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Résumé

Cette thése propose des modéles et des méthodes pour étudier le contréle du risque dans de
larges systémes financiers. Nous proposons dans une premiére partie une approche structurelle :
nous considérons un systéme financier représenté comme un réseau d’institutions connectées
entre elles par des interactions stratégiques sources de financement mais également par des
interactions qui les exposent & un risque de contagion de défaut. La nouveauté de notre approche
réside dans le fait que ces deux types d’interaction interférent. Nous proposons des nouvelles
notions d’équilibre pour ces systémes et étudions la connectivité optimale du réseau et le risque
systémique associé.

Dans une deuxiéme partie, nous introduisons des mesures de risque systémique définies
par des équations différentielles stochastiques rétrogrades dirigées par des opérateurs & champ
moyen et étudions des problémes d’arrét optimal associés. La derniére partie aborde des ques-
tions de liquidation optimale de portefeuilles.

Mots clés : Risque systémique, réseaux financiers, graphes aléatoires, contagion de défauts,
controle optimal, EDSRs a champs moyen avec sauts.
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Abstract

This thesis presents models and methodologies to understand the control of systemic risk in
large systems. We propose two approaches. The first one is structural: a financial system
is represented as a network of institutions. They have strategic interactions as well as direct
interactions through linkages in a contagion process. The novelty of our approach is that these
two types of interactions are intertwined themselves and we propose new notions of equilibria
for such games and analyze the systemic risk emerging in equilibrium. The second approach
is a reduced form. We model the dynamics of regulatory capital using a mean field operator:
required capital depends on the standalone risk but also on the evolution of the capital of
all other banks in the system. In this model, required capital is a dynamic risk measure
and is represented as the solution of a mean-field BDSE with jumps. We show a novel dual
representation theorem. In the context of mean-field BSDEs the representation gives yield to
a stochastic discount factor and a worst-case probability measure that encompasses the overall
interactions in the system. We also solve the optimal stopping problem of dynamic risk measure
by connecting it to the solution of reflected mean-field BSDE with jumps. Finally, We provide
a comprehensive model for the order book dynamics and optimal Market making strategy
appeared in liquidity risk problems.

Keywords: Systemic risk, financial networks, random graphs, default contagion, optimal
control, BSDEs with jumps, Mean field BSDEs.
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1 Summary

In Part one, we investigate the optimal choice of connectivity and define a new notion of
equilibrium for a set of financial institutions in a large financial network. Players are represented
as nodes, linkages are source of income, and at the same time they bear the risk of contagion.
The optimal connectivity of the nodes results from a game, in which the risk of contagion
depends on the choices of all nodes in the system. The players’ payoff is impacted by their own
choice of connectivity, which governs both the benefits from linkages as well as the exposure to
the risk of contagion in the network. The risk of contagion in turn depends on all the players’
connectivity choices. Our notion of equilibrium is similar to a mean field game: players take
as given a mean-field, namely the conjectured failure probability of a link (which also gives the
proportion of failed nodes at the end of a potential contagion process). They then decide on
their own connectivity. This leads to an actual failure probability in the network and we check
that a fixed point holds: the actual link failure probability is the same as the conjectured link
failure probability.

We analyze the existence of equilibrium when contagion is driven by the classical threshold
contagion model. Moreover, we provide several generalizations of this model to the dynamic
case. First, we allow nodes to receive growth benefits uniformly over time during the contagion
processes. Second, we investigate policies by which growth is distributed more efficiently over
nodes and time depending on the state. We call these recovery features and we furthermore
investigate the optimal connectivities in equilibrium under such recovery features. Our results
show that a higher heterogeneity in the initial distribution of the threshold (as captured by its
standard deviation) implies a lower default probability in equilibrium. A higher heterogeneity in
the initial distribution of the threshold also leads to a larger average connectivity in equilibrium.
Finally, systems with higher growth/recovery rates may lead to equilibria with higher failure
probability as well as higher final fraction of failed banks. This result is surprising and gives
new insights into potential policies that promote financial stability. In particular, this shows
that even if equity is injected over time, the strategic banks will adapt and potentially take more
risks in equilibrium. This means that any policies that promote growth must be accompanied by
limiting connectivity and this must be targeted on banks which have higher initial thresholds.
Otherwise, such banks, in anticipation of future growth would otherwise take too high risks.
By limiting their connectivity, their thresholds will grow even larger and they will act as shock
absorbs of the system.

In Part two we study Mean-Field BSDEs with jumps and the corresponding Reflected Mean-
field BSDE. We first introduce and show the existence and uniqueness of two types of mean-field
BSDEs with jumps. We provide (strict) comparison results and a dual representation results
with application to convex dynamic risk measure. We then provide the same stream of results
for the Reflected Mean-field BSDEs with jumps. We solve the optimal stopping problem of
risk measure by characterizing solution of optimal stopping problem of mean field- BSDE as
the solution of Reflected mean-field BSDEs with jumps. Finally we provide results on the
optimization principle and robust optimal stopping problems with applications

In Part three we study the problem of the order book dynamics modeling and market makers
optimal strategy. We present the a comprehensive Queue-Reactive type model got order book
dynamics. We then derive the HJB variational partial differential equations satisfied by the
value functions of the market maker who is trying to optimize the expected utility of terminal
wealth. We propose a numerical solution for this problem and illustrate how approximated



optimal strategy can be deduced from them.

2 Optimal connectivity for a large dynamic financial net-
work subject to contagion risk

Interconnected systems are subject to contagion in time of distress. Recent effort has been
dedicated to understanding the relation between network topology and the scope of distress
propagation, see e.g., [1, 2, 5, 17] and the references therein. It is critical to recognize that
connectivity is a result of an optimization problem of agents, who derive benefits from connec-
tions and view the associated contagion risk as a cost. In the context of financial systems, this
benefit-cost view of connections is first presented in [5], who analyze socially optimal network
topologies.

A threshold model of contagion for heterogenous graphs is proposed in [1]. Each node repre-
sents a bank, insurance company or institution, and is endowed with a threshold to contagion.
A set of nodes fail exogenously and any node in the system can fail due to contagion when its
threshold is surpassed by the number of connected nodes that fail. The availability of asymp-
totic results on the fraction of nodes that fail at the end of the contagion process allows us to
estimate the failure probability for a network with given connectivity. In this thesis, we take a
step further and find the equilibrium choice of connectivity. The banks’ payoff is impacted by
their own choice of connectivity, which governs both the benefits from linkages as well as the
exposure to the risk of contagion in the network. The risk of contagion in turn depends on all
the banks’ connectivity choices.

The fundamentals in the model are represented by the thresholds. Under full information,
the distribution of the thresholds across banks is common knowledge. Once a node chooses its
connectivity, the network is generated using the configuration model. This is a random graph
chosen uniformly over all graphs with the given connectivity sequence across nodes. For this
random graph, a law of large numbers gives the limit probability that a randomly chosen link
fails, i.e. it links to a failed node. This probability depends on the join distribution of the
connectivity and thresholds. Our equilibrium concept is a rational expectations equilibrium.
For an anticipated link failure probability, nodes choose their optimal connectivity as a function
of their threshold. We then ensure that the anticipated link failure probability is equal to the
failure probability in the network with the chosen connectivity.

Our equilibrium model is quite different from past literature. In [5] the authors use the
notion of pairwise Nash stability and a contagion mechanism in which nodes fail with an
exogenous probability when a neighbor fails. The notion of pairwise Nash stability is also used in
[9]. Here we exploit the asymptotic results for contagion scope in our particular choice of random
graph, where connectivity is optimized but the actual neighbors are randomly chosen. We are
interested in the optimal connectivity as a function of fundamentals, namely the thresholds.
Our notion of equilibrium can be seen as a Nash equilibrium with a continuum of players,
classified according to their thresholds and we obtain a unique such equilibrium.

For the asymptotic case, our results allow us to understand how the degree of heterogeneity
in the fundamentals translates into failure risk in the network with endogenous connectivity.
Nodes adjust their connectivity to the degree of heterogeneity in the fundamentals. When the
fundamentals are more homogenous, then the average connectivity is lower, but the failure
probability is higher than in the case when there is more dispersion in the fundamentals. The
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network payoff is defined as the average number of links times the survival probability. For
different fundamentals, the network connectivity is adjusted in equilibrium to yield the same
network payoffs. However, these networks are not equivalent from the point of view of systemic
risk. To obtain lower default probability and systemic risk, more dispersion in fundamentals
is preferable. In this case, nodes with large thresholds would act as stabilizers in time of
distress. Our results are in line with [9], who obtain in a different model that economies that
are fundamentally "safer", in the sense that they are subject to less volatile shocks, generate
higher interconnectedness. Here, it is the homogeneity of the thresholds, or otherwise said their
lesser variance, that generates more connectivity.

Our work is complementary to the line of research on the control of contagion, e.g., [3, 15, 16].
In these works, a central party, for example a regulator or government, seeks to minimize
contagion. In [8] the author explores the effect of moral hazard on network topology, as the
network is formed with the anticipation of government bailouts in case of distress. Parallel
to the development of network models for systemic risk, a recent series of works [1, 4, 4-6]
introduced a reduced form approach to systemic risk analysis, based on mean field interaction
models. In these works, the trajectories of the banks are modeled as a set of coupled diffusions,
which may be controlled by a central party that specifies the parameters of the interaction. Here
in contrast, the financial institutions themselves are the decision makers, and their decision is
made before the shock, with a rational expectation on the way the cascade will evolve following
the shock.

While most of the work on contagion in financial networks refers to banking networks, a
recent literature [4, 14] considers insurance-reinsurance networks. Contagion proceeds similarly
in such networks, as failed reinsurers cannot honor contracts to other institutions, and such
failures can propagate via chains of reinsurance contracts. Our work offers thus guidance on
the formation of such networks and their inherent risk.

3 Optimization problems for Mean-Field BSDEs with
jumps

Mean-Field BSDE is firstly introduced and studied by Buckdahn et al [9] [10] and by Li et al
[8] for the case with jumps.

Mean-Field BSDEs The Mean-field BSDE is a process (X, Z,1) € §? x H? x H? satisfying

{ —dXy =F [f(t,w, X[, Z],1,(-), X, Z, i ()] dt — ZydWy — fE lt(e)N(dt,de); (1)

X7 =¢.

where E' f (¢, w, X3, Z{, [ (+), X¢, Zt, 1i(+)) = fQ ftw, Xe(w'), Ze(w'), 1 () (W), Xe(w), Zi(w), 1 (+) (w))dP(w')

The solution of the Mean-field BSDE (1) was related to the solution (X~ ZN V) of the
backward equation



{ —dXy = £ 300 [ftw, XPN, 2PN N (), Xo, Z, ()| dt — Zud Wy — [ 1i(e)N (dt, de);
Xp=¢
(2)

where the i.i.d. sequence (X7, ZJ-N [3:N) 1 < j < N, are following the same law as (X, Z,1).
This convergence result is proved in [9] in the case of Brownian motion, namely they show
(X, Z,1) to be the uniform limit of the solution (X%, Z¥ V) when N — oo.

It is typical in the literature to motivate the study of the Mean-field BSDE (1) by considering
it as an approximation of a system of IV coupled symmetric stochastic differential equations
—dXPN = LN ftw, XN XPN)dt — zpNaw, — [ 10N (e)N (dt, de);
XN =¢
On the other hand, Reflected backward stochastic differential equations (RBSDEs in short)
have been introduced in 1997 by the five authors El Karoui, Kapoudjian, Pardoux, Peng and
Quenez [3] in the case of a filtration generated by the Brownian motion. The generalization
to the case of reflected BSDEs with jumps, which is a standard reflected BSDE driven by
a Brownian motion and an independent Poisson random measure, has been established by
Hamadene and Ouknine in [15]. A solution for such equation, associated with a coefficient f,

terminal value n and a barrier £, is a quadruple of process (Y, Z, k(.), A) of adapted solutions
which satisfy the following equation:

—dY, = f(t.w, Xe, Zo, ki())dt + dA = ZdW, — [y k()N (dt, du); - Yo =,
Vi > &, 0<t<T as, .
foT(Yt —&)dA; =0 as. ;

where A is a continuous, increasing process whose role is to push the solution Y such it remains
above the barrier £. The condition fOT(Yt — & )dA; = 0 ensures that the process A acts in a
minimal way. More precisely, A increases only on the set {Y = ¢}. The authors have shown
the existence and uniqueness of solutions under the assumption barrier £ is right continuous
left- limited (RCLL) whose jumping times are inaccessible stopping times. In this case, the
jumping times of the process Y come only from those of its Poisson process and then they
are inaccessible. The general case of RBSDEs with jumps and irregular obstacles has been
studied more recently by Quenez-Sulem [12] which weaken the assumption on £ to be only
RCLL. This allows the jumping times of process Y come not only from those of its Poisson
process (inaccessible jumps) but also from those of the process £ (predictable jumps). The
allowance of £ to have predictable jumps also make the reflecting process A no longer continuous.
the difference with respect to (3) only appears in the Skorokhod condition which becomes:
Jo (Ve — €)dAS = 0 as. and AAY = ~AYi 1y _¢ 5.

An important application of reflected BSDEs is its connection to optimal stopping problems
of dynamics risk measure. More precisely, given an RCLL process (§;,0 < ¢t < T') and a Lipschitz
driver f satisfying the additional assumption such that the comparison theorem holds, the
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solution Y of the associated RBSDE satisfies: for each stopping time S € Ty, we have

Ys =ess sup Xg(&-,7) as. (4)
T7€TS

where for 7 € Tg, X.(&,7) is the solution of the BSDE associated with terminal time T,
terminal condition &,, and driver f. Meanwhile, optimization principle and robust optimal
stopping problems has also been studied in [12] where the minimizer of a set of RBSDE solution
{Y*, a € A} driven by {f“, a € A} is characterized as the solution of an RBSDE. Then robust
optimal stopping problem turned to be a mixed control/optimal stopping game problem and the
authors showed the existence of a value function for the game problem under some additional
hypothesis.

Contributions In this chapter, we provide some results and properties for the Mean-field
BSDE with general Mean-field operators and the corresponding the reflected Mean-field BSDE.
We also generalized the results between BSDEs with RBSDEs to the case with Mean-field
drivers. Then we apply the results to solve the problems of Mean-field dynamic risk measures
including the (robust) optimal stopping problems.
We firstly consider the Mean-field BSDEs with general operator F :

A solution of a Mean-field BSDE with jumps with terminal time 7', terminal condition ¢ and
driver f and operator F' consists of a triple of processes (X, Z,1) € §? x H? x H2 satisfying

{ —dXy = f(t,w, F(t, X;(-)), Xp, Zo, 1i(-))dt — Z,dWy — [ ()N (dt, de); (5)

Xr = €.

where F is B([0,T]) x B(L%) measurable operator from [0, 7] x L& (Fr) to R.
We denote by (X (&,7T),Z(&,T),1(&,T)) the solution of the Mean-field BSDE associated with
terminal time 7 and (£, f). Under additional Lipschitz condition, we showed the exis-
tence/uniqueness and (strict) comparison results. We notice that in [14], the authors also
considered similar Mean-field BSDEs, however, one of main difference we want to address is
that we have showed results under more general Mean-field operator which includes cases with
higher order interactions while in [14] the authors mainly consider the linear specially case
F(t,X) =Elp(t, X)].

We then introduce the functional p : (n,T") — p.(n,T") representing a mean-field dynamic
risk measure induced by the mean-field BSDE with driver f and mean-field operator F'. To be
more precise : Let T" > 0 be a time horizon and f be a Lipschitz driver.

For each T € [0,T] and n € L*(F7), set
ol T = pe(n, T') i= =Xo(n, T'), 0<t<T, (6)

where X;(n,T") denotes the solution of mean-field the BSDE (5) with driver f, mean-field op-
erator F' and terminal conditions (7”,7). If T represents a given maturity and 7 a financial
position at time 7", then p:(n,T’) is interpreted as the risk of n at time ¢t. We provide prop-
erties of these Mean-field dynamic risk measures such as monotonicity, translation invariance,
convexity under appropriate hypotheses using the properties we have proved for the solutions



to Mean-field BSDEs. Meanwhile, we also give a technical dual representation results

Ept(gaT) = sup EQQD&&?(_S) - C(%Baq?O%T)} (7)
(v:8:¢,0) EAT

In the classical setting without the mean field, three components §s, 35, @ of the optimal control
are shown to exist in previous literature. The challenge we now solve is to show that given
these three optimal components, we can construct the fourth component which is associated to
the mean field operator.

Our main contribution in the second half consist of the study of the Mean-field reflected
BSDE (MFRBSDE) and its connection to the optimal stopping problem of the dynamic Mean-
field risk measure. To be more precise, we have showed the the existence/uniqueness and
(strict) comparison results for the following reflected Mean-field BSDE corresponding to the
counterpart Mean-field BSDE (5).

Mean-field Reflected BSDE is a process (Y, Z,k(.), A) € 8 x H? x H2 x §? satisfying

—dY, = f(t,w, F(t, Xe(+)), X¢, Zo, ke (-))dt + dAy — ZedWy — [, ke(w)N(dt, du); Yo = &,
Y > &, 0<t<T as.,
A is a nondecreasing RCLL continous process with Ay = 0 and such that
Jo (Ve — €)dAS = 0 as. and AAf = ~AY; 1y _¢ y as.
(8)

The result that relates the value function to the optimal stopping problem with the solution
to reflected BSDEs was proved in [12] for the case of BSDE driven with jumps. We extend
the results in the context of Mean-field BSDEs. i.e. the equation in (4) holds for X to the
solution in (5) and Y to the solution in (8). We also generalized the stream of results in [12]
to the mean-field driven case, including the optimization principle and robust optimal stopping
problems. Finally we Sketch the corresponding results and proofs for the another type of
Mean-field (R)BSDE.

