and thus

mi

od

Z(t,x,d, z,6,%) = (mlx [2(1y)a+y+%} + ab) oy — .
—€

+[(1 = v)mib + 2acd 62

+ <m2 X [(1 —v)a+v(l—-v/2) - ﬂ +a(l —v)mib + e+ (a+ 2LC)€) ¥,

where we consider C as a function of the variables ¢, x, d, z, 0, ¥ as in equation (26), and substitute d — (1 —¢€)x
by y and z — ex by £ in the results. We then make the change of variables (z,d, z,0,%) — (y,d,§,,%), and
we identify each term of equations (26) and (27):

(Eq. dy): — (2pa+ 1%) = 71—2:’—6]'.

(Eq. ¥?): —a = %52

(Eq. dy) yields j = (1 — €)a + 5. We input this relation in (Eq. y?) and we have j = (1 — €)a = —pj? thus
j(u) = 57 since j(0) = (1 €)a(0) + § = 4. This yields a(u) = ( L _ ) with (Eq. dy).

T— \ZFpu ~ 2

(Eq. 6y): —b — Bb + ab + my x {2(171/)a+1/+ 1;} = ffejk.

(Eq. 6d): —pb — &L = 22

which yields k(u) = 15¢ b(u) + 5. Plugging equation (29) in (Eq. dy), we have b=—(8—-a)b-
20 (15654_ 7;_,31) +my {2(1 —v)a+v+ ﬁ}v and since j/(1 —€) = a+¢€/[2(1 — ¢€)], we have

bu) = [~(8-a) - zig| b(w) + 2 x S,

(Eq. 0%): —¢ — 2Bc + 2ac + (1—v)mib = £ k2

(Eq. X): —¢é — Be + (a+2w)e + mex [(1—v)2a+v(1—v/2)— %] + a(l —v)mib + o*c = 0.

V;l/'e have 2(1 =€) x [(1 = v)?2a+v(1—v/2) — 3] =21 —v)*/2+ pu) — (1 —v)?e+v(2—v)(1—€) — (1 —¢),
thus

é(u) = —(B—a—2w)e(u) + a(l —v)mib(u) + o?c(u) + (1—;/)_2€m2 X {2+1pu — %}
(Eq. constant): — g + 28k.e = 0.
We obtain two conditions on the coefficients of the process AX
1
jlu) = 2T o (28)
k) = b + 22 (20)
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and the following set of necessary conditions on the coefficients of C

1 1 €
0 = 7 (57 5) (30
- P mq 1+vpu
i) = [~ g )+ < (31)
éw) = —2B-a)clu) + (L-v)m blu) — T k), (32)
) = ~(3-a-elw) + alt = hmidl) + o) + TTL [0 (a)
§u) = 2Bhes elu) (34)

b(0) = ¢(0) = e(0) = g(0) = 0.

The resolution of this set of equations determines entirely the function C(¢,x,d, z, §, ) defined in (24). This
is the purpose of the next step of this proof. Let us note that at this stage, we already know that the system
given by Equations (28) to (34) admits a unique solution, and that the function C which solves the system is
the value function of the problem by using the verification argument.

A.3 Resolution of the system of ODEs

First of all, we use Equation (30) to simplify the function C. The constant term (w.r.t. the time variable t)

in equation (24) is £(z — ex)® + (d— (1 — €)z)(z — ex) — @ = —zx — d—; —edr + [§ + 5(1 —€)] 22,
thus the sum of a(T — t)(d — (1 — €)x)? and this constant term can be rewritten as
1—ce¢ € 1 p(T —1)/2 p(T —1)
— d — 4 —|x? - d? ———— dz. 35
Crde + s m—n T 2]Y T T avm-n Tt ™ (35)

A.3.1 Case o =f (Theorems 4.1 and A.1)

In the case a = 3, equation (31) becomes b(u) = fﬂ%b(u) + 1 X %%. We thus search a solution of
the form b(u) = %, which yields b(u) = %+ % (14 vpu) and we obtain
b(u) — miu 71 + %pu,
1—c¢ 2+ pu
with the initial condition b(0) = 0. Equation (29) gives k(u) = 5+ x (% + 1) and
L+ pu+ §p°u?
k(u) = m X M. (36)

p 2+ pu

Hu) = m? " (1—v) (u+ 5pu?) 1 1+ pu + £ p?u? 2
1—c¢ 24 pu p 24 pu '
v 2
We have u + Spu? = Su(2+ pu) + (1 — v)u, thus u;f/fs = Zu-+ 1*7” X (1 - 2+2pu). Moreover,
22 1
L = e+’ -+ +1,

v v

Lt put 2p%u® = 224 pu)* + (1=v)(2+ pu) - (1 =),
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which yields (14 pu+%p*u?)? = (1-v)*[(2+4 pu)? —2(2+ pu)+ 1]+ {% (1—%)(1+ pu)+ %p%ﬂ} (2+ pu)?
by isolating the terms in (1 — v)?. We obtain

() = m? (171/)2>< 1 AN 1 AL
A= T p (24 pu)? p 2 4 gt gl '
Using the final condition ¢(0) = 0, we have
B (1—-v)2 m? 1 1 vm? 1 v Voo V a4
eu) = 1—c¢ Xp2x 2 2+ pu p2(1—e)x 2 4 pu+8pu+48pu '
Equation (33) with o = 3 gives é(u) = 2ice(u) + B(1 —v)mib(u) + B2%c(u) + (1_11')_26 2 [2+1pu — %}
One has
1— 2 1222
B(1 — v)ymiblu) = v Bmi putgpu
1—c¢ p 2+ pu
_ (1fy)2x25m%x 11 N Brm? " 1 v % pu,
1—e¢ p 2 2+4pu p(1—e) 2 2
1— 2 201,2 1 1 2 2 1
fe(u) = _ -y xﬁmlx - — —Mx - L X pu
1—ce¢ P> 2 2+ pu p2(1—c¢) 2 2
B2vm? [u Voo UV g4 3}
21— < larttgr g

We set e(u) = é(u) exp(2t.u) and we have

é(u) = (1-v)? y (ﬁm%(%—ﬁ) mz) " [exp(—QLCu) B eXp(—QLCu)]
1—e¢ 02 5 2 o

Br(l — v)m?

=g

For k € Nand u > 0, we define I, (u) = exp(2tcu) fou sk exp(—21.5)ds. We first assume ¢ > 0. An integration

1 1
pu+ = p?u’® + —pPud| exp(—2icu).

+ 1—-- -2 —
X ( ; X pu exp(—2icu) 5 '

ﬁ2y2m% y
4p*(1 =€)

by parts yields I (u) = %Ik_l(u) - ;—Z for k > 1, and since Ip(u) = %, one has
k! " (2u)
VkeN, Yu>0, Ii(u)= )T X eXp(2LCu)—Z 7 ul |,
C ]:O . ]
and we obtain
(1-v)? Bm2(2p — ) Io(u) exp(2icu) 1
= - 7 - - L(p, —2te, 37
e(u) 1_¢ X | ma p2 X 9 P (pv L ’LL)_ ( )
Br(l — v)mi B 2 B*v*mi 2 L 3 L 4
PRV o (1-2 L) — 22 I Z P — ()] .
T e o)< 1(w) =0 <P 1(u) + 5oL (w) + 5P L5 (u)

We verify that for ¥ € N and v > 0, fou I(s)ds = I’f;—j_(l“) Besides, an integration by parts yields
% fou exp(2tc8)L(p, —2t¢, s)ds = ﬁ X [exp(QLcu)L(p, —2tc,u) —In (1 + %)] We plug these results in equa-
tion (34) to get

(1) = —2Brn x % « <m2 B ﬁm%(;ﬂ - ﬂ)) {hgu) _ ﬁ X {exp(QLcu)L(p, —2t¢,u) — In (1 + %)}}

B2koov (1 — v)m?

i 6 63 oo 2m? 1 1
38
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uk+1

In the case . = 0, one simply has I (u) = 477 and % Jo exp(2tes)L(p, —2tc, s)ds = (u + %) X % In(1+8)—
%, and the functions e and g can be deduced easily from (37) and (38).

To determine the value functions C of Theorems 4.1 (8 = 0) and A.1 (8 > 0), we recall equation (35) and we
observe that

b(u) = 1_« 5 +pu X — go(’u,), (39)
2 2 2,2
mi pu/2 2 v v vomy 3,3
= — 1-— 1—=1)(2 — 2 —
c(u) pQ(le)x2+puX[( v ( 2)( Fou)+ ot o) - g X
1 pu/2 mi 2 vimi 3,3
_ my 40
l—€e 24pu p? Go(u) 48p%(1 —¢) P (40)
with y
Go(u) =1+ 5P
Thus,
1 pu/2 P 2
- d b(u) 6(d— (1 — 1)
T X o e 4 ) 0(d - (1) + clw)
is equal to
U omy 1 pu/2 omq 2 1 vi oL g [0my 2
d— Go(u) 2| & — d— omi) v omiy
2+pu[ Go(u) p ]7: 176X2+pu Go(u) p 176><48p(u) p

This yields the expressions of the value function in Theorems 4.1 and A.1.

A.3.2 Case a # f (Theorem 5.1)

We note n = 8 — « so that i # 0 in this section. To solve equation (31), we search a solution of the form
b(u) = b(u) x exp(—nu)/(2 4 pu). This yields b(u) = 2L x (14 vpu) x exp(nu), and since b(0) = 2b(0) = 0,

1—e
b(u) = 177116 X exp(n:;) -1 +vp /O“ sexp(ns) ds} .
We obtain
 1l—¢ 2+ pu o l—€ 24pu p T
where ( is defined in (19) and
Gn(u) = C(nu) + vp[l = C(nu)]/n.
Equation (29) then gives
h(u) = Ty 2 pux {LE ) + vplt = COml/m} (42)

2p 2+ pu

In order to avoid cumbersome calculations, we use a prior determination of the function ¢, and we check that
it satisfies ¢(0) = 0 and that it is a solution of the ODE (32). We define

1 u/2  m? m?
% pu/ _;gn(u)27 1
l—€e 24pu p

% <1 _ %) xuC(nu) x [1 + exp(—nu) — 2¢(nu)]. (43)
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We have indeed ¢(0) = 0. Since

d
Ig [WGn(@)] = exp(=nu) +vp xuC(nu) = 1+ vpu—nuGy(u),
d [ugn(u)w _ 2(1 4 pu)G, (u)? N 2G,(wW)[1 +vpu] o uGy (u)?
du | 2+ pu (24 pu)? 2+ pu 24+ pu’
and
d
™ [uc(nU) x (L exp(—nu) = 2¢(pu)] | = 2[¢(pu) = exp(—mu)]* = 2[(L +nu)¢(nu) — 1%,
(1= ) x4 moctm) ~ 1 = (1))~ (14 wpu),
we obtain
. 2 pu/2  m? 5 m? 1+ vpu 1+ pu 5
Aol = T gy O O T g [2+pu Gl = T pup S
m% 2
S da oy [ G = (1 vpu)]
2 2 1
= 1—_776 X —Qp—llf/pu X % Gy(u)? — vmy x T X Q—T—upu X % Gy(u)
mi (2+pu)* —4—4pu 2 mi 2 2 2
~ T X e Gn(u)® — TRy X [2nu+ n*u®] Gy(u)
mi 2(1 1 g mi 1 2
41 —e)p * [2+pu — 204 nu)( +1/pu)] nw) = 4(1—e)p X [L4voul
2 pu/2 mi 2 1 pl—¢) 5 mi
= T N agn e G <§”)m1b<“> S mtL OOy ey
+ 4(;77711%6)/) X { {2u(1 + vpu) + 2%’&] Gy(u) — (2u + nu?)G, (u)? — 2%’& — %uQ} .