4 Optimal inventory management and order book model-
ing

Order book presentation. Most of electronic markets follow the order book matching rule.
In such exchanges, buyers and sellers send their orders to a continuous-time double auction
system. Then, orders are matched according to the price and time priority. Every submitted
order has a specific price and size and the order book is the collection of all submitted and
unmatched orders. We assume that every agent can take four basic decisions:

e Decision l: insert buying or selling limit orders (i.e quotes) in a queue or in the spread
(if exists);

e Decision s: stay on the order book to keep its strategic placement;
e Decision c: cancel existing limit orders to be agressive or to place in the spread;

e Decision m: send market orders to get an instantaneous execution.
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Order Book
Two ticks bid-ask spread

O ask queue
@ agent's order
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Figure 1: Idealized representation of the order book at a specific time

Moreover, more complex agent’s decisions are combinations of the above four basic decisions.

Motivation. In this chapter, our main objective is to model the order book dynamics and the
strategy of the market maker. Recently, the widespread market electronification facilitates the
access of high quality data describing market participants decisions and interactions at the finest
time scale. Furthermore, the availability of the order book data allows a better understanding
of the market activity. Additionally, recent market fragmentation and the increase of trading
frequency rise the complexity of agents actions and interactions. Thus, the comprehension of
the order book dynamic has become a fundamental issue for all market participants and recent
regulations emerge to increase the market transparency. Indeed, a deep understanding of the
order book dynamic and agents behaviors enables: first, market makers to ensure liquidity
provision at cheaper prices; second, HFT to reduce arbitrage opportunities; third, investors
to reduce their transaction costs; fourth, policy makers to design relevant rules, to strengthen
market transparency and to reduce market manipulation. Moreover, modeling the order book
provides insights on the behavior of the price at larger time scales since the price formation
process starts at the order book level. In Markov order book models, authors show, in [17],
that the rescaled price process converges towards a Brownian motion. Hence, pricing models
where the asset price follows a Brownian diffusion seem to be consistent with the order book
mechanism.

Control problem. Since the market activity rises from the interaction between different
agents acting optimally, our methodology consists in computing the optimal strategy of each
agent and then use these optimal strategies to simulate the market. There are mainly three
types of agents: market maker (MM), high frequency trading (HFT) firms and an institutional
broker (IB). We will mainly consider the strategies for marker makers and use the simple
strategies for the other two types of players. We express our control problem for order-driven
markets (for example the equity market) since we may have multiple liquidity providers (i.e
market makers). However, it can be easily adapted to the so-called quote-driven markets,
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where there are few monopolists liquidity provider who set the bid and ask quotes.

The MM are financial agents whose main job is to provide liquidity to other market
participants. They can be designated by the exchange to ensure a basic level of liquidity
provision. They propose liquidity mainly by inserting buying and selling limit orders (i.e
quotes), and win potentially the bid-ask spread, in return. The MM may also send market
orders to force the execution. Moreover, the MM need a fast access to the market to ensure
attractive quotes and to reduce the adverse selection risk (i.e avoid to buy just before a price
decrease). We give a detailed definition of the MM control problem in Section VIII.

The HFT agent main objective is to identify exploitable profit opportunities to catch or
at the opposite loss situations to avoid. To this extent, the HFT agent use first sophisticated
searching methodologies to identify profit/loss situations. Their searching methodologies are
based on endogenous information associated to the order book state but also on exogenous
information. In our case, for simplicity, the exogenous information is given by the dynamic
of another asset highly correlated to the traded one. Then, the HFT agent need to react, to
a market change, as fast as possible to catch the opportunity before it disappear. The HFT
agent may provide liquidity using limit orders but they can also consume it via market orders.
We give a detailed definition of the HFT control problem in Section 1.

The IB receives and executes investors meta-orders. A meta-order refers to a large investor
buy or sell order which is executed in a succession of smaller orders. The IB execution
algorithm consists in optimizing the execution price (i.e liquidation or acquisition price) of the
meta-order given a benchmark price. In our case, we consider the VWAP price as benchmark.
Since the execution time of the meta-order may last few hours, the IB execution algorithm
time scale is coarser than MM and HFT reaction time scale. The IB use mainly market orders
since the price impact cost of the meta-order (i.e fast execution of large quantities consumes
order book liquidity and strongly moves the mid price) is higher than the bid-ask spread. We
give a detailed definition of the IB control problem in Section 2.

Order book model. We model the order book state by a Markovian jump process, U, =
(P;,Q¢), where P, = (PP, Pf) and Q; = (QY,QY%). Here, P? and P® denote respectively the
best available buying and selling prices, also called the best bid/ask prices. In this model,
limit prices jump by a fixed size J, representing the tick size, in such way that the spread
S := PP — P? takes values in {§,26}. Moreover, QY (resp. Q%) are the quantity offered at
the best bid (resp. ask). When one limit is totally consumed, the order book is regenerated
according a probability distribution R/(P;_,Q;_;-) on R x N and j € {b,a}. The kernels
RI(P;_,Q;_;-) with j € {b,a} depend on the depleted queue but also on the order book state
(P;—, Qi) before the regeneration. Moreover, we consider the following setting: the bid price
can only move down by § when the bid queue is depleted; the ask price can only increase by
0 when the bid queue is depleted. We give a detailed description of the order book model in
Section VIII.

Related literature. There are, essentially, two order book modeling approaches in the
literature. First, the “general equilibrium models”, including economists models, where the
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market activity is generated by interactions between rational agents who take optimal decisions
(see [22, 37, 38]). Second, “statistical models” where the order book is seen as a random
process (see [2, 3, 11, 16, 18, 19, 25, 33, 34, 39]). The statistical models focus on reproducing
many salient features of real market rather than agents behaviors and interactions. In this
paper, we study a general equilibrium model.

Whatever the modeling approach is, we need some basic assumptions for the order book
state’s dynamic. We differentiate essentially two types of state’s dynamic depending on the
time scale. First, the “order book resilience models” are adapted to the finest time scale since
they provide details on the price and liquidity behavior [5, 13, 15, 26, 36]. Second, “black box
models” view the order book from a coarser time scale since only the price dynamic is modeled
[6, 14]. The order book resilience framework model the impact by a liquidity game: first a
trade moves the price by the mechanical liquidity consumption, before the order book reacts
by re-filling again (this is called resilience). Moreover, the order book resilience models are
complex (see a sophisticated order book model in [27] and Hawkes based process in [5]) and
difficult to calibrate while black box models are easy to calibrate since they use a small set of
parameters. In this chapter, we consider an order book resilience for the MM and HFT control
problem since they can react to every order book move. However, the IB state’s dynamic
follows a black box model since he is more sensitive to the price impact of the meta-order (i.e
long term price move) than the quick moves in the order book.

In most of the order book resilience models, the arrival and cancellation follow independent
Poisson processes. Such assumptions are not completely compatible with empirical evidences.
In [2, 18, 21, 33, 40], authors show that its simplicity allows for the derivation of interesting
formulas that can be tested on market data. To take into account the local behavior of the
order book, in [29, 30], the authors get rid of the Poisson assumption, and present an order
book liquidity model where order flows follow a Markovian jump process. They also provide
ergodicity conditions and model parameters calibration methodology. This approach has been
extended in two directions: model more consistent with market data and compatible with a
control framework. To do this, they assume that insertion and cancellation intensities depend
on both the size of QP and Q4. Additionally, they model only the best limits, and focus
on the regeneration process. Indeed, when one limit is totally consumed, the order book is
regenerated in a new state whose regeneration law depends on the order book state just before
the regeneration. This methodology reduces the dimension of the state process and enables
high flexibility since the resurrection law depends on the killing state. In this paper, the state
process is similar to the one of [1, 27], except that the spread value is no more constant; that
is, in our setting, the spread takes values € {§,26}. The dimension of the control space is also
higher than [1, 27] since more complex decisions are required to tackle the market making
problem.

In practice, optimal trading strategies are needed to find a trade-off between, at least, three
factors: the price variation uncertainty, the market impact generated by market orders and
limit orders and finally the inventory risk. The trading control problem depends on agents
categories and within each category we may find slight differences as well, such as the risk
aversion profile. However, the three above factors of risk are always involved. The MM control
problem consists in handling at the same time buy and sell quotes to reduce the adverse
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selection risk (i.e avoid to buy just before a price decrease). Additionally, the MM handle
their inventory exposed to price fluctuations mainly driven by the volatility of the market. In
absence of price uncertainty, the MM can provide liquidity to an impatient buyer and wait
the arrival of the next impatient seller with no risk. In the economics literature, the first
market making strategies goes back to the eighties. In [28, 32|, authors derives an optimal
strategy for a monopolist dealer in a single stock. Subsequently, Grossman and Miller [23]
study the risk faced by market makers and the equilibrium level of the liquidity. More recently,
in [8, 14, 26], authors introduced the problem in the mathematical finance literature. They
develop a market making strategy in the context of HFT using the limit order book. In our
setting, the HF'T control problem is similar to the MM one however the main difference lies in
the used searching methodology: the HF T decisions are based on a more sophisticated private
information. We take into account this information gap using pairs trading strategies. Finally,
the IB main issue is to handle the permanent price impact generated by the execution of their
meta-order. They also face an inventory risk associated to uncertain price fluctuations. The
study of optimal liquidation deals started with the Almgren and Chriss framework using a
mean-variance criterion. In [14, 24|, the authors enhanced this approach to a more stochastic
and liquidity driven framework. Finally, the optimal liquidation issue was studied in a more
realistic situation using impulse control-driven strategies.

Contribution Our main contribution is to provide a comprehensive model for the order book
dynamics and the optimal Market making problems. We present the equations satisfied by the
MM optimal strategy and propose a numerical solution for this problem. Then we provide a
methodology to simulate the market by where three types of players are interacted with each
others.
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CHAPTER I
Network connectivity as
equilibrium in a large game

In this chapter we use the structural approach to systemic risk. We formulate several models
to investigate network connectivity for a set of financial institutions represented as nodes.
Linkages are source of income, and at the same time they bear the risk of contagion. The
optimal connectivity of the nodes results from a game, in which the risk of contagion depends
on the choices of all nodes in the system. Our financial network model can be interpreted as a
set of banks connected through funding relations, in which a node’s threshold to contagion is
represented by its external funding capacity. A second interpretation is that of a set of insurers
connected through reinsurance contracts, in which the threshold to contagion is represented by
their capital.

We begin by formulating a novel notion of equilibrium in a game with network interactions
in the classical threshold contagion model. We then extend the threshold contagion model to
the dynamic case by allowing recovery features. These allow various growth policies of the
banks’ assets between each round of contagion. Our results show that a higher heterogeneity
in the initial distribution of the threshold (as captured by its standard deviation) implies a
lower default probability in equilibrium, a higher heterogeneity in the initial distribution of the
threshold also gives a larger average connectivity in equilibrium. Surprisingly, systems with
higher growth/recovery rates may lead to equilibria with higher failure probability as well as
higher final fraction of failed banks.

This chapter is organized as follows. In Section 1 we present the model of contagion and
the nodes’ optimization criteria. In section 2 we investigate the existence and uniqueness of
the optimal connectivity, under an anticipated link failure probability. In Section 3 we analyze
the equilibrium connectivity. Finally, in Section 4 we investigate numerically the equilibrium
choice as a function of fundamentals.

1 Node performance under linkage benefits and contagion
risk

We represent a financial system by n institutions (nodes), endowed with a sequence of thresholds
(0(2))iefn)- We can interpret the nodes as banks, in which case the thresholds represent the
funding that these banks can raise from external lenders. Banks loan to other banks, and
thus choose their connectivity and form funding linkages. Alternatively, we can interpret the
nodes as insurance companies. Their threshold represents their capital. They can reinsure
other insurance companies, and to do so they choose their connectivity and form reinsurance
linkages.
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Given a connectivity A(7), ¢ € [n], nodes form links according to the random matching from
the configuration model. In the configuration model with given degree sequence A(i), i € [n],
each node 7 is assigned A(4) incoming half edges and A(¢) outgoing half edges. The (multi)graph
results from uniform matching of the in-coming half edges and the outgoing half edges. Asn —
00, self loops and parallel edges become rare, and the graph is simple with positive probability
[13]. This means that any property that holds with high probability on the configuration model,
also holds with high probability conditional on this random graph being simple. This graph is
denoted by G and we write (¢,7) € G for the event that there’s a link between 7 and j. We let
tn (A, 0) be the fraction of nodes with degree A and threshold 6,

(0 0) = 20 E ] H(i)nz 0, A() = \}

We assume the following regularity conditions g, (A, 0) — w(A,6), as n tends to co. We also
assume the average connectivity converges to a finite limit

D A (0,0) = > (0, )) < 00 (1.1)
29N (29N

We let the fraction of nodes with threshold 6, be defined as

() = 5" (>, 0).
A

This network is subject to contagion risk. After the network is formed, a shock occurs
and a set Dy, representing a fraction € of the entire system, switches its threshold to zero. If
the financial network represents a network of funding relations among banks, the initial shock
has the meaning that the debt capacity of certain banks becomes zero, i.e., no party lends to
them, so they exogenously become illiquid. If the financial network represents a network of
reinsurance contracts among insurance companies, then the initial shock is to be interpreted
that the capital of certain insurers becomes zero following an extreme event. Under both of
these representations, the thresholds becoming zero is equivalent to the failure of the node.

This initial set of failures triggers a cascade of failures, as we assume that failed nodes cut
linkages from the nodes connected to them. Banks that fail after becoming illiquid cut loans
from other banks in the system. These banks in turn also fail if their debt capacity is smaller
than the amount of funding that was cut by failed banks. Insurers that fail after their capital
becomes zero cut the reinsurance of other insurers. These other insurers in turn also fail if
their capital is smaller than the amount of reinsurance that was cut by failed insurers. In sum,
whenever a the node’s threshold is smaller than the number of linkages that are cut from it,
then it fails due to contagion. During the cascade processes, there is also a recovery feature in
the whole financial system. This feature is captured by introducing the global growth rate (per
unit time) « - n of threshold for the system with n nodes, where 0 < o < 1. If the threshold is
interpreted as funding to the banks from external lenders, then « - n is the rate of growth per
unit time of this funding to entire financial system. Similarly, if the threshold is interpreted as
capital, then « - n is the rate of growth of the entire capitalization of the financial system.

The link between this global growth and the individual growth of the threshold depends on
how it is distributed among the banks. We assume the growth is distributed proportionally to
the bank’s number of links. That is, nodes with connectivity A will have a growth with rate
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(per unit time) equal to % of their thresholds, where ", \ A, (6, \)n gives the total
9,1 n U, B

[0

number of links in the system. We further write this growth as T:‘, where \,, = Do AMin (0, A)
represents the average connectivity in the system.

A very important feature is that only surviving banks can gain the growth while the failed
ones remain defaulted, they will not benefit from the growth.

We now introduce a dynamic model of contagion. At time 0 banks in Dy are in default.
Each of these banks cuts links to other banks. Each cut link represents an interaction and the
number of interactions is always lower than the total number of linkages in the network (n,G).
In the dynamic model, we introduce the calendar time and relate it to interaction time. We
will study the scaling limit of contagion size and we assume that the total (calendar) time for
all interactions is independent of n. Since the number of links scales linearly with n (see (I.1))
then the time between interactions must scale with % For a financial system with n nodes, we
define 77}’ the calendar time of the k" interaction and we refer to k to the interaction time.

We assume that the duration in calendar time between the two successive interactions
follows an exponential distribution with parameter n, i.e. Ay = T} —T}* | ~ Exp(n). This
instantaneous reward mechanism in the dynamic case allows the threshold to grow ‘;\—: A
between the two interactions.

The dynamics of interactions is as follows: links that belong to failed banks are revealed one
by one (initially all such links are unrevealed). After each exponential time, a link belonging to a
failed bank is revealed! and the survival condition of the counterparty node is checked according
to its current threshold. If the defaulted link of the counterparty exceeds its current threshold,
the node defaults and its links become unrevealed failed links. The cascade progresses until
there are no more unrevealed failed links. Therefore it stops at most after A, n interactions.
We let Dy the set of failures at the end of the contagion process.

We have the following theorem, which characterizes the set of failures in the case o = 0.

Theorem 1.1 ([1]). Let p* be the smallest fized point of the map J in [0, 1], where

J(p) : w2UL)

= = - B(0,\p),
o Ze,x (0, A) ( )

— : _ (A L1 \A—L
B(0,\.p) =P(Bin(\p) > 0)=>_ ()01 -p*"

>0

Here Bin(\,p) denotes a random variable with binomial distribution with parameters A and p.

(i) If p* = 1, d.e., if J(p) > p for all p € [0,1), then asymptotically (when n — 00) almost
all nodes fail during the cascade.

(ii) If p* < 1 and p* is a stable fixed point of J, i.e., J'(p*) < 1, then the final fraction of
failures converges in probability to

> (X 0)) " B(O,ApY). (1.2)
A0 2

1The choice is uniform among all unrevealed links belonging to failed banks.
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The asymptotic fraction of surviving nodes with degree A\ and threshold 6 at the end of the
contagion is given (in the limit) by

" = p(0,2)(1 = B(6, A, p*)).

Theorem 1.1 states that in the asymptotic limit the fraction of defaults can be described
by means of the binomial distribution: given the probability p* that a link is failed, then
the probability of failure of a node with connectivity A and threshold # is approximated by
B(0, \,p*), the probability of failure as if the links’ default event were independent. For this
reason we will refer to p* as the global failure probability, which is the probability that a link
chosen at random leads to a failed node at the end of the cascade, in the limit when n — oo.
The fraction of defaults is given by (I.2). Note that a fixed point as in the theorem always
exists as we check that J(0) > 0 and J(1) < 1 and the function J is continuous.

Case a > 0. We can now extend Theorem 1 to the case where the global growth rate is
a > 0. We will prove that a similar approximation also holds in this case. The proof is more
involved because the threshold to default at any point in time is no longer constant and equal
to 0, but grows at a rate a. Nodes that fail during the contagion process will not benefit from
this growth in the future, only surviving nodes can grow at any given time. This presents
challenges in the description and the analysis of the system.

In the case without growth, it was sufficient at any time to keep track of the number of failed
linkages since default happens when the number of failed linkages reaches the initial threshold.
In contrast, here banks default at the first time when the number of failed links reaches the
initial threshold plus the growth up to that time, so it is insufficient to keep track only of the
current number of failed links. We need to keep track of cumulative failed links process (which
is an increasing jump process with jump size one). If this process has ever crossed the threshold
(with linear growth), then the bank has failed, so the failure of a bank is a first passage problem.