The term [2u(1 + vpu) + 2%7314 Gy (u) — (2u + nu?)G, (u)? — 27Fu — "—277&2112 is equal to

uC (i) x {2 <1 - ”—n”) [1 - % + %(lenu— 1 nu)] - (1 - %)2(2+nu)§(nu)}

da {2u(1+upu)+2£u} _re (
n n

- <1;”> x u¢ () X [1+ exp(—u) — 2¢(u)].

This yields using Equations (29) and (43)

&(u)

_one(u) + (%—u) mib(u) — 227D g2y —

= —2nc(u) + (1 —v)mib(u) — 1i€ k(u)2a

and we eventually obtain that the function ¢ defined in (43) is the unique solution of (32) that satisfies
¢(0) = 0. For the functions e and g, we recall here that they admit explicit but very cumbersome formulas
that can be obtained by using a formal calculus software.
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A.4 Determination of the optimal strategy
The final step of the proof is to determine the strategy X* such that II(X™*) is a martingale, or equivalently

such that AX™ is constant. Equations (27) and (28) yield

2

Dy —(1-¢X
dAY = P dtx[—t (L= oX;

1-¢ 2+p(T 1)
o)1= ’
Z+pT—0p dt x {(16))@ + L+ p(T =) Dy — 24 p(T —t)] k(T —1t) &
Thus, AX" is constant on (0,T) if, and only if
as., dt-ae. on (0,7), (1—e)X,=—[1+p(T—1)]D; + 2+ p(T —1t)] k(T —t) 5, (44)

where D = D* when the strategy X* is used by the strategic trader. Then, we characterize the strategy X*
on [0,7T] with the three following steps:

e The initial jump AX( of the strategy is such that (X*, D*) satisfies equation (44) at time ¢ = 0.
e The strategy X* on (0,7 is obtained by differentiating equation (44).

e The final jump AX} = —X7. closes the position of the strategic trader at time 7.

We now use this resolution protocol separately in the Poisson model @« = 8 = 0, and in the Hawkes model
max(|al, 8) > 0 where we distinguish the two sub-cases « = 8 > 0 and « # .

A.4.1 Case of the Poisson model (Theorem 4.1)
Equations (36) and (44) give the following condition on the strategy X*
as., di-ae on (0,7), (1-OX; == [1+p(T =] D; + =2 x [14p(T ~ ) + =PI - 0?| & (45)
p

The initial jump of X* at ¢ = 0 is such that (45) is verified for ¢t = 0F:

(1—6)(zo+AXY) = — [1+pT) (Do + (1—)AXE) + % x [1 +pT + %p%ﬂ 5o
- (1—€)zo + [1+ pT] (DO - m 50) — 2725, \
In this case, §; = Jp is constant and we obtain by differentiating (45)
(1—e)dX; = pDidt — [1+p(T —t)] dD; — my x [1+%p(T—t)} Jo dt
my (14 4p(T —1)] 1+ p(T —1t)
S (1—-edX, = pDfdt — bpdt — ——= 1 —v)dNV;.
( 6) t Ly 2+p(T—t) 0 2+p(T—t)X( V) t
This yields dD} = — % 0o dt + %, and we determine D} explicitly on (0,7):
Dy —(1— 1+ pT (14 %pT
S Dot(l—eax; — Do—(-dz0 | omu 1ty L+ 50T) 5 (47)

24 pT Jo 24 pT
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which gives

Dy —(1— 14 pT (14 2pT 2 T
pr = Do—(-9xn  m oL ( 4P>(1y)ln<i)zm 5
24 pT p 24 pT 2+ p(T —1t) 2
(1 -v)AN,
* Z 2+4p(T—7)
0<r<t (T
We obtain for ¢ € (0,7)
14 pT (14 2pT 2+ oT 14+ 2p(T —t
(1 - e)dX; +pT (1+4p ),(1f )1 (i)zp _ 45T -1 mado dt
2+ T 2+ p(T—1)) 2 2+ p(T — 1)
Dy — (1 —€)xo (1 -v)AN,
p|PocO9n g~ (WA |,
2+ 0T 0<r<t +o(I'=7)
1 T—
1Tt (1 - v)dN;.
24+ p(T —-1t)
Equation (45) finally yields
(1-eAX; = —(1-¢X7
my
- pr -M
™
Dy — (1 —€)xg my 1— 2p?T? pT v
S0 mer oM 1Pt g yym 1+ 2 )+ Y| e
2+ pT S | o T Uyt g T 9
17 AN
Y S
0<7‘<T )

A.4.2 Case of the Hawkes model (Theorems A.1 and 5.1)

Lemma A.1. Let ¢ : [0,T] — R be a measurable function, and for0 < s <t < T, ®(s,t) f o(u) exp(—pu) du.

We then have for all t € [0, T
t xt—1
/ ¢(U) 5u du = 50 (I)(O,t) + « ®Xt (I)(TXtvt) + « Z @1 @(Ti,’ﬁqu)
0 i=1

Proof. The proof is straightforward since for v € [x¢,¢], 0, = do exp(—pu) + aexp(—pu) O,, and for
ie€{0,---,x¢ — 1} and u € 13, Ti11), 0u = o exp(—pPu) + aexp(—Pu) ©;. O
Case a = >0 (Theorem A.1)

In this sub-case, we have a = /3 as in the Poisson model and Equation (45) still holds. Moreover, Equation
(46) also holds since the process (0;):>0 and the constant process equal to dy coincide at time ¢ = 0. This
yields the initial jump AX{ of the strategy X*. Now, in the case « = § > 0, (d;) is a cadlag process of
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dynamics dé; = —p 6; dt + 8 dJ;. We thus obtain by differentiating (45)
(1—e)dX; = pDidt — [1+p(T —t)] dD; — my x [1+ gp(T—t)} 5, dt
+ % X {1 (T —t) + %p2(T - t)ﬂ o,
& (1-e)dX; = pD;dt — my ¢o(t) &, dt

1+ p(T —t) [ Bvmy  p*(T —t)*
- t){ p th(ly)dNt} TR Caramon M

where the explicit value of §; is given by 6; = dg exp(—pt) + 5 > exp(—8(t — 7)) AJ,, and we define for

0<t<t
0<t<T,
o L+ 5p(T =)+ 5 [14p(T —t) + 5p*(T — 1)?]
o 2+ p(T —t) '
We now determine Dj: for t € (0,7,
dD; = —pDidt + (1—-¢€)dX; + (1 —v)dN;
(1—v) dN; Bmy 1+ p(T —t)+%p*(T —t)?
= - t) 6 dt + X dJ;.
We have
DO — (1 — E)SCO mi 1+ pT (1 + %pT)
* = D 1-AX) = ————— — 0,
0+ 0+ ( €) 0 24 T P 2+ oT 0
171/
dDZ = —m ¢Q ) 0y du +
14 p(T —7) + 22T — 7)2
+ﬁm1x Z + p( T)+4P( 7') AJ..
P 5 2+ p(T—7)

Let us focus on the calculation of fot ¢o(u) &, du. We define ®q(s,t) f ¢o(u) exp(—Bu) du for 0 < s <
t <T. Lemma A.1 yields for ¢t € [0, 7]

xt—1

t
/ ¢Q(U) 0y, du = dg (I)o(o,t) + ﬁ@Xt dg (TX“ﬁ) + 6 Z@l (I)O(Ti,TiJ,_l)
0

i=1
The function ®¢ must then be determined. For ¢ € [0, T], we have

i -+ @ - 07] = AT 0 T 0]+ 5 (1= F) 4 plT - 1) - (1)

EIE

which gives

we) = 55 (1-5)] + 000 ey

2+ p(T —t) p
Since [ £ Ay = exp(—AT) f;_," SELLdu, this yields (see (11) for the definition of L)
an) = [2o%(3-2)] x pi—ontin
b1 (1= 2) S s 1.7 - 5) - 20,7~ 1)
+ 2T = 8) exp(—=Bs) — (T — t) exp(—t)] .
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We thus have for ¢t € (0,7)

Do —(1— 1 14 pT (14 XpT
Df = 0o— (1 —€)xo i oma P ( 1P )—p@o(O,t)
24 pT p 2+ pT
xt—1
— Bma | Oy, o (Ty, 1) + Z@i o (i, Tiv1)
i=1
(1-v) m 14 o(T —7) + Lp2(T — 7)?
n Z2+ +5 LY Z p( 2+)(T4P§ ) A,
0<7<t p P o<r<t P T

and we eventually obtain the strategy X* on (0,7)

« 1+ pT (14 2pT
o Qipf L 00(0.0)] mudodt — my 600) (o + 50y, )expl—51)
Do — (1 —¢€)zo (1 - V)AN,
Y e | pdt
2401 0<zr:§t2+p(T*7)
L+ p(T—7)+ 59T —7)° xi—1
AJT_ @ [0 ’t _ @i d T
i O;t 2+ p(T'—7) POy, o (Ty, 1) pizzl o(Ti, Tit1)

1+ p(T —t) [ Bvmy  p*(T —t)?
T t){ p th(ly)dNt} TR Caremon M

and the final jump at time T' (using equation (45))
(1—-eAX] = —(1-¢X7}
mi
= Dy ——r
™

1+pT(1—|—%pT)
24+ pT

Do — (1 —
o — (I —¢€)xo n domy "
24 pT p

- p (I)O(Ov T)

xT—1

Oxr o (Tyr, T) + Z Oi Po(7i, Tit1)

i=1

m 1+ p(T —7) + 2p*(T — 7)?
n Z 2+ ) n pmy % Z Pl 2+)(T4PT§ )
0<7<T p(T p 0<7<T p

- 7 (60 + 8Oy ) exp(—pT).

— Bmy

Theorem A.1. Let e € [0,1). For 0 < s <t <T, we define

w0 = [15(1- D] + T g
) = 245 (1 2)] x 2B et
=0 (1) SCE 15,57 5) - 20,7~ )

] ﬁmldt

(48)



In the case a = B, the optimal strategy X* in the MIH model is given by (46), (48) and (49). The value
function function of the problem is then

p(T —t)
24 p(T —1)

gxClta,d,25%) = —qlz+da + {¥+£]zz N

2+ p(T—1) 2 {ngO(Tt) %]z

l—exﬁp

_ L AT [qd—go(T—t)é%r— Ly (5&

l—€e 24p(T—1)
+e(T—t) 2 + g(T—1),
where for u € [0,T], Go(u) = 1+ pu and e and g are given by (37) and (38).