Remarkably, one can give a heuristic to compute the probability that a bank defaults based
on a notion of average growth and the notion of global failure probability. The rigorous proof
is given in Theorem 1.2.

Heuristic of node failure probability computation : We introduce B*(6, \,p*) as the
the failure probability of a node with degree A, threshold # when the growth rate is o and the
global failure probability is p*. We introduce %*!(p*) as the probability that the nodes with
initial threshold # and connectivities A survive under the global failure probability p* and have
[ failed links at the end of cascade. The quantity B*(6, A\, p*) can be calculated by:

B‘*(Q,)\,p*) —1_ Z 60,A,l(p*).

I<min{[0+aip*]—1,A}

A condition for the node to survive is that the number of failed links I (< A) does not exceed
the final threshold 6 + aAp* which is the initial threshold plus the growth gain. The growth
gain is proportional to A and to p*. This is because the global failure probability p* can also
be thought of as the duration of the contagion: the higher the global failure probability, the
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longer the contagion lasts. In turn, if the cascade lasts for longer then banks that survive have
also received growth benefits for longer.

We can check that B*(0, A,p*) = 1, i.e., a bank whose threshold is zero is in default. This
follows by definition, since %™ (p*) = 0. Moreover, we check that B*(6,\,0) = 0 if § > 0 (all
banks survive). This is due to

(i) 1 =0, then B}H(0) := (3)0°(1 — 0)* = 1
(il) 0 <1 <6, then 59’)‘71(0) = (?)Olu _ 0))\—1 —0

(iii) 1 > 6, then %M (p) = 0; In general, when 0 < p < &0

B2 we have %M (p) = 0 (by
Theorem1.2 (ii)).

These gives the second term sum equals to 1.

We now proceed to give the heuristic for the computation of 8. For the case when the number
of failed links [ is smaller or equal than the initial threshold 6, then the survival probability
BN (p*) is simply the binomial distribution (the probability to have [ failed links)

BIM(p*) = (?) () —p )

since each link is exposed to failure probability p*.
For the case when [ is larger than the initial threshold 6, the actual calculation of 5%*!(p*) is
more involved.

If the number of failed links is [ > 6 then the bank is definitely failed if the growth cannot
cover | — 0, i.e. if ap*A < [ — 6, which gives B%M(p) = 0 for 0 < p < %. In contrast,
if p > % then we need to make sure that the bank survives. Namely, it needs to satisfy
the survival condition at the end of contagion and also at each time before. This makes the
computation more involved. Remarkably, the solution has a combinatorial representation, that
we show in Figure 1. The key point is to identify the critical times when the threshold process
could be crossed by the cumulative failed links process. Let ¢ the current time in the spread
of contagion. As we will show, the cascade will end at a time ¢'°? when all failed linkages
have been explored and is related to the global link failure probability p* by a scaling constant:

5top

v~ = p*. The longer the contagion lasts the larger the global link failure probability. We note
that the threshold process for a node with initial threshold # and connectivity A is 6 4+ a\t,
t € [0,t5%°P]. Recall that we are computing the survival probability of such a node, given that
its final number of failed linkages is I. For every u € [0+ 1,1] we let t(u) := “=¢ the time when
the bank’s threshold process is equal to u and thus the bank can withstand up to u failed links
at this time. In order to ensure that the bank survives, we need to check that the number of
failed links at time #([) is lower than !. The first case is when this number is 7 < §. In this
case, we are sure that the cumulative failed links process has not crossed the threshold process
at any time s € [0,¢(1)]. Therefore the survival probability in this case is simply the probability
that there are r failed linkages between 0 and #(I) times the probability that there are [ — r
failed linkages between the time ¢(1) and t*. The proof of Theorem 1.2 suggests that the default
probability of a linkage in any time interval is proportional to the length of that interval (with
the scaling %)

The second case is when the number of failed links at time ¢(I) is 6 + ™, for some u™ €
[1,/—60—1]. Then we have a backward recursion by which we determine previous times when we
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need to check that the crossing has not happened. The previous time when such crossing could
have happened is t(0+u™), since between t(0+u™) and ¢(1), the threshold processes is definitely
above 6 + u. Thus we only need to check that the number of failed links at time ¢(0 + u™)
is given by 6 +u™ ! for a ¥™ ! < u™. By the same reasoning, we need to check the at time
t(0+u™~1) the number of failed links is given by 6 +u™~2 for a u™ 2 < ™! and so on, until
at time #(6 + u') we need to check that the number of failed links is < #. Then the survival
probability is the product of the probabilities that there are v,  + u' —r ..., u™ ' —u™ 2,
u™ —u™ 1 and [ — 0 — u™ in the respective time intervals [0,¢(6 + ul)], [t(0 + ub), (0 + u?)]
ey [HO+ U™ (O 4+ u™)], [H(O+u™),t(1)] and finally [t(1), t°%°P]. Tt is understood that m is a
discrete variable which takes values in [1,]—1—6] (this is the number of times it would be possible
l

0+ at

I |
& & 5—

t(u 4 0) t(u™ +6) t(1) tstort

to cross the threshold process).

With the intuition behind the survival probability computation, we can now turn to finding
the global link default probability p*. Our theorem below shows this quantity is the solution to
the fixed point equation p* = J(p*), where the function J makes use of the survival probability
B«.

To see that this fixed point represents the global link default probability, let us multiply
both sides of the fixed point equation with n Ze,x An(8, ), which represents the total number
of links in the network. Then on the lefthand side we have p*n ), \ Au(6, A) which represents
the expected total number of failed links present in the system at the end of the cascade. The
number of failed links at the end of the cascade can be also accounted as the sum of expected
failed links across different nodes. Indeed, Anu(f, A\)B*(6, A, p*) gives the expected number
of failed links from nodes with threshold € and connectivities A, since B*(6, A, p*) represents
the failure probability of node with threshold 6 and connectivities A while Anu(6,\) counts
the total number of links belongs to such nodes. Summing up over § and A we have that
> g Anp(0,A)B*(0, A, p*) also gives the total number of failed links. The fixed point equation
p* = J(p*) states that the second way to account for failed links reaches the same value as the
first one.

Theorem 1.2. Let p* be the a relazed fized point defined as p* := min{p, J(p) < p,p € [0,1)},
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where

(0, 2)
o Ze,,\ A8, A)
B*(0,A\,p) :==1— > 572 (p)
I<min{[0+alp],\}

where for fized (6, X, p), (B9 (p))i>o0 is defined as follows

J(p) := B(60,A,p),

(i) 1 <0, then oM (p) := (})p'(1 — p)*L.
(ii) 1 >0 and 0 < p < =L then pOM(p) = 0.

(iii) I >0 and p > =2, then

52 = |5 () D0 50 (Na- S0 Sy
(L3)

> > > (A 9__u >(1—p+l;f)k‘l(p—l;f)l‘9‘“m

1<m<I—0-11<ul <..um<l—0—-1r<0

_|_

A—60—uym 1 I—=0—u™ \_g_ym =0 —u"™ g ym_g_,m—1
m m—1 (1 - 7)>\ 0 (7)0+ ’
O+um—60—u aA al
A—u' -6 (1 _ u? —u® )A707u2(u3 —u? )9+u2767u1
0+u2—0—ul a\ a\
A — u? —ut g ut—ut g (A ul o ut
- - () 1-="(=)"]-
9+u r al a\ r al a\

We have

1. If p* =1, i.e., if J(p) > p for all p € [0,1), then asymptotically (when n — oo) almost
all nodes fail during the cascade.

2. If p* <1 and p* is a stable fixed point of J, i.e., J'(p*) < 1, then the final fraction of
failures converges in probability to 3, 5 u(A,0) >y B*(6, A, p*).

The asymptotic fraction of surviving nodes with degree \ and threshold 6 at the end of the
contagion is given (in the limit) by

s9 = (6, \)(1 — B*(0, \,p)).
Remark 1.1. When a = 0, we recover that B°(6, A, p) = B(6, A, p).

Remark 1.2 (Existence of a fixed point). The relaxed fized point always exists since J(0) > 0
and J(1) < 1, even if J is discontinuous. When the function J is continuous on [0,1), the
relazxed fixed point is the same as the standard fized point.
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This result is established by describing the contagion process using a Markov chain of lower
dimension than the initial system, in which we aggregate nodes according to their connectivity,
threshold, and number of failed counterparties. From the point of view of the evolution of the
cascade, the nodes in the same class are indistinguishable. We then show that, as the network
size increases, the Markov chain rescaled by network size converges in probability to a limit
described by a system of ordinary differential equations, which can be solved in closed form.
This readily gives us the asymptotic fraction of surviving nodes (in each class of connectivity
and threshold) at each time of the cascade spread, namely s”7(t). The stopping time of the
cascade t°%°P is the first time when there are no more unexplored failed linkages. We can relate
the stopping time of the cascade to the global failure risk captured by p* and in the sequel we
will use this quantity to define the nodes’ performance criteria and define their connectivity
optimization problem.

Remark 1.3. Note that the ability to define a global failure probability depends on our choice of
the configuration model as an underlying network. The configuration model is a flexible setting
as it gives the possibility to use any degree distribution, but it carries the implicit assumption
that a linkage default probability is independent of the end node in equilibrium. It remains an
open problem to extend the equilibrium analysis below to other types of random graphs, e.g.
inhomogeneous random graphs, and for case when the global failure probability is replaced by a
failure probability matriz (with the default probability of a link depending on the types of its end
nodes).

Banks’ basic tradeoff is the following: as they add more connectivity, they increase the risk
of contagion. At the same time they derive more benefits from their linkages. We capture these
benefits in a simple way, by assuming that there exists a numéraire and that surviving nodes
with connectivity A receive A (units of the numéraire) at the end of the cascade. They receive
no benefit from their linkages if they fail.

We are now ready to define the nodes’ performance measure.

Definition 1.4 (Nodes’ performance). We define the performance criterion for a node with
degree \ and threshold 0 as the expected benefit of linkages, and it is given in the asymptotic
limit by

M1 —=B*(6,\p")),

with p* given in Theorem 1.2.

Note that the global failure probability of a link p* depends on the connectivity choice of
all nodes. Therefore, the optimal connectivity is an outcome of an equilibrium. We proceed in
two steps to determine this equilibrium. In the first step, we let nodes choose their connectivity
according to an expected failure probability p of a link, i.e., a node with threshold 6 chooses a
connectivity A(6, p)

A*(0,p) € arg m}z\mx)\(l — B*(6,\,p)). (1.4)

In the second step, detailed in Section 3, we will impose an equilibrium condition that the
expected failure probability of a link coincides with the actual failure probability of a link,
under the optimal connectivity.
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Before we proceed, we note that the banks maximize an expected payoff which is equal to the
connectivity if the bank doesn’t fail and 0 if it does. One could argue that in the performance
criterion banks should only count the profit from the surviving linkages. In fact, whether we
should use the expected benefit from all linkages or the expected benefit from the surviving
links depends on the model interpretation. It can be of interest to use the expected benefit and
not the expected benefit from the surviving links when surviving banks replace the defaulted
links with new funding from from the outside creditors to maintain their business. In such case
the replaced linkages have the same function as the original ones.

One could also assume that failed links do not provide any benefit and maximize the product
of the probability of survival 1 — B*(6, A, p) and the expectation of non-failed links A(1 — p).
The next remark shows that for fixed failure probability p of a link, the banks’ choice remains
the same. This in turn implies the equilibrium and its stability properties remain the same.

Remark 1.5 (Robustness to the performance criterion ). For fized 8 and p, we let

o Vi(A) := (1 = p)A(1 — B*(6,\,p)). In this case the optimizer remains the same as above
since

_ _ _ npa
m/\ale()\) =(1-p) m)z\ix)\(l B (9,/\,p)).
Thus
arg m;mel()\) = argmfmx)\(l — B*(6, )\,p)).

When the direction of link is the same as the direction of contagion (i.e. ¢ loans to j and
there is contagion from 4 to j and the link (¢,7) fails when ¢ withdraws funding from j) then
V1 represents the expected benefit of the non-failed links of the surviving banks.

2 Nodes’ optimal connectivity choice

In this section we investigate existence and uniqueness of the node’s optimal connectivity.

2.1 The static case ; No recovery feature (o = 0)

This case of zero growth is investigated in [7]. We begin by noting that the node’s performance
criterion balances increased benefits from connectivity (via the factor \) against increased risk,
via the decreasing surviving probability 1 — B(6, A, p).

Proposition 2.1 (Existence). When a = 0, the optimization problem (I.4) admits a finite op-

6=2p+y/(0=2p)*+4(1=plp | This interval

timizer \*(0, p) which lies in the interval lp%p V(0-1)

is non-empty when 6 > 1. Moreover, the optimal connectivity lies in [1%’” V(0—1), % - 1} )
Proof.

We will show that the node’s performance V() is decreasing in A for A >
0—2p++/(6—2p)*>+4(1—p)p

and is increasing for A < lp%p V.
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A+1 A A A
Recall that (*7') = /\_Jl_l(l) = 1_l/(1)\+1) (7). We have
VOA+1) =V = Y [(A+ 1)1;” — A A (1—p) lph.
1—1/(A+1) l
1<6—1
Now if A > —(2—9)+2(1—p)+\/(22p—0—2+2p>2+4(1—p)p _ 0=2p+ (0—2pp)2+4(1—p)p, then we have
()\+1)1_(9_1;)7(H1)—)\ < 0. This gives (A+1)%—A < 0, forall ] <6—1
since (A + 1)% — ) is increasing in [. This leads to (A + 1)%(1 — p) < A(A +2 — ).
Thus A > —(2—0)+2(1—p)+\/(22p—0—2+2p>2+4(1—p)p _ 9—2p+\/(9—22pp)2+4(1—p)p' Therefore if A >

0—2p++/(0—2p)%2+4(1—p)p

, then V(A + 1) — V(A) < 0. Thus the optimal A* should lie in the
9—2p+ (9—2p)2+4(1—p)p]

interval [0,

Similarly if A < 72, then (A4 1)(1 —p) — A > 0 and thus we have (A +1) ;=745 — A > 0
for all I < 6 — 1, again by the monotonicity in I. This gives that V(A + 1) — V(\) > 0
which means the optimal A\* should be greater than 1%17. Also it is obvious to choose A* >

0 for players with threshold 6. We conclude that the optimal A\* should lie in the interval

1-p 6—2p++/(6—2p)>+4(1—p)p
ooV 0, o .

Remark 2.2 (Robustness to the performance criterion when o« = 0). Apart from the perfor-
mance criterion Vi defined in Remark 1.5, we can also define another performance criterion
when a = 0. Namely, for fized 0 and p,

o Vo(A) =3 9(A— l)(?)pl(l —-p)h

Straightforward computation shows that

) =AM ) = A BEA - 1),

<6

Thus
argm}iang()\) = argm/\ax)\(l — B0, — Lp)).

which shares the same structure as the original criterion and will lead to similar results.

When the direction of the link is inverse to the direction of contagion (i.e. i loans to j and
there is contagion from j to i and the link (i,7) fails because j is insolvent or cannot pay the
loan) then Vi represents the expected benefit of the non-failed links of the surviving banks.

Remark 2.3. The same results hold for the performance criterion Vo. We mirror the proof
of the existence result, Proposition 2.1. We directly obtain that the optimizer \* lies in the

interval |[2=2v 0,2 —1].
P p

We will show that the node’s performance Va(\) is decreasing in X for A >

b2+ /(O 20 HAA—DI (1 s increasing for A < lp;p V 6. Recall that (?‘) = ﬁ()‘lﬂ) =
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% (’\;1) . We have

RO -1 = X g At ) a s

1<6—1

Now if X > 07ij then we have (A + 1)17(2%’{)/)\ A < 0. This gives (A + )1 7 —A<0, for
alll <0 —1 since (A + 1)1 775 — A is increasing in I. This leads to A+DAQ—-p)<A+1-6.
Thus A > %, Therefore if X > %, then V(A + 1) — Va(A) < 0. Thus the optimal \* should
lie in the interval [0, G_Tp].

Similarly if X < lp%p, then (A+1)(1 —p) — A > 0 and thus we have (A + 1)1 75 —A>0 for
alll < 0—1, again by the monotom’city inl. This gives that Va(A+1) —Va(A) > 0 which means
the optimal \* should be greater than 1 p Also it is obvious to choose \* > 0 for players with

threshold 6. We conclude that the optzmal A* lies in the interval {lp—p V6, T} .

2.2 The dynamic threshold case (a > 0)

We now consider the general case of a node’s optimization problem for a > 0. It is understood
that all other nodes’ connectivities and the anticipated global failure probability are fixed. A
finite optimizer exists, and as such it can be used to obtain the equilibrium across nodes in the
next section.

Proposition 2.4 (Existence). The optimization problem (1.4) admits a finite optimizer
A*(0,p).

Proof.
We define V¥(\) := )\(1 — B2(6, )\,p)) which is bounded by the following quantity:

U*(N) ==\ [ > (?) (1-— p))‘_lpl] =X L_,(A=0+aXp,0+aXp+1)

1<0+aAp

We next recall the following estimates: if & < np, then

(np — k)?

L_p(n—kk+1) <exp(— opm

) (L5)

Since a < 1, there exist Ag such that when A > Ay, we have 0 + alp < Ap.
This gives

VN <UYA) < Aexp (—W) = /\exp[—%)\p_,r (1— 5 )9 _ 20)\2])]

The righthand side tends to 0 when A — 4-o00. Thus the maximizer exists and is finite.

Remark 2.5. The quantity U® gives the value function for the same optimization problem for
a modified system in which we allow defaulted banks to receive gains from their linkages and
even recover, so it is intuitive that V*(X) < U*(X). We formally check that V*(X) < U%(A) b

using the inequality B%M (p) < (;‘)(1 p)*~lpl. (See Remark 6.2)
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3 Equilibrium

We now impose the equilibrium condition that the anticipated global failure probability failure
probability coincides with the global failure probability given by Theorem 1.2 when nodes are
at their optimal connectivity.