Case a #  (Theorem 5.1)

We use Equations (42) and (44) to obtain the following characterization of the strategy X*: a.s., dt-a.e. on
(0,7),
1

(1—eX: =—-[+p(T-t)] Dy + % X [2+p(T = t) x {14+ C(n(T = 1)) + vp[l = (T = )l/n}] 6. (50)

The initial jump of X* at ¢ = 0 is such that (50) is verified for ¢t = 0F:

(I =e)(wo +AXg) = — [1+pT](Do+ (1 -€)AXg) + ZL—; X (24 pT x {1+ ¢(nT) +vp[l — C(nT)]/n}] do
o (1-gAX: - - (1—€)zo + [L+pT|Dy — 5 x [22++pZT>< 0+ CT) +vpll — <D /m}] 6o

In the case « # 3, we have dé; = —f 0; dt + « dJ;. We differentiate Equation (50)
(L—edX; = pDjdt — [L4p(T =] dD; — - x [L+exp(=n(T — 1)) +vp(T = )C(n(T —1))] 3 dt
mq %

+ e 24+ p(T —t) x {1+ ¢(n(T — 1)) +vp[l —{((T —1))]/n}] déy,

which yields

. . B 14+ p(T —1t) [ am C1—y
(1—e)dX; = pDfdt — my ¢,(t) & dt + T oD { ; dJ, — (1 )dNt}
ami  p(T' =) x {{((T —1)) =1+ vp[l — ((n(T —1))]/n}
T, 2+ p(T —t) dJe,

where for ¢ € [0, T

L 1+ exp(=n(T — 1)) +vp(T = )¢(n(T = 1)) + £ [2+ p(T — t) x {1+ ¢{((T — 1)) + vp[l = ((n(T —1))]/n}]

Pn(t) = 3 2+ p(T —t)
and 0; = §p exp(—ft) +a >, exp(—B(t—71)) AJ,. Fort € (0,T),
0<7<t
dD; = —pDidt + (1 —-¢€)dX; + (1 —v)dN;

= — my ¢n(t) 6,5 dt
A-v)dNe amy 2+ p(T —t) x {1+ (T —¢)) + vp[l = CO(T = t)}/n}
24 p(T —t) 2p 2+ p(T —t) v
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and we have

Do—(A—ezo  m 2+ pT x {1 +¢O0T) +vpll —C(T)]/n} 5

Dl = Do+ (1-oAX] =

2+ pT 2 2+ pT
1 —
/dD;;z—m1 (1 6du+z )
(0.1 (0.1 05rt?
L s 2 {1+<< < — )+ voll — @ =D/}
2p 0<r<t 2 +p(T* T) "

We define ®,(s,t) := fst ¢n(u) exp(—pu) du for 0 < s <t <T. Lemma A.1 yields for t € [0, T

xt—1

t
/ ¢n(u) 0y du = g ®,(0,8) + a Oy, P, (7y,,1) + « Z@i D, (T3, Tig1)-
0

i=1
To determine the function ®,, we write
exp(—n(T —t)) x exp(=pt) = exp(—=pT) x exp(a(T — 1)),

(T — (T — 1)) x exp(~Bt) eXp(;ﬁT) % [exp(B(T — 1)) — exp(a(T — £))].

Thus, ¢,(t) x exp(B(T —t)) is equal to

B L vp=28) B (172” exp(B(T — 1)) | {1 vp B (172)] exp((T —t))

1 v
2 (E +5>XeXP(B(T7t))+ {5 Ty 2n n )] 2+p(T—1) n )] 2+p(T—1t)’

which yields for 0 < s <t < T,

Dy (s,t) = % (% + %) X [exp(—fs) — exp(—=p1)]
N eXp(QpﬂT) {1 _ V_np ,% (1 _ %)] x [L(p,a,T — s) — L(p, o, T — t)].

We obtain the expression of Dj for t € (0,7)

D; =

Dy — (1 —e)xo dom y {Q‘FPT x {1+ T +vp[l —¢(nT))/n} — 2p ©,(0,¢)

2+ pT 2p 2+ pT
xt—1

(1-v) AN,
Ox, Py (T,st) + E : Oi @y (7i, Tig1) | + Z 24+ p(T —17)
=1 0<r<t P

amy 2+ p(T X {1+ (T —71)) +vp[l = (T —7))]/n}
2p % Z 24 p(T —1) Adr.

— am

+

0<r<t
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The strategy X* on (0,7T) is given by

(1—dxr — [2 +pT x {1+ C(g?;rTvp[l —CMT))/n} 2p ®,(0,1) doms o,
my ¢y(t) (o + Oy, ) exp(—pt) dt
Dy — (1 —€)xg (1-v)AN,
Y Z 27 | "
o S RN LR B IR T
0<r<t
| xt—1
Oy, O, (Ty,st) + Z@i @n(Ti,Ti+1)] pamy dt
i=1
1+ p(T—1t) [ am
T T ) { p =) dNt}
amy  p(T —t) x{¢((T" —t)) =1+ vp[l — (T —1))]/n}
T, 2+ p(T — 1) dJz,
and the final jump at time T' (using equation (50))
(1-eAX; = —(1-eXr
= Di - % 5r
_ Do—(1—¢€xo domi1 24 pT x {1+ ((nT) +vp[l —¢(nT)]/n}
- v, T T2, X{ 2+ T ~ 20 %, (0,7)
xr—1
(1-v) AN,
- S} T (I) T7 @ q) iy 14 ) + YN Z s
amy 2+ p(T ) {1+C( (' =) +vpll = CT = 7)]/n} 4 4
iy XOQZST 2+p(T—7) ’

_ % (60 + Oy, ) exp(—BT).

B Proof of Theorem 2.1

Let X be an admissible strategy. We introduce the following processes: SY = Sy + £ (Nt No), S¥ =
7 (Xt — Xo),
1-— 1—
dDN = —pDNdt + ~— VAN, and dDX = —pDXdt + ——CdX,,
q q

With D} = Dy and D = 0. Thus, we have S = SN + SX, D = DV + DX and thus P = PN + PX| where
= SN + DY and PX =S¥ + DX From (4), we have

C(X) = / PN dXx, — PY Xp + C°V(X),
0,T)
where ) )
oW _ X 2 X S
C (X)f/ PYdX, + o > (AX,)? - PYXr + % X2

[0,7) Yorer
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is a deterministic function of X that corresponds to the cost when N = 0, which is the Obizhaeva and Wang
model. We now make an integration by parts as in Remark 2.3 and get that

PN dX, - PN Xy = — X, dPXN.
[0,7) [0,7)

When PV is a martingale, this term has a null expectation. Therefore, the optimal execution strategy is the
same as in the Obizhaeva and Wang model, see Gatheral, Schied and Slynko [20], Example 2.12, and there
is no PMS. Otherwise, we can find 0 < s < ¢ < T such that E[P}|Fs] and PV are not almost surely equal.

In this case, we consider the strategy X, = E[PN — PSN|]-"5]1u€(Sﬁt] that is a round-trip, i.e. Xg = X7y =0.
We then get

E l X, dPN | = —E[(PN — PM)E[PY — PN|F,]] = —E[E[PN — PN |F,]?] < 0.
[0,T)

Since COWV(cX) = c2C°W(X), we can find ¢ small enough such that E[C(cX)] = —cE[E[P}N — PN|F,)?] +
2COW(X) < 0, and therefore cX is a PMS.

C Proofs for results on PMS in the Poisson model

The first three subsections of this appendix contain the proofs of the results given in Section 4.2. In the first
two subsections, N is a martingale since dg = 0. To clarify the calculations, we use Remark 2.4 and assume
without loss of generality that

e=v=0and ¢g=1. (51)

C.1 Proof of Proposition 4.1 (uncertainty on D)

Let Dy = dgexp(—pt) + %fot exp(—p(t — s))dNs + %fot exp(—p(t — 8))dX, = Dy + (dy — do) exp(—pt). We
compute the expected value of the cost C'(X) and get from Remark 2.4 and (51)

5 T+ 5 ~ 5 T+ N
E[C’(X)} - E Dy dXy| + (do—do) E l / exp(—pt) dXt]
0 0
_grer2 T 1 pT _d /T+ o) dR
do 51 T 2K0ma {2 pln 1+ 5 + (do—do) E ; exp(—pt) dX; |,

since the first expectation is the optimal cost in the model starting from do. The integration up to T+ means
that it takes into account the last trade at time 7. We then have to calculate the last expectation. Since N
is a martingale, we get from (14)

T+ 5
- s 1+ pT pdo / 1 7
E exp(—pt) dX;| = —d + exp(—pt) dt + exp(—pT d
VO p(—pt) t] T¥ T 2T o p(—pt) p(—p )2+pT 0
g T
- 02+pTa

which eventually gives E [C(f()} = £1/2 [d~02 — 2dodg] — 2koma [% - %hl (1 + %)}
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C.2 Proof of Proposition 4.2 (uncertainty on p)

Let X be as (15) and (51) hold. By Remark 2.4, the expected value of this strategy is

/[OVT) {/[o,t] exp(—p(t — s))dNs + /[o,t] exp(—p(t — s)) dXs} dX;

{/ exp(—p(T —t)) dV; —|—/ exp(—p(T —t)) dXt} x AXp
[0,77 [0,7]

For the definitions of the functions L and &, we refer to (11). In the balanced model §p = 0, N is a martingale.

We also recall that E[AN,AN,/] =0 for 7 # 7/ and E[fOT $)dNj fo $)dNs] = 2Koma fo Yh(s)ds] for
g,h : [0, T] — R piecewise continuous. Using this, we get

s /OT (%)th - Ao /OT (1= o5 )
SN )

l /m) ( /H exp(—pl(t - 5)) st> dXt]

/[O’T) </M exp(—p(t — 5)) st> (/M 7%;(];87 S)> dt

—  2koms {/3 /OT (/Ot%ds)dt — T+ /0T2itﬁt}

= 2Koma {/3 /OT (eXP(P(T—t))/TT_t _e);pi_ﬁ}f)ds> d¢ — T + %m (1+§)}

_ 2“0_/:"2 {<1+§)ln <1+§> — L(G—-p,T) — pT}, (52)

o \2 ’ t ’ ’ Koo
E|(A%n)?] = E{(/o %)] - 2“0””/0 [2+ﬁ(céfft)]2 - 20/) ng{%_ﬂlﬁT}’

E [C(X)] - E

o<r<T

+%E { > (AX,)?

_ 1

1 ~
+E + 5E [Axﬂ .

| 5k

o<r<T

=

1+ p(T —7) 2
_ ]E[ > ST AT T (ANT)]

o<r<T

E (/[OT] exp(—p(T —t)) dNt> AXr| = E (/{O . exp(—p(T —t)) dNt> (/[OT] 7”;(];’5_”)]
_ exp(— _ 2koma _ p _
= 2Koma / 2+pt -, X E x L(p,—p,T). (53)

To calculate the other expectations, we need the following identity

T
1 1/1 exp(—pT) p,, . )
exp(—pt)————dt = = (= = SR Prso1y),
/0 P G 5(2 v D)
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that comes from a straightforward integration by parts. We then get

E V[O’T) </M exp(—p(t —s)) df(s) dj(t]

/[0,T> </[07t1 Pt =) dXS) </[°vt1 $> )

- 5E l [, ( [ ot o) FHE=S st> < [, %) a
+ ﬁQEV[o,m (/W] exp(—p(t — s)) </[O,S} %) dS) </[O,t] %) dt]

wamap [ (f[etote-{ [ gt g pr ) )

2n0m2~/T { 1 1 }
= 1 —exp(—p(T — s — ds
> 7, [1 —exp(—p( )] BT AT s 24T
2 ) 1-— —pT o’
:M gXL(ﬁa_va) + B_l X exp(~ P ) - P ~ )
P 0 p 2+ pT 24 pT