Definition 3.1. We call (p*, (A\*(0),0 > 0)) a standard equilibrium if

e Gliven p*

A*(0) € arg m}z\ix/\(l — B*(6, )\,p*)), for each 0; (1.6)

e p* is the smallest solution of the fixed point equation :
. “(0)u(0) O ok
p* = - B0, X*(0),p%). L7
2o 7N O 7

The fixed point equation in the equilibrium definition is derived from the fixed point equation
in Theorem 1.2, where the connectivity is set to A*(f) and we note that ©(8) = (6, A*(9)).

Combining the two conditions above, we see that in equilibrium the failure probability of a
link p* is the smallest fixed point of the map

0 =3 e 0N 00D, 8)

where A*(6, p) is defined in (I1.4).
Now we study the existence of the equilibrium.

Proposition 3.2 (Existence of equilibrium). When A*(0,p) is continuous in p € [0,1), the
function ¢* admits at least one fized point p*. When A\*(0,p) is not continuous in p, the map
¢ admits a relazed fized point p* defined as p* := min{p, $*(p) < p, p € [0,1)}. For both cases,
we let A*(0) = A*(6,p*).

Proof.  The proof is immediate: when A*(,p) is continuous in p € [0,1) then the func-
tion ¢ is continuous in [0,1). It thus admits at least one fixed point since lim, .1 ¢*(p) <

ZM(G)% =1 and lim,_,o #*(0) > 0. When \*(6,p) is not continuous, the relaxed
5 ’

fixed point always exists since ¢*(0) > 0 and ¢*(1) < 1.

Proposition 3.3. The continuity of the map p — A*(0,p) holds under uniqueness of the
optimal connectivity \*(0,p).

Proof. Suppose uniqueness holds, for fixed 0, if p; — p, let \; = arg max, )\(1 — B*(6, )\,pi)),
we may assume \; < K for some K. Now suppose A\* is an accumulation point of A;, that
is, A(jy — A over some subsequence. Since )\(1 — B"(G,)\,p)) is continuous in A and p, we
have F(p) := maxy A(1 — B*(6, A, p)) is continuous in p. Thus by definition F(p;) = X\;(1 —
B“(6, \i,p;)). Taking limit of both side on subsequence we obtain F(p) = A(1 — B*(6,\,p))
which gives \* = arg max) )\(1 - BO‘(H,)\,p)). In particular, any accumulation point of the
sequence p; is a optimizer. Since the optimizer is unique, the only accumulation point of the
sequence J; is the optimizer A*. Thus we have proved that any subsequence of \; has a further
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subsequence that converge to A*, which indicates \; — A*. This gives A(p;) — A(p), so the
map p — A*(0,p) is continuous.

Remark 3.4. In general, the uniqueness of optimizer is difficult to show for problem (1.4).
When o = 0, we provide below a uniqueness result for an approrimated problem obtained by
approximating the binomial distribution in (1.4) by the Poisson distribution Pois(Ap) when A
is large enough and p is small :

A*(0,p) € arg m}z\xx)\(l — Pois(9,\,p)), (1.9)

where 1 — Pois(0, A\, p) = ZO:(lJ (,\;;);7'—*1"

Proposition 3.5 (Uniqueness). The approzimated optimization problem (1.9) admits an unique
solution \*.

PrOOf. k_—X k—1_—X k_—X
Recall that (%) :p((’\p()kflj! — (’\p)kf ). Thus
dA(L = Pois(8,Ap))] _ = Ow)fe ™ e Ap ) 1e ¥ Op)re
) - ;;) i +Azp )
925 Ap)te ™ (Ap) e
pors (6 —1)!
The optimal X* should satisfy
60—
~(Op)F ()
= k! (6 —1)!
We note that if A > , then (g‘,fll; > ()‘,fl)k ,fork=0,1,...0 —1. Thus,
6—1 0 0
Op)* _ 00" ()
k! 0! 6 —1)"
k=0
So we must have \* < . It follows that
d?[\(1 — Pois(6, )\, Ap)f—le=Ar Ap)?—le=Ar Ap)le?p
[A( 2( p))]:_p.(p) _p(e)(p) +p( ) <0
X (0—1)! @—1)! (6 —1)!

Thus A\(1 — Pois(0, \,p)) is concave in X and uniqueness of the optimizer follows.

Remark 3.6. Relation to the Nash equilibrium

We can relate the equilibrium of Definition 3.1 to a Nash equilibrium of the following game.
Any player with threshold 6°, given the connectivity {\(0)}g.00 of the other players, computes
its optimal connectivity

N (6°,p) € argm/\ax)\(l — B*(6°,\,p)),
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under the constraint that

A(6) N A (6°)
D P B e ) R Al Sy N Eam Y O
0460 9;&00 0400

B*(6°, j,p)

We can rewrite the above constraint p = G(X*(0)gzg0, ) for some function G. Thus, the
optimization criterion can be rewritten as :

A*(0) € argmax A[1 — B*(), 0%, G(N*(0)g200, \))]-
In this sense, (A\*(0),0 > 0) is a Nash equilibrium.
Theorem 3.1. The equilibrium in the network of size n converges to the equilibrium in the

limit case.
Let (T}, (A5(0),0 > 0)) the standard equilibrium for network with size n

o Given T

DA,O T*
Ar(0) € arg m)ffmx)\(l - %), for each 0, (I.10)

o T is the smallest solution of the fixed point equation :

T =Y N (O)ua(0) - DY (T).
0

Suppose X (0) is unique in (1.10), if we define p}, := WW, then we have
pE 222 p* and N5(0) 22225 A%(0) (1.11)

Proof. Firstly we notice that if (T, (A} (6),60 > 0)) is the standard equilibrium of (I1.10), then
py, is the fixed point of the map

e
Z = (6, 5;”’”(02 5 Do (AL (8, p)pn (0)n 'p).forp €0,1] (112)
7 n n

n—oo

By the continuity of arg max as proved in (3.3), we have \f(6,p) —— A*(0,p). Recall that
uniform convergence results (I.29),we can obtain

Do’ (N5 (6, p) i (O) - p) »,
n

B*(0,\,p).

These give ¢, (p) —— ¢(p) in probability forp € [0,1]. Obviously we have |¢,(p)| < 1 for
each ¢,. If we furthermore assume the sequence {¢, },en is equicontinuous, i.e. for each € > 0
there is a § > 0 such that

[P (p1) — Pn(p2)| <€ (1.13)

whenever |p; — pa| < § for all functions ¢,, in the sequence. Then by Arzela-Ascoli theorem,

:p.
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the sequence {¢,}nen contains a uniformly convergent subsequence {¢,, }ren. Now suppose
{Pn,, }ren are the fixed points of the maps {¢n, tren. i.e. Pn, (Pn,) = 0. Since {pn, }ren are
bounded in [0, 1], p* is an accumulation point of p,, , that is, pﬁf,? — p* over some subsequence.
Taking limit of both side on subsequence, since ¢,, is continuous in p, we obtain ¢(p*) = 0. In
particular, any accumulation point of the sequence p( 0 is a zero point. Since the zero point
is unique, the only accumulation point of the sequence p,, is the optimizer p*. Thus we have
proved that any subsequence of p,, has a further subsequence that converge to p*, which
indicates p,, — p*.

3.1 Analysis of the equilibrium

Case 1: The system is perfectly observable to all the nodes, i.e. all the # and their distribution
1(9) are common knowledge. Then all the nodes will simultaneously choose their connectivity
in the equilibrium state by rational expectations and the system simultaneously reaches the
equilibrium (A*(#), 0 > 0), by virtue of Proposition 3.2.

Case 2: The system is only partially observed by the players, for example each player only
knows his own threshold . All the players optimally choose their linkage A\* (6, p°) according to
some anticipated link failure probability p° (this could be the failure probability estimated from
the current environment). Then the link failure probability p' in the next stage is determined
by the fixed point of the map p — F(p°,p), where

= SO sy BN O an

Then all nodes adjust their expectation of link failure probability from p° to p' and choose
connectivity A*(6,p') corresponding to p!. This will be further updated to a series of link
failure probabilities {p°, p'...p"}.

We conjecture that the sequence {p°,p!,...,p"} will not convergence to the equilibrium states
p*, since the following map H is divergent near the equilibrium state

H:p® = p' =min{p | F(p°,p) = p}. (I.15)

This means that the equilibrium is not stable in the sense that starting from the neighborhood
of the equilibrium state, the above update of the rational expectations on the failure probability
will not converge to the equilibrium.

Numerically we give examples of this instability phenomenon for different initial distribu-
tions and for different values of a:

(i) Uniform initial distribution of 6 on the interval [0,30] for « = 0,0.15,0.3 respectively
(Figure I.1c);

(ii) Gaussian initial distribution of @ on the interval [0, 30] with mean 15 and standard devi-
ation 2 for @ = 0,0.15, 0.2 respectively (Figure I.1a);

(iii) Two-sided distribution with p(0) = 0.3, #(30) = 0.7 and p(0) = 0 for 6 ¢ {0,30} (Figure
I.1b);
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Divergence near equilibrium of Guassian initial distribution on [0,30] with standard deviation 2
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Ficure I.1: Divergence near the equilibrium state for and for a = 0.0.15.0.3. The map H has
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4 Numerical results

In this section we discuss how the link failure probability in equilibrium changes with respect
to the initial distribution and with respect to the growth rate a.

More precisely, we consider when different initial distributions on some range of the capacity
0 where all distributions have the same mean but different variances. We choose € in the
interval [0, 30] and we consider a Gaussian distribution on this range with mean 15 and standard
deviation y. We vary v from 1 to 6, and in the case when o = 0, we find that the link failure
probability in equilibrium drops from 0.14072 to 0.13748. Similar situation happened for o > 0
as well in the case when o = 0.15 and a = 0.3, where failure probability in equilibrium drops
from 0.15187 to 0.14851 and from 0.16640 to 0.16295 respectively. This shows that relatively
less concentration in the initial distribution leads to less failure probability in equilibrium, see
Figure [.2. Moreover, the increase of the standard deviation in the initial distribution of 6 leads
to larger average connectivities in equilibrium for all three cases. This is consistent with the
results in [1] that the average connectivity is a too simple statistics of network topology, see
Figure I1.3.

Remark 4.1. When o =0, it is sufficient to consider failure probability in the equilibrium p*
as our measure of failure in the systems with respect to other variables. This is because another
related measure : the final fraction of failure which is defined by

F(p*) =) pu\0) ) Bl,Ap)
20 0

is an equivalent measure to p*. This is because F(p*) is an increasing function p* since
B(0, A\, p*) is increasing with respect to p*

Now we consider the case when a > 0. We fix a Gaussian initial distribution for  on
the interval [0, 30] with mean 15 and standard deviation 4.5461. We consider the growth rate
varying from 0 to 0.35. We find the link failure probability in equilibrium and final fraction of
failed nodes in equilibrium (see Theorem 1.2(ii)). Both increase from 0.13881 to 0.17021 and
respectively from 0.14982 to 0.18299, see Figure 1.4 and Figure 1.5. This shows that higher
growth /recovery rate in the system may result in larger failure probability and higher fraction
of failed banks in the equilibrium.

This is intuitive: Note that when « increases, A*(6,p),p) increases and B*(0, \*(0,p), p)
decreases. Thus the map p — ¢%*(p) defined in (I.8) has the property that for a; < ao,
@1 (p) > ¢*2(p), for each p. Thus the failure probability determined by relaxed fixed point of
map ¢°(p) tend to smaller.
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Failure probability in equilibrium with different nitial distribution
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5 T
Standard deviation of the threshold distribution

Figure 1.2: Failure probability in equilibrium with different initial distribution of 6 on [0, 30]. As
the standard deviation parameter 7y increases from 1 to 6, the failure probability in equilibrium
drops from 0.14072 to 0.13748.

5 Conclusions

In this paper, we considered the optimal choice of connectivities by nodes in a large network.
The nodes balance the benefits of connectivity with the risk of the contagion, which is endoge-
nous and depends on the strategies of all nodes. We have studied the existence of an equilibrium
in the system and the stability properties. Under full information, the equilibrium is reached
simultaneously by all nodes, whereas under partial information, we show numerically that the
equilibrium is unstable in the sense that a sequence of anticipated link failure probabilities does
not converge. Our numerical results give the following insights

e A higher heterogeneity in the initial distribution of the threshold (as captured by its
standard deviation) implies a lower default probability in equilibrium.

e A higher heterogeneity in the initial distribution of the threshold also gives a larger average
connectivity in equilibrium.

e Systems with higher growth/recovery rates may lead to equilibria with higher failure
probability as well as higher final fraction of failed banks.

The first point can be interpreted as a diversification effect at the system level: banks are
dissimilar in terms of their thresholds. Combined, the first two points, demonstrate that the
average connectivity is not by no means a predictor of the default probability. The last result
is counter-intuitive. When the system has higher growth, the optimizing banks may engage in
over-lending (in equilibrium) and this could lead to larger instability in the system.

6 Proofs and asymptotic results

In this section, we present the proofs of Theorem 1.2. In [1], the authors extend the differential
equation method of Wormald (1995) and show that as the network size increases, the rescaled
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Average connectivity with different initial distribution
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Figure 1.3: The average connectivities of the system in the equilibrium with different initial
distribution of # on [0,30]. As the standard deviation parameter « increases from 1 to 6, the
average connectivity firstly increases from 79.295 to 81.029 then drops to 80.989.

Markov chains that describe the contagion converge in probability to a limit described by a
system of ordinary differential equations. The case solved there corresponds to the zero growth
case a = 0 of this paper.

Here we show similar convergence results to a limit described by a more involved system
of ordinary differential equations for the case o > 0 and we obtain an analytical result on the
final fraction of defaults in the network. The convergence result itself is shown in section 6.3
and relies on a careful partitioning of the Markov chain.

6.1 A Markov Chain Description of Contagion Dynamics

We describe now the contagion process on the financial system in terms of the dynamics of a
lower dimension Markov chain. We partition the nodes according to their state of solvency,
degree, threshold and number of defaulted neighbors. Let us define Let S%*!(k) be the number
of non-defaulted banks with initial threshold 8, A outgoing links and [ defaulted links at time
.

We introduce the additional variables of interest:

e D}9(k): the number of defaulted banks at time 7} with connectivity A and initial thresh-
old 0,

e D, (k): the number of defaulted banks at time 77",

e D. (k): the number of unrevealed links belonging to defaulted banks at time 17},

n
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Failure probability in equilibrium with different growth rate
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Figure 1.4: Failure probability in equilibrium with different global growth rate with Gaussian
initial distribution of #. As the growth rate a increases from 0 to 0.35, the failure probability
in equilibrium increases from 0.13881 to 0.17021.

Final fraction of failure in equilibrium with different growth rate
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Figure 1.5: Final fraction of failed banks in equilibrium with different global growth rate with
Gaussian initial distribution of 6. As the growth rate « increases from 0 to 0.35, the final
fraction of failure in equilibrium increases from 0.14982 to 0.18299.

for which it is easy to see that the following identities hold:

DM(k) = npa(N,0) - S Sy (k) (L.16)
0<I<[0+5= AT

Dy(k) = > ADM(k)—k, (1.17)
A,0<0< A

Du(k) = Y D)(k). (1.18)
X,0<0<

The length of the default cascade is given by
TsP = inf{0 < k < \yn, D, (k) =0} Adun (L.19)

where \,n represent the total number of links in the system.
The total number of defaults is given by D, (T:5*°P), which represents the cardinal of the
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final set of defaulted nodes.

As shown in [1], by the random matching mechanism and coupling arguments, the dynamics
of S, (k) = (Sy%!(k)) represents a Markov chain with (F')r>o being its natural
filtration.

Let us now describe the transition probabilities of the Markov chain. For each step 1 < k <
Tstop, when a default link from the default node A is revealed, there are three possibilities for
the partner B of an out-going edge of a defaulted node A at interaction time k:

(i) B is in default, the next state is S, (k) = S, (k — 1).

(ii) B is solvent, has degree A and default threshold 6 and this is the (I + 1)-th deleted in-

n ,0,
coming edge and [ +1 < (0 + Q;T’“ ) A X. The probability of this event is %ﬁ‘_kl(m

the changes for the next state will be

and

SYO) = SR (k= 1) =1,
Syt (k) = Syt (k= 1) 4+ 1.
(iii) B is solvent, has degree A and default threshold 6 and this is the 6-th deleted out-going

(A=0+1)53 %07 (k)
Ann—k

edge. Then with probability we have

SN () = gAML — 1) — 1.

Let Aj, be the difference operator: ApS := S(k+1) — S(k). We obtain the following equations
for the expectation of S,,(k + 1), conditional on F}}, by averaging over the possible transitions:

)\5)\,9,0(]{;)
]E A S)\’Q’O T = _n V7
[ kPn ]:k:] )\nn K
For 0 <l <0+ ATy,
A—=Il+1 =1
EIASIM ()AL = (5 )SIM ) = () SEM ()
Annt — k At — k
Forl=0+ - AT},
A—l+1
E[ALSIM (RIFE] = (3 )SEM 1 () (1.20)
Apnt — k
F‘orlzﬁ—i-j%-/\-T]?7
Sptt=0 (1.21)

The initial condition is
SML0) = pp (N, O)n1 (1 = 0)1(0 < 6 < \).

Equation (I.20) and (I.21) capture the feature that the default banks will not benefits from
the threshold growth.
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The above equations can be rewritten as following

]E[AkSe’A’l(k)U-"”] _ ()\ +1 )SG)\Z l(k.) ( )SOAI( ) for k > k()ln

Apn—k )\nn k min
SONL(E) =0 for k < kZbn
SEM (ko) = SEM(0) for Ky = 0,1=0
SO (ki) = 0 for Kyt = 0,10

(SDE)

where k25" — inf{k|l < AN (0+5 22,71}, The interpretation of &y, is the first interaction

min

time when a bank starting with threshold 0 has accumulated enough cash flows to withstand

| < )\ withdrawn credit lines.

We also remark that for [ < 6, the bank can withstand the withdrawn credit lines using only

the initial threshold, so we have k,,;, = 0.

6.2 A Law of Large Numbers for the Contagion Process

We now show in this section that the path of S, (k) for k < TP is, with high probability,

close to the solution of the ordinary differential equations stated below.
We define the following set of differential equations:

ds:t%-,l (t) _ (%)se’)"kl(t) _ (%) 0., l(t) for t > tmzn
sOM ) =0 for t < tmm
Se,k,l(t%fm) _ 39”\’l(0) for tmm =0,l=0
89»%1(75%”) =0 for tmm =0,l#0

With initial conditions
sM0H0) = p(\, 011 =0)1(0 < 6 < N).

where \
L —inf{t|l < AA (04 aTt)}

mn

and \ := Yo Au(0,A). In the limit case t%L is characterised by

’ Ymin

a

el
)

This gives £, = (=92 for <1< X and for I < 8, tym = 0.

(DE)

Lemma 6.1. The system of ordinary differential equations (DE) admits the unique solution

20,0
s(t) = (s (t)),\,ogng,ogeg,\

in the interval 0 < t < S\,with



6. Proofs and asymptotic results 37

(i) 1<,

A t t
0,71 P MY/
7 t = ]_ - = = )\ 9 . 1'22
o) = (7)1 = PG 0 (122)
(i) =0+ k with k> 1,

for0<t < tfy’gzk

sPM(t) = 0. (1.23)
fort > tﬁﬁ:k
0,6+k 0,0+k 0,6+k 0,0+k
0 /\,l(t) _ A-r (1 _ t— t_mwt )Afl(t — tzm‘;r )lfr A (1 o tmi;f )Afr(tmi:{ )r
= l—r A A T A A

0,0+k 0,0+k

A—0—um t—to Lt
+ Z Z Z(Z_H_Z‘m)(l )r\mn ))\ l( /\ )l 0

1<m<k—11<ul<..um<k—1r<0

(1.24)
0.0+k  ,0,04u™ 0,04k  ,0,04+u™
A—0—um! ( _ tmzn — tmzn “ ))\—Q—um (tmzn — tmin ¢ )9+’u7”—9—u7"71
0,0+ 0,60+ 0,60+ 0,0+
A= ’LL -0 ( _ tmznu B tmznu ))\—G—UZ(tmznu B tmlnu )9+u2—9—u1
0+u2—0—ul A A
0,6+ 0,60+ 6,04u> 0,6+
A= _ tmzn o j tmin o ))\—9 ut (tmzn “ j tmzn o )0+u1—'r'
0+ u1 -7 A A
A 9 O+ut te,e+u1
( ) _ mm )A—r( m’L)Z\L )r:| (A, 6). (1.25)
T

In our case when tmm == 6))‘, for 8 <1< A, we have

, At ¢k t ko (A ko ko
sw(t):[;(”)u_ﬁmy 5= (a- ey
A—0—u ko t kE _o_um

+1§ﬂ§k—11§u1<§u:7”<k 17~E<:e<l_ _um>(1 +a>\) (/\ a)\)

( A—0—ymt >( kfum)kfgfum(k—um)eJrumieiumq

0+ um—60—ym-1 a\ a\

( —ul -0 )( u37u2)/\797u2(u37u2)9+u2797u1

0+u2 0 —ul a\ a\

w? —ul gt —ut g A ul oy, ul
o —v—u - = u —r 177 —r(__\T Ao.
P (ot (M- Loy

0+ u1 - 7") a\ r a
(1.26)
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Proof.
(i) For the case I < 6, the proof is given by Lemma 5.8 in [1].

(ii) For the case I > 0 + k. Firstly by the definition of equation (DE), we obtain (I1.23).
Now we prove (1.24) the results by induction. When [ = 6 + 1, For ¢ > $0:0+1 by setting

min
tfr’j:{ ! as the initial time and applying Lemma 6.3, we have

A A A

_Z t_tngrtl)A l(t_tfnf:1>—r A (1_tigr—fl)A—r(t&‘?Il)rsa,/\,O
lfr A A r A X0

6,0+1 0,0+1 0,0+1
59”\’1(1%) _ Z <)‘ - T) (1 _ t— tmzn ) (t — tmzn )lerH,A,r(tmin )

where the second equality is due to the results in (i) for (s%*7), <.

(iii) When ! = 6 + 2, we have similarly by Lemma 6.3,

0,0+2 0,0+2 0,042
0,21 t) = A—r 1— t— tmzn A=l t— tmzn l—r 0,\,r tmin
CED Dl (I [ S SR
r<6+1
0,042 0,0+2 0,042 0,0+2
_ (/\ - ’I“) (1 t—1in )A l(t —toin ) —r ()‘> (1 _ tmzn ))\—T(tmin )rsg,/\,o
l—r A A r A A
r<0
0,0+2 0,6+2 0,042
+ <)‘ —0- 1) (1 t— tmm )>\ l(t — tmzn )l—@—lsé,)\,e-i-l(tmin )
l—0—-1 A A P
Since tfrﬁ’:2 > tiﬁ:l, now by the results in (i) for s?M0+1,
0,0+2 0,042  ,0,0+1 0,042  ,0,0+1
89,A79+1(tm1n ) — ( A=r )( _ tmzn j tmzn )A—O—l(tmin j tmzn )9+1—T
A 0+1—r A A
9,641 0,041
A (1 B bnin ))\—r(tmin )7‘891)\70
r A A o
L 0,0+2
which gives for t > ¢,
9,642 0,042 9,0+2 0,042
s@)\,l(t) _ Z (A - T) (1 t— tmzn ))\—l(t _ tznln )l—r ()‘) (1 _ tmzn )A—?'(tmin )7-88)\70
l—r A A r A A
r<6
0,0+2 6,0+2
A-0-1 t— tmm A=l b — tmzn 1—60—-1
l—0—1 (1- A ) A )
0,042  ,0,0+1 0,042  ,6,0+1
Z < A=t )(1 _ tmin _ tmin )A*@*l(tmin _ tmin )0+17T
O+1—r A A
r<6

0,0 0,0
A (1 _ tmﬁr—i_l )A—r(tmii_l )r 9)\0
r A A %o
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(iv) Suppose up tol =60+ k, (1.24) is true. Now for [ =0 + k + 1,

A=l l—r
0,0+k+1 0,0+k+1 0,0+k+1
SG,A,l(t) _ E A=t 1— t— tmzn t— tmin SO,A,T tmin
B l—r A A A
r<6+k

(I.27)
0,0+k+1 0,0+k+1 0,0+k+1
_ ()‘ - 7“) (1- t— tonin )A—l(t ~ tin )l—rse,x,r<tmi73 )
l—r A A A
r<0
0,6+k+1 6,0+k+1 0,0+k+1
A—r _ t— tmin A—1 l— tmin I—r 0,\7r tmin
+ Y 1 L ) : )T ().
9+1<r<6-+k b—r A A A

£0,0+k+1

After plugging the formula of (89’)‘7T(%))T<Q_HC into (1.27), we obtain (I.24) also
holds for [ = 6 + k + 1. Thus by mathematical induction.

Remark 6.2. Let us now compare the solution to (DE) to the solution of another system of
ODEs that describe a modified system where we allow failed banks to receive grows from their
links and recover. The latter system is given by

O,,1 _ _
{dsdt (t):(’\ izl)se,,\,z 1(t

X )= (37
sML0) = p(\, )11 =0)1(0 < 6 <

W]
1)s7(t)

)
A)

(1.28)

and its solution is standard (’l\)(l — 1 )A’l(f)lu()\,ﬁ) (as given in Lemma 6.3 below).
We check

A t t
26,1 A=l
() < 1-= = A 0).
5 ()<l>( )7 (5) s 0)
Lemma 6.3. [1/The system of ordinary differential equations admits the unique solution
d89’>\’l )\_l+1 ON1—1 A—1 ‘B
t) = = (L) — (=——) s (¢ t>1
) = ()M ) — (s ), fort > b

admits the unique solution

SEAURUS

in the interval to <t < X\, which satisfies

M (t) = (/l\) (1- t */_\to ),\71(’5 }\to JsI M (1)

6.3 Proof of Theorem 1.2

Proof. We now proceed to the proof of Theorem 1.2 whose aim is to approximate the value
DalTy7°7) as n — oo. We build on the techniques used in Lemma 6.4 and Theorem 3.8 in
[1]. In contrast to [1], we need a careful partitioning of the Markov chain. We first prove the
convergence for the rescaled number of banks that have | < 6 i.e. which are guaranteed to
survive. This part of the proof follows Theorem 3.8 in [1]. Next we consider I > 6 and partition

the time interval according to the possibility that growth is sufficient for survival. For every
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[ > 0 there is a minimal time tfr’llm
tf,;lm. As the induction initial step convergence on the entire time interval [0, 1] of the rescaled

%L 1] of

min?

such that a bank with initial threshold 8 can survive after

vector S)»%! for | < 6. As induction step, we show that convergence on the interval [
SA0L for | < [ implies convergence on the interval [tf,’fi:l, 1] of SM0L for | < [+ 1.
To simplify the analysis we assume without loss of generality that there is an upper bound
on )\, i.e, 3K, such that u(A,6) =0 for all A > K. For K > 1, we denote
K . (0,1
s = (s (t)),\gx, o<to<x and

Sff = (Sﬁ’e’l(k)),\gK, 0<L,0<X”

We now show by induction that

sup ‘Sff(k)/n—sK(k;/nﬂ < Ce+o0,(1) (1.29)
0<t<in
As the induction first step, we consider the subvector with [ < 6.
For K > 1, we denote this subvector where [ < 6 by

K,0 .__ 0,1
s0 = (s (t))/\gK, o<i<o<y and
Sf"e :

(82! (k)

ALK, 0<I<O<N?

where the superscript § marks the upper bound on [. For an arbitrary constant ¢ > 0, we define
the domain U? as

U’ :{(T,SK) eREFL . _ccr<h—e, —e <M <1},

We now verify the conditions of Lemma 6.4. The domain U’ is a bounded open set which
contains the support of all initial values of the variables. Each variable is bounded by a constant
times n (Cy = 1). By the definition of our process, the Boundedness condition is satisfied with
B(n) = 1. The second condition of the theorem is satisfied by some 1 (n) = O(1/n). Finally the
Lipschitz property is also satisfied since A — 7 is bounded away from zero. Then by Lemma 6.4,
for a sufficiently large constant C, we have

P(Vk < noc(n), SE0(k) = ns'?(k/n) + O(n?*)) = 1 — O(b(K)n~ " *exp(—n~*))
uniformly for all 0 < k < noc(n) where
oc(n) = sup{t > 0,d(s™*(t),0U. ) > Cn~"/*}.
which means that

sup ‘Sffﬁ(k)/n - sK’e(k/n)’ < Ce+o0p(1)
0<k<#n

with 7 = X —e.
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For | > 0 we denote the subvector (s, SEN) <x o<i<i With index [ < [ by

Kl ._ ()0,
s™hi= (s (t>)/\§K, o<i<i nd

SKZ (S)\Ol(k_))

A<K, 0<I<’

Now consider on the domain
Uei ={(t,s") € REFL . _ecta e, —e< sMHOl < 1}.
And we prove by induction on [ that

sup
0<k<#n

Sl k) /n — ™ (k/m)| < Cle+0,(1) (L.30)

We have seen that the above holds for [ < 0 — 1, so we use this as the induction initial step.
We now suppose that it holds for an [ > 6 — 1 and we need to show that it holds for [ + 1. We
consider the ODEs solution §%-¢ := (59 l(t))/\<K o<i<iy on the domain
UE[Jrl ={(t,s") € REGDHL . _ccpcX—e , —e < sMROL <)

with initial condition 51 (k%L /ny — (SK () %:1 ™)/n,0), namely we start the same sys-

tem from the time kfnli;;l " /n. At this time it is guaranteed that S+ = 0.

Then from Lemma 6.4, we have

sup ‘Sff’”l(k) n— §K’”1(k/n)‘ < Ce+0,(1) (L31)
By the induction hypothesis, namely (1.30), we have (kfnlgl ") /n — (kfnizl "/n)| <
Cle + op(1)
and using that gives

SR ) = S )| < Clet o, (1), (1.32)

By definition
se’A’H'l( t)=0fort < 0 I+1

min

Now since
k Eg
E(Ty) =Y BT} -T9,) =) —=-
=1 i=1
a "1k 1
Var(Ty') = ZVC”"(TZL -Tit) = Z w2 oz 0(5)
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we have by Chebysev’s inequality, as n — oo, in probability

T"Pk
n

This gives that k:@lﬂ /n = tfnl;l + 0p(1). Thus by continuity property of ODEs,

A ) = A )| < Ceto, (1)

min mzn

. Combining with equation (II.16) we obtain

~Kl+1(k9 l+1n/n) Kl+1(k9 l“”/n)’ < Cie+op(1).

min mwn

Thus by the stability results of ODEs we have

~sup ‘sff’”l(k/n)—éK’ZH(k/n)’ < Che + 0p(1)
kO <p<in

Combined with (I.31) this gives

sup ‘Sff’[“(k:) /n— sK’[H(k/n)’ < (Cy + O)e + 0, (1) (1.33)

gt cp<in

min

By definition ]
SOAFL (k) = 0 for k < EOLHLn

and R
3‘9”\’l+1( t)=0fort < 0 I+1

min

Combining with (1.30), it gives

SEIL (k) /n — sKH 1 (k/n)| = 0. (L34)

sup
0<k<min{t? T 1p g1y

min min

Thus by the continuity of solution (sa”\’i+1(t))t>0 between min{t?: AR AR "} and

50 i+1,n , combining with (1.30), (I.33) and (1.34), we obtain

min

sup[SKE (k) /m — M (/)| < (€ + C)e+0,(1)
0<k<#n

Thus by mathematical induction, we have (I1.29) hold.
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l
0l <0
2,0,
ML=
Q-------- ol>4
1 N
Sol—o |
QP---=-F-=-=-=-=-=--- |/
! 1
: o) 0,041 _ 0 X
O—----Too-booooooo- ol+1
1 1 : :
1 1 ) .
1 1 \ .
1 1 \ .
1 1
1 1 : :
1 1 | .
13 0,04+1 : . [ I
gO.ttilm |t9,l+1 t9,l té),l
"“7'{ : min min min
1
! ~
: Syttt =0 )
P------------ - = Ol +1
I
I
t*xn

We now determine the stopping time of the cascade, the fraction of failed banks and conclude
the proof of the theorem. Let the following variables denote the rescaled number of failed banks
and respectively failed links (in the limit)

M) = a0 - Y, M),

0<I<[0+2%E]

a~(t) = Y M) -t
A,0<0<A

ity = Y dM().
A,0<0<A

We notice that

YoM=Y |ue - Y M

A,0<0<N A,0<0<N 0<i<[o+22t]

= Y Ao |1- Y M)

2,0<0<x 0<I<[0+22L]
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Thus we have
d(t) =X > ZaM(t)- <) =AJ(
A,0<0<A

The length of the default cascade is given by
t51P = inf{0 <t <\, d(t) <O} AN

By definition we have

D (k)/n—d~(k/m)| = |3 MDY (k)/n—d(k/n))

A O<A
< D Y ADY (k) /n — M (k/n)] (1.35)
A O<A
and
1Dy (k) /n—d(k/n)] < Y > ID)(k)/n—dM (k/n)], (1.36)
A O<A

We obtain by using (I1.29), for 0 < k < n7 and n large:

sup |D;, (k)/n — d_(k/n)| < Ce+o0p(1)

k<in

sup |D,(k)/n —d(k/n)| < Ce+ op(1)

k<#n

We now study the stopping time T:'°P defined in (I.19) and the size of the default cascade
Dy (T'P).
First assume J(p) > p for all p € [0,1), i.e., p* = 1. Then we have

vt <td(t) =Y AdM(t)—t>0.
A0

We have then that T5°P /n = 7+0O(€)+0,(1) and from convergence (1.37), since 6(7) = 1—0O(e),
we obtain by tending € to 0 that | D, (T5%P)| = n — o,(n). This proves the first claim of the
theorem.

Now consider the case when p* < 1, and furthermore p* is a stable fixed point of J(p).
Then by definition of p* and by using the fact that I(1) < 1, we have I(p) < p for some interval
(p*,p* + p). Then d~(t) is negative in an interval (¢*,t5%°P + 1), with t* = \p*.

Let € such that 2e¢ < —inf;c (4 jeropy 7y d™ (1) and denote & the first iteration at which it
reaches the minimum. Since d™(6) < —2e it follows that with high probability D~ (6n)/n < 0,
so TP /n = 7% + O(€) + 0p(1). The second claim of the theorem follows by taking the limit
e — 0.

Lemma 6.4 ( Theorem 5.1. in [18]). Let b > 2 be an integer and consider a sequence of real
valued random variables ({Y,L(t)}1<i<p)e>0 and its natural filtration FJ*. Assume that there is
a constant Cy > 0 such that |Y,L(k)] < Con for alln, t >0 and 1 <1 <b. Foralll > 1 let
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fi : R R be functions and assume that for some bounded connected open set U C R¥+1
containing the closure of

{(0,21, ..., z) : 3 such that (V 1 <1< b, Y(0) = zn) # 0},
the following three conditions are verified:
(i) (Boundedness). For some function 5(n) > 1 we have for all t < Ty

max [V (¢ +1) = Y, (5)] < B(n).

(ii) (Trend). There exists A1 (n) = o(1) such that for 1 <1 <bandt < Ty
E[Ya(t+1) = Yo(0)| Fael = filt/n, Y, (0)/n, ... Ya(t) /)] < m(n).
(iii) (Lipschitz). The functions (fi)1<i<p are Lipschitz-continuous on U.

Then the following conclusions hold:

(a) For (0,21,...,2) € U, the system of differential equations

d
disl = fi(s,z1,..,21), L=1,...,b,
has a unique solution in U, z; : R — R, which passes through z(0) = 2;, forl =1,...,b,

and which extends to points arbitrarily close to the boundary of U.

(b) Let v > v1(n) with v = o(1). For a sufficiently large constant C, with probability 1 —

(0] (%(") exp (— ﬁra; )) , we have

sup  (YA(t) — nzk(t/m)) = O(yn),

0<t<o(n)n

where z,(t) = (z1(t),...,22(t)) is the solution of

dz,,
= Ttza()  2(0) =Y (0)/n

and o(n) =sup{t >0, de(z,(t),0U) > C~}.