E exp(—p(T —t)) dX; | AXp
K [, e =) )

~ dN, dN;
=58\ fewirr -0 ([, wr=) #) ([, 75500)

B exof— o T — 1+ p(T —t) dN,

: K/[Oﬂ P =) 24 p(T —t) dNt) </[0,T] 2+,6(Tt)ﬂ

_ Y b ds N LS
_2mom2p/0 exp(—=p(T — 1)) (/0 [2+ﬁ(TS)]2)dt 2n0m2/0 exp(—pt) o

T 1 1
= 2KoMo / exp(—pt) { — } dt
) 2+ 2457

1/1 —oT 1 1—exp(—pT
— 2k0mz {T (__M) P LppTy - Ly Lmep )}
P p

2 24,7 F2 2+ 5T

2 —oT 1 i
_2momz J oo (e eeCel) L (0N e
P 25 b 2+ T 2+pT p

Gathering all the terms, we eventually get E[C(X)] = 2"‘0% x f(p/p).

We now differentiate the function f of Proposition 4.2. By differentiating under the integral symbol and
integrating by parts, we can check that
1 exp(—pT)

d 2
—L(pr,—p,T) = - —2——"—2L _ Z L(pr,—p,T).
3 Ler—p, 1) = - r2+rpl) 72 (pr,—p,T)

We write
, oT (r—12 r-1 (r—12 d r—1 r—1Y\ exp(—pT)
P L oL(pr—p, T _ _ S L(pr,—p,T) —
f(r) 2+ rpl +2L(pr, —p, T) |: 3 2 r2 x dr (pr,—p,T) r + r2 2+ rpT
r—1\ pT exp(—pT) 1 r—1 1 r—1 oT 1 r—1
1o QR i I A | -
+ (T r ) [2 + rpT]? Ut r r2 ) 2+4+rpT " + r 2+4rpT)]2 r + r2 '
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and then

oy exp(=pT)(r —1)
Fir) = r4(2 4 rpT)?
A(r) = =2exp(pT) (2 + rpT)*L(pr, —p,T)

+ r[4(exp(pT) 1)+ [2 = 26T + exp(pT) (49T — 2)]r + [exp(pT)(1 + (1 — pT)?) — 2]72} .

A(r), with (54)

To check the monotonicity property of f, it is sufficient to check that A is nonnegative for r > 0. To do so,
we use that

T 2 T B
L(pr,—p,T) = %/ exp(—ps)ds — (p;) / s exp(—ps) ds
0 0

24 prs

r (pr)? / g (pr)® / ’ exp(—ps)
— L1 —exp(—pT)) — =2 _ps)ds — =P T — ) SPTP8)

50— exp(D) 52 [ sexp(ops)as = g8 [ - ) SEE s

T r? 3
< (1 — _ - 1- _ - _ _
< (1 —exp(=pT)) 2(2+prT)[1 (1+ pT') exp(—pT)] 22+ T (24 pT) exp(—=pT) + pT — 2],

since #plrs < ﬁ for s € [0,T]. This gives —2 exp(pT)(2 + rpT)*L(pr,—p,T)

> —(exp(pT) — 1)[4+ 4T + (5T)21] + (exp(pT) — (1 + pT))r(2 + prT) +r2[2 + pT + exp(pT) (oT — 2)],
which precisely gives

A(r)

r

> 0.

Let us now study the limits of f as r — 07 and r — +o0c. We have the following expansion L(pr, —p,T) =

r—0+
5[1 — exp(—pT)] — %[1 — (1 + pT) exp(—pT)] + O(r?) that gives
T 1-— —pT

1) — -0 LEOCAD ) (59)

When r — 400, we use that £ (f% ~+1In (%) +0(1) where 7 is the Euler constant to get In (1 + %) -

r—4o0

(1- %)2 L(pr,—p,T) =In (pT) +v — E(—pT) + o(1), and thus

pT 1—exp(=pT) . _
10 = =B ) - epr) + g+ D g ). o
We now study the limits fo and fs as functions of pT. We have fo(0%) =0, fi(y) = fl_e%p(_y) < 0 for

y > 0, thus fj is negative and decreasing. Since
2

(?—y[g(—y)] = w , E(-y) = 7+1n(y)—y+y1+y90+(y3),

we get y2f (y) = exp(—y) —1+y—9y?/2 <0 for y > 0, and fo(0T) = 0. Therefore, f, is negative and
decreasing as well, and we have the results of Proposition 4.2.
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C.3 Transaction costs (proof of Lemma 4.1)

We first show (16). We recall that X? is the optimal strategy when N = N?. We then define D as the

solution of dDy = —pD,dt + 1 LZEANY + 124d X, with Dy = Dy = 0 We then have

Dy =D+ w /t exp(—p(t — s))dN;.

q 0

We set X = = = =7 X%, From Remark (2.4), we get

(1

E[C(X%)]

_ (é::)); x 2k0(0%ms) [% - %m <1+ %)} :

By using (52) and (53) with p = p, we get that the expectation above is equal to

2 ol
2kgmo s —In(14+— | =T,
p 2

which gives (16).