CHAPTER 11

Extensions : Different recovery
intensities and policies

In the previous chapter, we have analyzed systemic risk and network connectivity when nodes’
threshold grows uniformly over time and thus have a uniform recivery. In this chapter, we
propose several avenues of research on the optimal attribution policies for features over time
and nodes.

1 Different recovery intensities modeling between two in-
teractions

In the previous section we mentioned that since the number of links scales linearly with n then
the time between interactions must scale with % More precisely, we have investigated the case
under assumption that the duration in calendar time between the two successive interactions
follows an exponential distribution with parameter n, i.e. Ay =T —17" | ~ Exp(n). In order
to allow the recovery intensity vary along time, we can extend this assumption by allowing the
intensity of exponential distribution to be a general function of parameter n. This gives us
the flexibility to control different recovery speed depends on the process of or the state of the
cascade. One interesting example could be the case that the duration between two interactions
starts to decrease as more and more unrevealed default links are added while the duration
increases when the total number unrevealed defaulted links start to reduce indicating a higher
interaction and recovery rate during the stage with more accumulated defaulted links. The
former stage may corresponding to the early stage of the cascade process while the later case
may corresponding to the later stage.

To be more precise, we can assume Ay =17 — T | ~ Exp(F,(k)), where F,(t) satisfying

that lim,_,. f20 = f(+) for some integrable function f on [0, 1].

i
n n

Apparently we have

ny _ L i_i_liw %Ls 0l
B =2 w2 )F"T(” /0 ORI

1 I<g~ i i—1. 1 Tl 1 1
Var(Tﬁ):ZFn(i):gZ(g— - )Fn(i))QN/O T o) ~ o)

=1 ( n
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Thus again by Chebysev’s inequality, we have as n — oo, in probability

b 71
N ———ds
. /0 f2(s)

The remaining part of the system keeps unchanged with the only replacement of definition
£l = inf{tll S AA 0+ L)} to thh = inf{tl <AA 0+ % [ Fds)}

We now give a more concrete example where the 1nten51ty between the two successive
interactions depends on how many unrevealed links in the system, i.e. A, = -T0  ~

Exp(D;, (k)), where D, (k) the number of unrevealed links belonging to defaulted banks at time

T as defined in (1.16). Following the arguments above we have similarly E(T, fo = (S

( ) and V(ZT' Tk: fO (d (s ))2d5+0( ) ~ O( ) and tmzn lnf{t” S >\/\ 0+QT)\ fo di(s) )}

2 Different growth attribution policies

In the previous we have investigated the case when growth is linear in time and the total
growth is distributed among nodes proportionally to their number of links. In this section we
investigate two different types of growth features. Instead of allowing growth to be continuous
in time, the first model in this section model the growth in the same fashion as the default
: We incorporate both default and growth jumps into Markov jump diffusion processes with
different jump intensities. At each interaction where the jumps happens, the jump is realized
by a default or a growth according to the likelihood the proportional to connectivity and the
number of the unrevealed links. This setup brings the advantages of unifying the modeling
of both default and growth progresses compared to the previous model where continuous time
growths need to be incorporated with the pure jump processes of default contagion. In the
second type of model, we introduce a different type of growth distribution policy. Instead of
uniformly distributed to all the available node, the growth capacity can be used only on the
node with the most defaulted capital given their linkage and threshold. The growth capacity is
thus used at best, on the nodes that, potentially, are the most likely to be default. This type
of policy is of interests from a central party, for example a regulator or government’s point of
view whose aim seeks to minimize contagion.

2.1 Growth Policy I

In this section we investigate another two types of growth. We assume during each interaction
time, either a default contagion or recovery happens with relative rate u and p!. If the default
happens, each default link has equal probability to be the undefaulted link. Moreover, if
the growths happens, the institution gain the growth with the probability proportional to its
connectivity (i.e. each link has the same probability to make the growth condition on the
growth happens).

In the financial network of size n, given (I, k,6) such that 0 <1< j, 0 <k <dand 0 < j,
we define S%7%(t) represent the number of banks with initial threshold 6, j connectivity, k
units of growth and [ default links at time t. The conservation relation

S SR = SI00)

0<1<j,0<k<d
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SUSHUS S

"z, —eqpy +ewirny) =p(i —Drgy 0<k<d0<1<j

q"(z, T — e +e(k+1 ) = iz 0+k—1>00<k<d-1,0<1<3. (IL1)
q"(r,x —e@y) = ,uj:c(d,l) 0+d—1>00<1<y.

q"(z,x — e ) = Bz 0+k—7>00<k<d.

For any RCLL function on R, one denotes by A}, a point processes defined as follows
t
N, :/ P([0,h(s—)] x ds)
0

where P is a Poisson processes in R? whose intensity is the Lebesgue measure on R% . Especially
when h is deterministic N}, is Poisson processes with intensity (h(t—)).
Now we can represent the Markov processes (S27%(t))o<;<;jo<k<a in terms of jump diffusion

dS9Ik0(t) = NMJSQ se—1,0(dt) — ijse so(dt) — N, w(i— l)SG,j,k,O(dt)
dSPIOL (L) = =N, g0 (dE) + Noy—i1ys05.00-1(dt) — Nyj_psesod(dt) 1<6 (11.2)
d.59:3:9; l(t) M(J 141)§9:3,0,1— 1(dt) — Nu(j_l)sed,o,z(dt) >0

{dSe’j7k7l(t) = Nuljsil,j,kq,z(dt) - Nuljsjsv.j,k z(dt) +N PG—141) 80T 1(dﬁ) Nu(jil)s%j,k,L(dt) 0+k—1>0
0.5,k
dSy7T () = NH(J l_,'_l)sf\;j,k,l—l(dt) — Nu(j—l)Sﬁ;j’k’l(dt) 0+k—-1<0
(11.3)
Now let Uﬁ,’j’k’l(t) = fo 5%k a(du) — ]SG’J’k Y] — fo 110j SYk a(du) —

- 0,5,k t 0,5,k 1—1
' iSy du] + fo [Nu(j7l+1)s?v'j’k’l71(du) —pui -1+ )SNJ dul fo w(i—1)S%7* (du) —
w(g — l)Si;J’k’ldu] be the martingales associated to the jumps of these processes.
And refer

t t t
Wt () = / g S du— / ulij\;J’k’ldqu/ p(G—1+1) S du— / p(G—) Sy du
0 0
to the increasing part.
In the following we show that when N — oo the sequence of processes

0.5,k
Sy

N

is tight and converges in distribution uniformly on compact sets to a continuous processes
(s%3FL(t)). See Billingsley [? | for example.

Since 0 < §§7FI7L < v , the above relation gives the existence of a constant C such that
N

E(URM (1)?) = E((URH ())(1) < C1Nt
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We can apply Doob’s Inequality and gets that

E(URM((1)?) < - (IL.4)

Which shows that the martingale (W) converges in probability to 0 uniformly on compact
sets.
Tightness: For T > 0,6 > 0 ,define wyz(d) as the modulus of continuity of the cadlag functions
on the interval [0, 7.
wr®)=  sup  |Z()— Z(s)
0<s<t<T,|t—s|<6
Then for any € > 0 and n > 0, there exists § > 0 such that P(ws%j,k,l/]v((s) >n) <e

GO,d:k,1 U f.d.kl WOkl ) ) )
Recall that =Y5— = —Mo— + —2o— (corresponds to the martingale part and the increasing

Se,j.k,l
part of =2—. Thus we have

The limit processes (s77%!(t)) satisfies

ds? IR0 (t) = pt (js®I 0 — js®IRO0) (dt) + p{—(j — 1)s"E0)}(dt)
ds?30l(t) = pt(—js? 30N (dt) + p{ (5 — 1 + 1)s%300=1 — (5 — 1)s%300W(dt) 1 <6 (IL5)
ds?®I0Ut) = p(j — 1+ 1)sO300=1(dt) — p(g — 1)s%30L(dt) 1>6

R (1) = i1 (P10 — G0 (d) 4 p{(j — L+ 1)s IR — (= DsPIRO L) 04k —1> 0
skl () = p(G — 1+ 1)s%9F=1(dE) — p(G — 1)s®301(dt) 0+k—1<0
(1L.6)

This can be rewrite as

As R (E) = PR ) (G~ L DS () — i+l = DY) 0+ k=10
dsevj’k"l(t) =u(j—1+ 1)39’j’k’l_1(dt) — u(j — D)s?3R(dt) 0+k—-1<0
(I1.7)
Then we have that

%(895j7k7le(ulj+:u'(j7l))t) — u1j807‘j’k717l + Iu(] J— l + 1)39)j7k5l71}e(“lj"”l"(j*l))t 9 + k — l > 0
%(89,j7k7le(u(j—l))t) _ M(J —1 + 1)89,j7k,l—lep,(j—l)t 0 + L—1 S 0
(IL8)

Then we can solve the ODE system by recursion.
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if0+k—-1>0
Se,j,k,l(t) — e~ WhituG=n)t /t{MljSG,j,k—l,l(u) Ful—1+ 1)507j,k,l—1(u)}e(ltlj+/L(j—l))udu
0
if0+k—-1<0
sPIl(4) = g=nI—t /t{u(j — 14 1) IR () e TG =D)ugy,
0

Recall in the financial network of size n the definition of

DY) = nua(i0) - D SEOM),

0<i<0+k
Dy(t) = Y j-Di(t) - N,
7,0

Du(t) = Y Di’(t)
3,0
Where N* is the jump diffusion processes to the link- reveal process. They are generalized

Poisson processes with intensity fot Ads with AP = p(m, — N)

Informally, we have

N _ Joduds | No— Jy vt
n N n n

(I11.9)

Ni—[3 Aids
n

Let % be the martingale , then as before it convergences in distribution to 0.

n

Thus if we let x; = limn%ooNTt. Then from equation (1.1),x; satisfies

ke = (At — /Ot Ksds) (I1.10)
which gives k; = A\(1 — e H).
The length of the default cascade is given by
TsoPP = inf{0 <t < o0, D, (t) =0} (IL.11)
Since both D, (t) and N (¢) takes value in N, the above is equivalent to
T3P = inf{r", 0 <i<m,, D, (r;) =0} (11.12)

stopy

Where 7" = inf{0 < ¢t < oo, N{* =i}. And we are interested in the proportion D(#
limiting case (n — o), it is equivalent to find

. In the

stop — inf{O <t < oo, Zj . dj,t‘)(t) — )\(1 _ e—ut)}
I

And the finally default proportion in limit case is given by d(#51°P).
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2.2 Growth Policy 11

In the second policy, we assume at each round of growth, the maximal capacity of growth is
pin (with maximal capacity pq.597:99(0) for banks with threshold § and connectivity j).

The growth capacity can be used only on the banks with the most defaulted capital given
their linkage and threshold. The growth capacity is in fact used at best, on the banks that,
potentially, are the most likely to be lost.

Let X?7(t) be the number of non-defaulted banks with capacity 6, j outgoing links and [
"net" defaulted links (=the defaulted links—the recovered links) at time ¢. We assume that
the defaulted links can recover according to the above Growth Policy II. Given 6 and j, the @
matrix will be

{q”(x,x—€z+€l+1) = u(j — Dy O<l<j (IL13)

q"(x, x4 e —erp1) = prnpn (5,0) 1z, >0.0—02<i<y L <0,0<1<j—2.

0.7, _ , . ‘ _ ‘
dX0(t) = l{XfL’]’l>O,XZ"7”=O,2§i§j}Nu1nu"(3,0) (dt) /\/;LjXTeL,J,o(dt)

07 .7l = j j )i . — . . .
X (1) =1 g s0,x00 <0 vagicpNitnn (0 () = x50, x00 <0 1p1<i< Nt (.0) (A1)
JrN'u(j7(9+1)XZ’]"'Z’1 (dt) — N,u(jfl)XfL’j’l (dt)

0,5,0— _ ‘ B ‘ ‘
anJ 1(t) = 1{Xg,g,e—1>07Xg,g,z=079§iSj}./\/'Hlan(]’9)(dt) +Nu(j—0+2)XfL"’9_2 (dt)

N, 0,5,0—1(dt)
p(i—0+1) X7

ng’j’l(t) = Np(j—O—&-l)Xﬁ’j’l*l (dt) — N#(j_l)xg,j,l (dt)

(I1.14)

dXTI0E) = 1 x01 50 x99 p<ic iy Tn (J O)dt — pf X7 0dt + M 0(2)

X0 () = i npin (4, 0) L0150, x00i0 14 2<icyy () = B (G O) L g o xiizo,141.<ic5) (42)
(G — 0+ D)X = (G = DX () + M ()

AXp7Ht) = —p g (5, O)1 x50, x21=0,141<i<5} (A1)

Hp{(G = 0+ D)X = (= DXPH(dE) + M ()

dX7 () = p{(5 = 0+ DXTPT = (= DX Hdt) + M (2)

(I1.15)
Now Let R%7!(t) the number of banks with more than | defaulted links, j connectivity, 6
threshold at time ¢ and I27!(¢) is the local time at 0 of R%7:!(¢).
REIH(E) =3 cicpo X0PH(t) for | <0 —2 and I99(t) = fot Ly poiit =gy du. We also make the
convention that R%79=1(¢) = 0 and 189:9~1(t) = ¢.
Then the condition {X¢3! > 0, X277 =0,1+1 < i < j} is equivalent to {R%5! > 0, ROIITL =
0}. The evolution of RY7!(t) can then be written as

deL’j.,O(t) = _N“(j—9+2)XfL"7’9_2(dt)
del’j’l(t) — _I{be*“>O,Rg,’j’l+1:0}Nﬂln”"(jve) (dt) (11.16)
TN iy o= (dt) =N ;g1 o) xo.5.0-2(dt) lslisf-2
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By compensating the jump diffusion in the above equation, and notice that X%7!(t) =
ROIL(t) — ROIIFL(E) and X29972(¢t) = RO30-2(¢).
Directly from (I1.16), notice that Lipoitsg poaiigy = Lipeairi_gy = Ligeii_g,. One gets

RE(t) = HEA(0) — g (7, 0) (195 (1) — 1994(0) (117)
with
AHH(8) = p(j — 1+ DRI — ROM)(dt) — (i — 0 + 2)RI99-2(dt) + dVE9'(t) (IL18)

Where V,%7!(t) are the martingales associated to the jumps of the processes. Similar to the
previous section,We can show that

Vit (s) 0.5,k Cit
> < E EVELE) 2
N = 6) — (6N)2 (VN ((t) ) — N

P(supo<s<t

Thus (Vf’JTM(é)) converges in probability to 0 uniformly on compact sets.

Fix 0,j, Equation(IL.17)-(I1.18) can be interpreted as the fact that the couple
(R%7 ., it nju, (5,0)127) is the solution of the Generalized Skorohod Problem (see the definition
below, or see the Appendix D of Robert [? |) associated to the processes (G;(R%7) + Vi, ,);.
Where

G} (r) :u/o (G=1+D" =" = (G —0+2)r"?)du

And matrix P = (P; ;) whose non zero coefficients are P; ;11 = 1 for 0 < ¢ < § — 2 Thus in

the limit case, (M W)

converges to the solution (r,4) of the Generalized Skorohod
problem with Functional G and matrix P.As proved in Appendix D of Robert [? |, we have the
existence and uniqueness of the Generalized Skorohod problem. And in this case we can even
explicitly solve the problem due to the linear topology of functional G is linear in r.

Having the solution of R!(t), we can then recover the solution of X!(t) from R(t) (recall
that X'(t) = R'(t) — R'T1(t)).
Definition 2.1. (Skorohod Problem,).
If (Y(t)) is a cadlag functions with values in R? such that Y (0) < 0 and P = (p;;) is a d x d-
matriz, a solution to Skorohod Problems associated with (Y (t)) and P is couple of functions
(X(t) = (Xi(t);1 < i <d) and (I(t)) = (I;(t);1 < i < d) in DR, R?) such that for any
t>0,

o X(t)=Y(t)+ (1 - PHI);

o for 1 <i<d, X;(t) >0, the function t — I;(t) is non decreasing and I;(0) = 0;

0

Definition 2.2. (Generalized Skorohod Problem,).

If G : DRy, RY) — D(R4,RY) and P = (p;;) is a d x d- matriz, a solution to Generalized
Skorohod Problems associated with G and P is couple of functions (X (t)) = (X;(¢);1 <1 < d)
and (I(t)) = (I;(t); 1 <i < d) in D(R4,R?) such that for any t > 0,

e the reflection condition:
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o X(t)=G(X(t)+ (- PT)R(®);
e for1<i<d, X;(t) >0, the function t — I;(t) is non decreasing and I;(0) = 0;

e the reflection condition:

| x@ane =0
0

da® () = pt (g, 0)1(go. 04150 2000 =0 142<i<jt (dt) — (G, 0) 1 zo.5050, 20,0 =0,141<i< 3 (dE)
(G — 14+ D2t (j — st
(IL.19)

1<1<6-2
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Part 3

Optimization problems for
Mean-Field BSDEs with jumps






CHAPTER 11

Introduction

In this part, we begin by introducing two types of Mean-Field BSDEs and the corresponding
Reflected Mean-Field BSDEs.

First-type of Mean-Field (R)BSDEs The first-type of Mean-field BSDE is a process
(X, Z,1) € §? x H? x H2 satisfying

{ —dXy = f(t,w, F(t, X;(-), X4, Zo, 1u(-))dt — Z,dWy — [ ()N (dt, de); (IIL1)

X =E&.
where F is B([0,T]) x B(L%) measurable operator from [0,7] x L% (Fr) to R.

Correspondingly the Mean-field Reflected BSDE of the first-type is a process (Y, Z, k(.), A) €
S? x H? x H2 x §? satisfying

—dY; = f(t,w, F(t,X(-)), X¢, Zo, ke (-))dt + dA, — ZedWy — [ ke (u)N(dt, du);  Yr = &p,
Y1 2&, 0<t<T as,

A is a nondecreasing RCLL continous process with Ag = 0 and such that

fOT(Yt —&)dA; =0 as. and AAf = —AY; 1y —¢ ) as.

Second-type of Mean-Field (R)BSDEs The second-type of Mean-field BSDE is a process
(X, Z,1) € §? x H? x H2 satisfying

—dXt = ]E/ [f(t,w7Xt/,Zé,lg('),Xth,lt('))] dt— thWt fE lt dt de) (III 2)
Xr=¢. ’
where B’ f (t,w, X[, Z},1,(-), Xt, Z, 1t (1)) = [o f(t,w, Xe (W), Ze(w'), 1 () (), Xe(w), Ze(w), () (w))dP(w)

Correspondingly the Mean-field Reflected BSDE of the second-type is a process
(Y, Z,k(.),A) € 8§ x H? x H2 x S? satisfying

—dY, = E' [f(t,w, X{, Z{, kj(-), X1, Zs, ke ()] dt + dAy — ZedWy — [, ke (u)N(dt, du); Y = &p,
Y1 >2&, 0<t<Tas,

A is a nondecreasing RCLL continous process with Ag = 0 and such that

fOT(Y} —&)dA; =0 as. and AAf = —AY; 1y, —¢ y as.

The second type of Mean-Field BSDE is originally introduced and studied by Buckdahn et al
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[9] [10] and by Li et al [8] for the case with jumps. The solution of the second type Mean-field
BSDE (II1.2) was related to the solution (X, ZN V) of the backward equation

{ —dXy = £ 500 [ ftw, XPN, 2PN N (), Xy, Zi, 10(0)) | dt — Zid W, — [ 1i(e)N (dt, de);
Xp =€
(I1L.3)

where the i.i.d. sequence (XN Z3»N [3:N) 1 < j < N, are following the same law as (X, Z,1).
This convergence result is proved in [9] in the case of Brownian motion, namely they show
(X, Z,1) to be the uniform limit of the solution (X, ZN I™) when N — oo.

It is typical in the literature to motivate the study of the second type Mean-field BSDE
II1.2 by considering it as an approximation of a system of N coupled symmetric stochastic
differential equations

i, N , i, i, i, 5
—dX;N = S S, XPN XN dt — 2N AW, — [ 1N (e)N(dt, de);
iN
X0 =¢&
In contrast, the first type of Mean-Field BSDE was introduced only recently by Agram et

al [14] with the specific form for the operator F as expectation: F(t, X) = E[p(t, X)]. In this
simple case, the first type Mean-Field BSDE can be seen as a limit of the coupled system

{ —dXpN = ft,w, £ S0 o(XPN), XPN 2PN N (dt — 2PN dwy — [ 10N (e) N (dt, de):;
XN =¢.

Both types of N coupled equations are grounded in mean field games, depending what kind of
interactions among players we consider.

However, the operator F' in the first type of mean field BSDEs (I11.1) should not limited to
the linear or order 1 type of interactions as in the example above, as we can incorporate higher
orders of interactions.

For example, quadratic or order 2 interactions can be captured by the following operator

F(t, X)) = []E [f(t, Xt,X;)H .

This can be seen as a mean field limit of the N- coupled system with drift interaction of the
form )
N i,N kN
ﬁZf(tﬂXt 7th 7Xt )
Jik

This motivate us to study in more detail the first-type Mean-Field BSDE with generalized
operator F' and the related Reflected BSDEs. Along the way, we only sketch the results for the
Second-type BSDSs, much more pervasively studied in the literature.

For both type of Mean-Field BSDE, the solution to the corresponding Reflected BSDEs is
related through the optimal stopping problem

Y =esssup X (&, 7) as. (II1.4)
T7€T
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The purpose of later sections are the following.
(i) To prove (strict) comparison results for the above first type of Mean-field BSDE.
(ii) To apply the obtained results to dynamic risk measure and give a dual represent results.
)
)

(iii) To prove existence and comparison results for Reflected Mean-field BSDE.

To prove a optimal stopping relation between the mean field BSDE and its reflected
counterpart with the application to optimal stopping problem of dynmaic risk measure.

(iv

(v) To show the optimization principle mean-field (R)BSDE as well as results of robust opti-
mal stopping problems.

(vi) Sketch the corresponding results and proofs for the second-type mean-field (R)BSDE.






CHAPTER [V

Mean-field BSDE and application
to Global Dynamic Risk Measures

1 Mean-field BSDEs with jumps

1.1 Notation and definitions

Let (2, F P) be a probability space. Let W be a one-dimensional Brownian motion. Let E := R*
and B(E) be its Borelian filtration. Suppose that it is equipped with a o-finite positive measure
v and let N(dt, de) be a Poisson random measure with compensator v(de)dt. Let N(dt,de) be
its compensated process. Let F = {F;,t > 0} be the completed natural filtration associated
with W and N.

Notation. Let P be the predictable o-algebra on [0,T] x €.
For each T > 0, we use the following notation: L?(Fr) is the set of random variables
¢ which are Fp-measurable and square integrable; H? is the set of real-valued predictable

processes ¢ such that ||¢||Z. := E [fOT gb?dt} < o00; 8% denotes the set of real-valued RCLL

adapted processes ¢ such that [|¢[|%. := E(supg<;<p [¢¢]*) < co0; A* (resp. A') is the set of
real-valued non decreasing RCLL predictable processes A with Ag = 0 and E(AZ%) < oo (resp.
E(Ar) < o0). We also introduce the following spaces:

e L2 is the set of Borelian functions ¢ : E — R such that [ [((e)[*v(de) < +o0.
The set L2 isa Hilbert space equipped with the scalar product
€, ), fE v(de) for all £, ' € L? x L, and the norm [|¢||2 := [4 [¢(e)[*v(de).

e M2 is the set of all mappings [ : [0,7] x Q x E — R that are P ® B(E)/B(R) measurable
and satisfy ||l||Z. = E {fOTHltH?,dt} < 00, where li(w,e) = I(t,w,e) for all (t,w,e) €
[0,T] x 2 x E.

Moreover, Ty is the set of stopping times 7 such that 7 € [0,7] a.s. and for each S in Ty,
we denote by Tg the set of stopping times 7 such that S <7 < T a.s.

Definition 1.1. ([12] Definition 2.1) A progressive process (¢r) is said to be left-upper semi-
continuous (l.u.s.c.) along stopping times if for all 7 € Ty and for each non decreasing sequence
of stopping times (1) such that 7" 1 7 a.s.,

¢r > limsup ¢,, a.s. (IvV.1)

n—oo

Definition 1.2 (Driver, Lipschitz driver). A function f is said to be a driver if
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o f:OX[0,T|xRxR?2x L2 >R
(w,t, 5"y, 2,1() = fw,t,y',y,2,1() is P @ B(R?) @ B(L})— measurable,

e £(.,0,0,0,0,0) € H2.

A driver f is called a Lipschitz driver if moreover there exists a constant C > 0 such that
dP ® dt'a's'y fOT each (yi7ylazlal1)7 (yé7y23227l2)7

|f(w, ta yI17 Y1, %1, ll) - f(wv ta yéa Y2, 22, ZQ)‘ (IV2)
< Oy — yal + lyr — w2l + |21 — 2| + [ll1 = L2[b).- (Iv.3)
Definition 1.3. A operator F on L%(Fr) is said to be an Mean-field operator F if

o F:[0,T] x L%(Fr) = R
(t, X) — F(t,X) is B([0,T]) x B(L%)— measurable,

e For each t € [0,T], F(t,0) < 4oo0.

An Mean-field operator is called a Lipschitz Mean-field operator if there exists a a constant
C > 0, such that for each (X1,X3) € X x X

[F(t, X1) = F(t, Xp)| < O X1 — Xa 1z, (IV.4)
Remark 1.4. An ezample is to take F(t, X) := E[¢(t, X)] for X € L%L(Fr) , where
¢:[0,T] xR—=R,(t,z) = ¢(t,x)
is a concave Lipschitz function such that ¢(t, X) € L%(Fr).

Definition 1.5 (Mean-field BSDE with jump). A solution of a Mean-field BSDE with jumps
with terminal time T, terminal condition & and driver f and operator F consists of a triple of
processes (X, Z,1) € 8? x H? x H? satisfying

— dXt = f(t7w7 .F’(t7 Xt()), Xt, Zt, lt())dt — thWt — / lt(e)N(dt7 de), (IV5)

X7 =¢.

where X is a RCLL optional process, and Z (resp. k) is an R-valued predictable process
defined on Q x [0,T] (resp. Q2 x [0,T] x R*) such that the stochastic integral with respect to W
(resp. N ) is well defined. We denote by (X (£,T), Z(&,T),1(€,T)) the solution of the Mean-field
BSDE associated with terminal time T and (&, f).

We now give existence and uniqueness results, using a Banach fixed-point theorem, which
takes into account the presence of the additional mean-field operator F and the careful tuning
of the Lipschitz property of both f and F.

Theorem 1.1. (Ezistence and Uniqueness Mean-field BSDE)[14]
Let f be a Lipschitz driver and F a Mean-field operator. The Mean-field BSDE (IV.5) admits
a unique solution (X, Z,0(.)) € 8? x H? x H2.
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1.2 Comparison Results

In this section, in order to compare the first components of the solutions of two mean-field
BSDEs, we need additional monotonicity assumptions due to the presence of jumps and of the
mean-field operator.

Assumption 3.1. Assume that dP @ dt-a.s for each (2’ x,2,01,03) € R3 x (L2)2,
Fta! @, 2,00) — f(ta!, @, 2,6) > (07 =500 0 — 1),
with
o7 w0, T) x @ x R® x (L2)2 — L2 (t,w, 2’ @, 2, 01, L) v 0 5102 (w, )

P ® B(R?) @ B((L2)?)-measurable, bounded, and satisfying dP ® dt ® dv(u)-a.s., for each
(x,7x327£17€2) € RB X (LZ)Z’

of/,z,z,h,lz (U) > -1 and |0tm/7m7z,l1,lz (U)| < 11[)(111)7 (IVG)

where 1) € L2.

Theorem 1.2 (Comparison Theorem for Mean-field BSDEs with jumps). Let f; =
filw,t, 2’ @, 2,1) 0 = 1,2, be two Lipschitz drivers, and one of them satisfy Assumption 3.1.
Furthermore, we assume:

e One of the drivers f; is nondecreasing in x’;
Let F be a Lipschtiz operator on L*(Q) satisfying the following property:

e F is nondecreasing in x in the following sense: let 1,25 € L*(Q), if x1 < x2 a.s. , then
for each t € [0,T], F(t,x1) < F(t,x2).

Let &,& € L2(Fr) and denote by (X*, Z1, 1Y) and (X2, Z%,12) the solution of the mean-field
BSDE with jump (IV.5) associated with (£1, f1) and (&2, f2). Suppose that

* &1 =&, as.

o fi(w,t, 2’ x,2,1() > fa(w, t, 2,2z, 2,1(+)),a.s.
for all (z',z,2,1(-)) € R? x L2 x R? x L2

Then we have X} > X?, Vt € [0,T] a.s.

Proof. Fori=1,2, let (X", Z4" [4™) be the solution of the following iterating BSDE with
jumps

T
X =¢ + / fi(s, F(s, XEM7()), X0™, Z0™ 0™ ds — / VAR / / li(e)N(dt,de)
t t
(IvV.7)
For n > 1 and t € [0,1]. For n = 0, we set (X%0, 740 [40) = (0,0,0).
Without loss of generality, we assume that f; satisfies Assumption 3.1, while f5 is nondecreasing
in 2.
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Now we define

s,z 2,0) = fi(s, F(s, X271 (), 2, 2,1), (IV.8)
fi(s,x,2,0) = fa(s, F(s, X2 1), z, 2,1) (IV.9)
Then obviously we have fi < f1 and f! satisfy the monotone assumption in Theorem 4.2 [11],
(here I suggest put a subsection in our paper on the classic comparison results so that we can

cite it directly as a lemma). Thus by the classic comparison theorem for BSDE with jumps
(Theorem 4.2 [11] ), we have

XM < X2las., s€]0,T). (IV.10)

Now since fo is nondecreasing in x’, we have

ff(s,az,l) = fi(s, F(s, X1 (), 2, 2,1) (IV.11)
< fols, F(s, X2 (), 2, 2,1) (IV.12)
< fo(s, F(s, X21(), z, 2,1) = f2(s,2,2,1) (IV.13)

where the last inequality follows from F' is non decreasing. Using again the comparison results
for classic BSDEs with jumps again, we get

X< x2? sel0,1).
By the same argument above, we can iteratively get that
X< X2 s€[0,T]. n>1.
We now show that for i = 1,2, (X*", Z"" 1""),>¢ is Cauchy sequence in §* x H?x?2. Put

Xpt o= XpU = XpnTh 20t = Zpt = T L = 17 — 1", applying Tto’s formula to
efs|Xin — Xin= 1|2, n 2 1, we have analogously to the Proposition A.4 [11]

T T
LXEm +B/ S(XEm) ds+/ 658(227”)2(1“/
t t

- 2/ ﬁSX; n[f (Sv F(S’X;7n_1('))7 X?n’ Z;7n,li7n) - fi(saF(S’Xg’n_2('))7ijn_17 Z?n_lJ?n_l)]ds
t

72/ ePEXinzindw, — / / @XM (u) + 12" (u)?)dN (ds, de)
] .
(IV.14)
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Taking the conditional expectation given F;, we get

T T
BB [ s [ P s | 7
t t

< 9K l / C PRI (s, F(s, XM (), XM 20 1) — fi(s, F(s, XE02(), X001, 200, 1501 ds | F,
t (IV.15)
Moreover,
(s F s, XEM1()), X7, Z0m 157) = fi(s, (s, X0m=2(), Xin=t, Zzin =t gon b
S CIF(s, X771 = Fs, X" )|+ X0+ 120"+ 112 17]

2] = Ch[(BIXEPT12)% + | X2+ | 257 + 1112
(IV.16)

< Gl xem

Now, for all real numbers z’, z, z, ] and € > 0
20(Cx + Cz + Cl) < % + &*(Cx + Cz + Cl)? < ‘z—z + 3e2(C%2? + C%2%2 + C?1%). and
E[2X" (B )] < E[KIXEP + PBIXE" 2] = BEIXEP + Bl Xim 2
Thus we obtain that

ﬁt()_(;',n)2 +E

T T
5 / 55 (Xm)2ds + / eBS(Zim)2 + |[Em2)ds | ft]
t t

c (T . T . T . _
5[ eripas o [ e s s ace [ eﬁS[(Z;v")%||zzv"||3]dsm]
t t t

<E
n?

(IV.17)

Choose ) = ¢, €2 = m and 8 = 6% + %C’e2.
Then we have (3,7, €) satisfying 1 —3C2%¢% > %C?f and 8 — n% > %CnQ, which gives contraction
inequality:
v i,m AN 7%,m 1 YV i,m— Z71,n— 7t,n—
X225 + 127710 + 102 < S UX G + 125G + 10, 5) (IV.18)

If we denote the bound of HX“H% + ||Z”||% + ||ZZl||12,ﬁ by M, then by iteration we have,

M
IXERIE + 125505 + 182 < s

which means that (X", Z%" [%™) converges in §? x H? x HZ to some (X?, Z% 1"). Now taking
limit in (IV.7), we see that (X% Z% [I?) is the unique solution of (IV.5). And X} < X2t €
[0, T]a.s. follows directly from the fact that X" < X?",t € [0, T]a.s. O

Remark 1.6. We can weaken the nondecreasing property of F: let Di(x) =
and Ds(z) = P(Xy < z). Then we call F non decreasing in x, if Di(z) > Da(z) i
F(t,X1) < F(t,X2). In particular, in the example of Remark 1.4, when F(X) = E(¢(t,

< z)
mplies
t, X

)

P(X,
(x)
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for X € L3(Q), F is non decreasing if ¢ is C1, non decreasing. This can be verified by direct
computation : F(t,X1) — F(t,X2) = E(¢(t, X1)) — E(¢(t, X2)) = [¢(t,2)d(D1 — Ds)(z) =
[ %2(t,2)(Dy — Dy)(z)dz = [ %2(t,x)[Da(x) — Dy(z)]dz. We also notice that X; < X a.s.
implies that Di(x) > Da(x) .

Remark 1.7. Symmetrically, if we assume one of the drivers is non-increasing in x’; and F
is an non-increasing operator, the arguments in Theorem 1.2 still hold.

Theorem 1.3 (Strict comparison for Mean-field BSDEs with jumps). Suppose the assumption
of Theorem 1.2 holds. Moreover we assume one of the coefficient satisfy Assumption 3.1 with
strict inequality Hf/’x’z’ll’lz (w) > =1 dt ® dP- a.s. If X} = X} a.s. for some to € [0,T], then
Xt = X2 as. on [to,T).

Proof. Put X, = X! - X2, Z, = 7! — 7% I,(u) = I}(u) — ?(u); We then suppose that f5 is
nondecreasing in z’. We furthermore Assumption 3.1 with strict inequality holds for f;. Then

*dXe = hsds - stWg - / Z@(S)N(dsa de) XT = 61 - 52-
E

where hy = fi(s, F(s, X2(")), X2, ZL 1)) = fa(s, F(s, X2(+)), X2, Z2,12(")).