Proof of Lemma 4.1. We recall that X* is the optimal strategy given by Theorem 4.1 when dy = xg =

0o = 0. We will show the following bounds:

1 T 1-—
2komi {T—ln <1+p—)] < < [1X|]
p 2 1-—
1-— 1 T 2 2 T
‘€ x [ X*[| < 2Kroma [T—ln <1+p_>} + Zroma(2 + pT) X {Earccos<
1—v p 2 p 2
We have
1— T14p(T—t T dN,
6><||X*|| = 2E / Lde +pIE/ / —|dt
L—v 0o 2+p(T—1) o [Jo 2+4p(T—5)

1+ pt T
- 2n0m1/ 2” dt + p / h(t) dt + Rh(T)
0o 2+pt 0

1 T T
= 2Kkomy [T——ln (1+%)} + p/ h(t) dt + h(T),
P 0

where we set h(t [

}, for t € [0,T]. By Jensen’s inequality, we have

+ E

/

_ —1/)2 B teX - _S - TeX - . ~
—(176)(19(1 0)E V[o,n/o p(—p(t — 5))dN,dX; /0 p(—p(T — 5))dN X1

24 p(T -

dN;

h(t) < L|E

pt

</t dN ) 2 % 2n0m2
K
o 2+4p(T=5s) o Tt2+p5 p(2+pT)

\/2+p

This yields to (57) by using that [/ ,/t% dz = J — arccos(,/y) — /y(1 —y) for y € [0,1) and

T T T/(2+pT)
2 t 2 2 T e
p/ Mo dt < p Mx/ [t g MX/ [ 4.
0 p(2+pT)  Jo V2+4pT —pt P 0 l—w
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D Proofs for low-frequency asymptotics

D.1 Proof of Proposition 4.4

From D} = D exp(—pt) + PTV fot exp(—p(t — s)) AN} and Campbell’s formula, see e.g. formula (3.8) in

Kingman [26], we get for u > 0,

t 1 _
Bleof] = et e (< [ [ [ (-2 Luyepopte— )| utan) m as)
0o JR q
t —
_ 67UDU+ exp(—pt) exp </{0/ |:1 — Py (1 Vuexp(ps)) :| dS) ,
0 q

by Fubini’s theorem, where 9, (w) = fooo exp(—wy)u(dy) is the Laplace transform of the law of the jump
amplitudes. Now, we observe that 1 —1, (FT”u exp(—ps)) = %uml exp(—ps) + o(e™P%) is integrable,
S—+00

which gives

Jim {e*“D?] — exp <n0/000 {1 — 4, (1 ; ”uexp(pt)ﬂ dt> .

The change of variables 6 = %u exp(—pt) leads to (17), and the integral is well defined since 1 — 1, (0) =
m16 + .0 +(6’). The right hand side of (17) is clearly continuous at zero, which gives the convergence in law
-0

by Lévy’s continuity theorem.

D.2 Proof of Lemma 5.1

To calculate E[D?], we first have to determine first E[67] and E[D;5;]. We have d§? = —2367dt + 2adJ; +
o?(dJ;)? and thus $E[67] = —2BE[67] + 20E[6¢] + o*E[S], which gives

E[67] = 03 exp(—2Bt) + /Ot(QaE[és] + a®E[%,]) exp(28(s — t))ds.
Similarly, we have d(6;:D;) = —(p + 8)d: D:dt + kTdet(St + aDidJ; + 1;f”a|dN,5|, thus
E[6:D¢] = doDgexp(—(p+ 8 — a)t) + /Ot [%mﬂfﬂ[é?] + %QE[ZS]} exp((B+p—a)(s —t))ds.
Last, we have dD? = —2pD2dt + Q%Dtd]\k + (1_7”)2 (dNy)?, and

-V

E[D?] = D exp(—2pt) +/O <21_Tym1E[D553] + (1 ) ng[ZS]> exp(2p(s — t))ds.

When a+ 2t < 8, we know that E[6;] and E[X;] converge when ¢t — +o00. It is clear from the above formulas

that E[67], E[6;D;] and then E[D?] also converge when t — +oc.

E Numerical tests

In this appendix, we test the results of Theorems 4.1, A.1 and Proposition 5.1 by comparing the closed formu-
las that we obtained for the expected cost of the optimal strategy to the corresponding values given by Monte
Carlo simulations, for several sets of parameters. This validates both the formulas and our implementation
of the optimal strategy.
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Model Poisson Hawkes o= MIHM
v 0 0.1 0 0.1 0 0.1
I} 0 0 40 55 50 50
Koo 0 0 1 1 0.2 2
Le 0 0 0.2 0 0.03 0.3
Expected cost:
Monte Carlo —1185+5 | —=1001£5 | —1228 £39 | —205054+ 2015 | 146 +£ 11 | 140+ 10
Closed formula —1184 —1001 —1224 —21220 143 143

Table 1: First set of Monte Carlo tests with: ¢ = 100,7 = 1,p = 50,57 = 0, f<;3' =25,k =30,m; =50,e =
0.1, Xo = —500 for the three models and pu = Exp(1/m1), Dy = 0.1 except for MIHM. For the Monte Carlo
simulations, we take n = 40000 paths and a discretization step At = 0.0001. The confidence intervals given
in the table are the asymptotic Gaussian intervals of level 95%.

Model Poisson Hawkes o= MIHM
v 0 0.3 0 0.3 0 0.3
B 0 0 1 0.6 0.8 0.8
Koo 0 0 0.01 0.005 0.005 0.2
le 0 0 0 0.08 0.002 0.06

Expected cost:
Monte Carlo —1983+ 11 | —2292+24 | —885+64 | —3324+ 147 | 1213 +21 | 1209 4+ 20
Closed formula —1988 —2284 —896 —3215 1221 1221

Table 2: Second set of Monte Carlo tests with: ¢ = 80,7 = 10,p = 0.8, 5y = 0, nar =15,k = 11,m; =
85,¢ = 0.4, Xo = 700 for the three models and u({k x q}) = (1 — q¢/m1)¥"1q/m; for k € N\{0} , Do = 0.1
except for MIHM. For the Monte Carlo simulations, we take n = 40000 paths and a discretization step
At = 0.001. The confidence intervals given in the table are the asymptotic Gaussian intervals of level 95%.
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