Let ¢(S) = fl(s,F(S,X;(~))7X§,Z§,l§) - f2(s’F(87X52('))7X37Z§71§)'

We have h, = d)s + fl('S?F(stel()%X;?Zslvl%) - f1(57F(stel())7X§7Zezvl§)

We can write fl(s’F(SaX;())aX.sl7Z;7l;) - fl(saF(SaX;())’X.927Z37l§) =
f1(87F(37X;('))7X517Zivli) - f1(87F(S,X;(~)),X52,Z;,l;) + f1(87F(S,X;(~)),X527Z;,l;)
- fl(’S?F(Sval('))vXSQa Z?vll) =+ fl(’S?F(Sval('))?XSQa Z??&) - fl(SaF(Sval('))?XSQa Z€27l2)

Then from the Assumption 3.1 on f;, there exists bounded processes § and 3 on Q x [0, 77,
such that

f1(57F(8val())7X317Zslal;) - fl(st(Sval())vavzgalg) > 68)_(8 + ﬁSZS =+ <95?ZS>V

with

f1<87F(SaXsl())vX;7Z§vl;) - fl(st(saXsl())va?va}al;)
X,

fl(saF(&Xsl('))vXSQa Z;J;) — fl(saF(&Xsl('))vXSQa Zgﬂl;)
Zs

Og :=

55 =

and 65 is as in Assumption 3.1.
Thus we have hy > ¢ + 0, X5 + BsZs + (05, ls)y. For each t € [0,T], let (I'ys)sept, 7] be the
unique solution of the forward SDE

dTys =Ty o [0sds + BydW, + / 0.(e)N(dt,de)]; Ty, =1.
E

By the comparison results with respect to a linear BSDE (see lemma 4.1 in [11]) we can derive
that

t
Ky > [Ty Ko + / Tund(s)ds|Frn], to<t<T.

to
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Due to the Theorem 1.2, we have X; = X! — X? > 0 and the nondecreasing property of F, we
can write

fl(s7F(S’Xsl('))7X32722 l2) > fQ(SaF(&Xsl(')))XsQaZQ lz) > fQ(SvF(SaXSQ())aX.927Z§’l§)

EREAE] s17s

by the assumption on f; and fs. Then we can conclude the proof by pointing out the fact that

¢(5) = fl(S’F(&X;())aX?aZg?lz) - fQ(SaF(57X§())an2aZQ 12) >0

s17s

and that if 05(u) > —1dP ® ds ® dv(u)-a.s., then I't s > 0 a.s. from Corollary 3.5 in [11]. O

Remark 1.8. In fact we can weaken the assumption by assuming the strict inequality
’ 152 1 2 2 31 ;2

07 "= (4) > —1 holds only through the solutions ,that is GtF(t’X‘ WX Z ol (u) > —1 dt@dP-

a.s. In the symmetric case when fo is Lipshitz and nondecreasing in x’, we get the results by

2 2 2 71 ;2
assumming Gf(t’X’f)’X‘ Lol (u) > —1 dt @ dP- a.s.

2 Global dynamic risk measures

2.1 Definition and properties

Let T > 0 be a time horizon and f be a Lipschitz driver. For each T" € [0,T] and n € L*(Fr),
set
f.F AN A / /
py (0, T7) = pe(n, T7) == =X3(n, 1), 0<t<T, (IV.19)

where X;(n,T’) denotes the solution of mean-field the BSDE (IV.5) with driver f, mean-field
operator F' and terminal conditions (77, n). If T’ represents a given maturity and n a financial
position at time T”, then p;(n,T") is interpreted as the risk of n at time ¢. The functional
p:(n,T")— p.(n, T") thus represents a mean-field dynamic risk measure induced by the mean-
field BSDE with driver f and mean-field operator F. We now provide properties of these
dynamic risk measures. Such as monotonicity, translation invariance, convexity are satisfied
under appropriate hypotheses on the driver. Contrary to the Brownian case, the monotonicity
property of p, that is, the non increasing property with respect to financial position, which is
naturally required for risk measures, is not automatically satisfied. We thus assume from now
on that the driver f satisfies the Assumption 3.1. Contrary to the standard non mean- field
case, the zero-one law is not satisfied due to the mean-field operator F.

e Continuity. Let T € [0,7'], let {#*,a € R} be a family of stopping time in To r,
converging a.s. to a stopping time 6 € T 7 as « tends to ag. let {£%,a € R} be a family
of random variables such that E[esssup(£%)?] < oo, and for each «, £* is Fyo measurable.

«

Suppose also that £€* converges a.s. to an Fyo measurable random variable £ as a tends
to ag. Then for each S € Ty 7, the random variable pg(£%,0%) — ps(&,0) a.s. and the
processes p(£Y,0%) — ps(€,0) in S*T when o — ag. For the proof, see Appendix 4.4.

e Monotonicity. p is nonincreasing with respect to £. i.e. for each T € [0,7"], and each
€162 € L?(Fr). if €1 > €2 as., then py (€1, T) < py(€2,7),0<t < T as.
Proof.  This is the direct consequence of the comparison results of mean-field BSDEs
(see Theorem 1.2) O
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e Consistency. By the flow property, p is consistent: more precisely, Let T € [0,7"] and
let S € Ty, be a stopping time, then for each time ¢ smaller than S, the risk-measure
associated with position £ and maturity T coincides with risk-measure associated with
maturity S and position —pg(§,T) = Xg(§,T), that is

vt <8, pe(€,T) = pe(—ps(§,T),5) as.

The flow property is the consequence of the uniqueness result of the mean-field BSDEs

e Translation invariance (cash additivity). If f does not depend on z’ and x, then the
associated risk- measure satisfies the following translation invariance property:

pt(f + £I7T) = pt(gaT) - 5/1 for any g € Lz(fT) and 5/ S LQ(‘FT)

e Cash sub-additivity. Suppose f is non-decreasing in both z’ and z, while F is non-
decreasing operator. Then for any m > 0, we have p;(§ + m,T) < p(§,T) + m.
Proof. It is straightforward that X; + m satisfying:

—d(Xt —+ m) = f(t, F’(t7 Xt), Xt, Zt, lt)dt — thWt — / lt(e)N(dt, de), XT = f +m.
E
Thus, by the assumption, we have

—d(Xt +m) S f(t, F(t, Xt+m)7 Xt +m, Zt, lt)dt—thWt —/ lt(e)N(dt, de), XT = f—l—m
E

let (X, Z,1) be a solution of the Mean-field BSDE
—dXt = f(t7 F‘(t7 Xt), Xt, Zt, Zt)dt — thWt — / Zt(e)N(dt, de), XT = f —+ m.
E

Then by the (extended) comparison results, we have X; + m < X, which gives p;(& +
mvT)Spt(fvT)+m' O

e Convezity. If f is concave with respect to (2’ z,2,1). We furthermore assume f nonde-
creasing in 2’ and F is nondreasing concave operator in x, then the dynamic risk-measure

p is convex, that is for any X\ € [0,1], T € [0,T"], £',£2 € L*(F)
PN + (1= NEXLT) < Ap(€hT) + (1 = N)p(€2, 7).

Proof. Fori=1,2, let (X% Z¢ %) be a solution of the mean-field BSDE (IV.5) associ-
z}ted to terminal time 7', driver f, Mean-field operator F' and terminz}l condition £, Set
E=AH (1N X = XX+ (1-NX2, Z: =22+ (1 - N)Z% [ := N+ (1 - N2
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We have
7dXt - [/\f(ta F(tht('))7Xta Zta lt()) + (1 - )\)f(tﬂ F(ta Xt('))vXta Zt7 lt())}dti

ZydWy — / I;(e)N(dt, de);
E
Xr=£

By the assumption on f, and F', we have

)‘f(tvF(thtl)7ththlvlt1)+(1_)‘)f(tvF(th ) thth2712)
= f(ta F(t7Xt) Xta Zt7 lt)

Thus

AR, < f(tF (X, X, 2o, )t — Zod W, — / I, (e)N(dt, de); Xp = €.
E

let (X, Z,1) be a solution of the mean-field BSDE (IV.5) associated to terminal time T’
driver f, mean-field operator F' and terminal condition £. i.e.

—dX, = f(t, F(t, Xy), Xt, Zp, 1) dt — Z,dW, —/ l,(e)N(dt,de); Xp = €.
E

by (extended) comparison results Th.1.2, we obtain X, < X, which gives the results. OJ

’ 152
Suppose furthermore in Assumption 3.1 we have 67 “*! " (4) > —1.

e No Arbitrage. For each T € [0,T'], and &',€2 € L?(Fr), if €' > €% as. and if p (¢4, T) =
p:(€2,T) a.s. on an event A € F;. then ¢! = ¢2 as. on A.
This is the directly consequence of strict comparison results (Theorem 1.3).

In the classical case without the mean field term and when the drift term is independent of the
current position, the risk measure is cash additive. With the mean field, it is understood that
cash is transferred via the mean field term. When f non-decreasing in the mean field term,
then the mean field is acting as a stabilizer. This means that individually, a bank needs less
capital to reach the same final position as without the stabilizing effect.

In systemic risk models where the mean field has a stabilizing effect [1, 4-6], the function f
captures interbank lending: banks with high liquidity position lend to banks with low liquidity
position, where high and low is given with respect to the average liquidity in the system.
Here, we do not consider formally a model of interbank lending, but our risk processes behave
similarly. In addition, when f is convex we give a dual representation of the risk measures.

Interpretation as systemic risk measure
We may regard (IV.5) as a limit as n — oo of the following system:
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N

) 1 . . . . , ) -
—dxN = f(t,w, N SOXPNC), xpN, 2PN N () dt — zpN awy — /El,ﬁ’N(e)N(dt, de);
j=1

(IV.20)
XN =¢.

Here —Xti’N represents the liquidity or capital reserve of bank i. In a system framework, its
evolution depends on the capital of the other banks through the mean capital reserve. This
stylized dependence structure captures well a situation where a joint liquidity fund is used to
stabilize banks. Such is the case of a central clearinghouse for example. We can think of this
setup as a regulator choosing a level —¢ for the acceptable capital or liquidity at a horizon T
(€ is then the financial position at time t). Before time ¢ and in order to become acceptable at
the time horizon, the capital (liquidity) of the individual bank may have inflows/outflows from
the common pool via the mean field term.

2.2 Dual representation of convex global risk measures

We now provide a representation for global dynamic risk measures induced by concave
mean-field BSDEs in terms of the value of a stochastic control problem. In this case, the
risk measure is convex. This dual representation is given via a control problem over a set of
probability measures which are absolutely continuous with respect to P.

Let f be a Lipschitz driver and F be an Lipschitz operator. For each (w,t), we denote by
f* the Fenchel-Legendre transform of f, defined for each (8,q, a1, as) € R® x L? and F* the
Fenchel-Legendre transform of F', defined for each § € L}, that is,

f*(wvt7Qa57alaa2): sup [f(w,t,x',a:,z,l)—qx’—,@x—alz—<a2,l>y]
(z!,z,2,l)ER3 X L2

F*(t,0) = sup [F(taX) — (X, 5>L2]
XeL2, F
For each predictable processes oy = (af,a?(+)), let @ be the probability absolutely contin-
uous with respect to P which admits I'}: as density with respect to P on Fr, where Z¢ is the
solution of

dr'y =T (o dW, —|—/ o2 (u)dN (dt, du)); T§=1. (IV.21)

*

Now we introduce Az be the set of predictable processes a, = (al, a?) such that

. fOT(ai)2ds + fOT la2||?ds is bounded
e ai(u) > -1 v(du)—a.s.

We have from Proposition 3.1 and 3.2 [11] that for all oy € Ap, T¢ > 0,0 < ¢ < T a.s. and
(T?)o<i<r € S>T.

And let Ar be the set of processes (¢, B¢, @, af , a2) where (B, qi, o, a?) are predictable and
v is progressively measurable, such that
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f* (w7 tv qt, /Bt, O[%, O[%) belongs to H2

a; = (af,a?(+)) belongs to Ar-.

e 0< ¢ <C dP as.

e The processes ¢ e~ /o 7+ helongs to H2

In the sequel, we assume that f is nondecreasing with respect to z’ and satisfies
Assumption 3.1 with strict inequality 6;(u) > —1 dt ® dP- a.s.
2.2.1 Technical lemmas

We begin by the following technical lemma on part of the bounds of the control set which
appear in the definition of the Fenchel transform of f.

Lemma 2.1. For each (s,w), Ds(w) is the non empty set of (q,53,a1,a2) € R® x L% such
that f*(w,s,q, 8,a1,as) < +o0o. Then Dgs(w) is included in the set Usatisfying the following
properties:

e ¢ >0 and is bounded by C.

e 3 and oy are bounded by C'.

o az(u) > -1 and |az(u)| <C v(du)—a.s.
where C is the Lipschitz constant of f.

Proof.  Let us suppose that ¢ < 0, we will show that this assumption leads to contradiction.
By the definition of f* we have

f*(t7 q, ﬂ7 aq, 052) 2 f(t7 .f/, 07 Oa 0) - xlq7
which holds for each z’. This holds in particular for z, := n n € N. We thus gets
f*(tvqaﬁ7alaa2) > f(tan707070) —ng > f(t?0707070) —ngq

where the last inequality follows by the non-decreasingness of the map f with respect to z’.
By letting n — 400 in the above inequality, we get lim,_, . f(¢,0,0,0,0) — gn = 400, since
g < 0. This implies that f*(¢,q, 8, a1, a2) < 400 which provides the expected contradiction,
We thus have proved that ¢ > 0. The fact that ¢, f and « are included in the bounded domain
[-C, C] is due to the uniform Lipschitz property of f. Finally, for the properties of (aq,as),
we apply the similar proof as in Lemma 5.4 [11]. Suppose by contradiction that

v({u € R*, as(u) < —1}) > 0.
Since f satisfies Assumption 3.1, the following inequality holds for each [ € L2.
F@,£,0,0) > f(w,1,0,0) + (67 (@), D
. Again by the definition of f* we have

FHw b, an,00) > fw, t,0,1) — (g, 1)y, > f(w,t,0,0) 4 (020 (w) — as, 1),
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. This holds in particular for [ := nly,,<_1y where n € N. We thus derive

f*(wvtaalaOQ) > f(wvtvoao) + Tl\/{ ) (Gg’l,o(a},u) — OZQ(’LL))I/(dU)
as<—1

Since by assumption, 6°"%(w,u) > —1, thus 62"%(w, u) — aa(u) > 0 on {as < —1}. By letting
n tend to +oo in this inequality, we get f*(w,t, a1, @2) = +oo, which provides the expected
contradiction. We thus have proven that as > —1 r-a.s. By similar arguments, one can show
that a; is bounded by C and |az(u)| < C  v(du) — a.s.,which ends the proof. O

The following technical lemma is used in the proof of the dual representation Theorem 2.1.
It provides part of the bounds of the control set which appear in the definition of the Fenchel
transform of F'.

Lemma 2.2. If the operator F is nondecreasing as in Theorem 1.2. Then for each t € [0,T],
the non empty set of {6 € L%|F*(t,8) < +oo}is in included in the set satisfying the following
properties:

® 0 >0dP as. and |[0]|L2, < C. where C is the Lipschitz constant of I .

Proof.  Suppose § > 0 dP a.s.is not true. We denote A = {w € Q|§(w) < 0} Then P(A) > 0.
By the definition of F*, we have for each X € L%

F*(t,6) > F(t,X) — (X, 6) 2 = F(t,X) — EP[X]

This holds in particular for X, (w) := —nd1l4(w) where n € N. This gives X,, > 0 dP a.s. and
thus by the nondecreasing properties of F', we obtain

F*(t,6) > F(t,X™) — EP[X"5] > F(t,0) — EP[X"6] = F(t,0) + n/A 6(w)[2dP (w)

By letting n — 400 in the above inequality, we get F*(0) = 400, which gives the contradiction
to the assumption. Thus P(A) = 0 which implies § > 0 dP a.s. The boundedness of J is a
direct results of the Lipschitz property of F'. (Il

2.2.2 Dual representation theorem

We now give the main result of this section, the dual representation theorem of the mean risk
measure. Note that at time zero, this is the risk measure itself.

For (v,q, 3,a',a?) € Ar, we denote Dﬁ’g = exp(— [} (Bu + Yulggu)>0)du),0 <t < s < T,
which can be interpreted as a discount factor. We recall that I'? follows the dynamics defined
in (IV.21).

The following lemma will be used for the existence of the optimal control that appears in the
dual representation theorem. In the classical setting without the mean field, three components
ds, Bs, s of the optimal control are shown to exist in previous literature. The challenge we
now solve is to show that given these three optimal components, we can construct the fourth
component which is associated to the mean field operator.
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Lemma 2.3. Given the predictable processes processes (X, Gs, Bs, Qis)s>t, there exist a progres-
sively measurable processes (Vs)s>¢ such that (I*=e~ I Tuduw) o, belongs to H? and satisfying the
following equation:

) (IV.22)

Proof.  Since F is concave and Lipschitz on L?(2, P, F), the conjugacy relation of (F, F*)
gives that for each s, there exists Y, € L?(Q, P, F,) such that

F(s,Xs) — EP[X,Y,] = F*(s,Y5) (IV.23)

and since F' is nondecreasing, by lemma 2.2 we have Y, > 0 dP a.s. and ||Ys||z, < C. Now
suppose (V)s>¢+ € S be the solution of (IV.36) with Us = el Puduy o= e~ JF Budug  and
V; = 1. We apply Ito’s formula to V,(I'?)~!, we have

d(V(D%) 1Y), = (DF)~Lels Puduy B[V e~ Jo Pudug )ds (IV.24)
Thus V! := V(I'®)~! satisfies the random differential equation

d(VY), = (D) Lels uduy Bpayle=J5 Audug 1ds (IV.25)

(s,w) € [t,T] x £, we can choose v,(w) = —-=(log V.!)(w) which is well defined dues to (IV.25).
This gives the process 7 satisfying that e~ J¢ 7@ = V1 and from (IV.25) we obtain that

Since I'?, §s >0, Yy > 0 dP as., if V! := V; =1 > 0 a.s. we have V! > 0 a.s. Thus for each
d
ds

Fse~ i Aududs = d(em S Tudn) = (D) TLeSi Buduy E[DGem i Tuduem T Budug s (IV.26)

which implies (75)s>+ satisfies

And I'%e~ Ji Tudv — Y/, belongs to H2.
Now we show that (9s)s>¢ is progressively measurable. Since the Hilbert space L% (Fr) is
separable, hence by the measurable selection theorem, the processes

Y [t,T]— L%(.FT)7S = Yi(-)

are measurable with respect to B([t,T]) and B(L%(Fr)). Furthermore, for each Y belongs to
L% (Fs) and feasible, by the property satisfied by the F, we have for each X € L% (Fr), and
te[0,T].

F(t,X) - EP[XY] < F(t, E[X|F,]) — EP[E[X|F,]Y]

This gives

F*(t,Y)= sup [F(t,X)—<X7Y>LzP]: sup [F(t,X)—<X7Y)LzP]
XeL(Fr) XeL(Fe)
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Thus we could restrict the operator I on the subspace L% (F). This implies we could choose
Ys € L4 (Fs) in (IV.23) and for each u € [0,T], Y : [t,u] = L& (F,), s — Ys(-) are measurable
with respect to B([t,u]) and B(L%(F,)). Now for each u € [t,T], since L} (F,) is a separable
Hilbert space, there exists a countable orthonormal basis (ef,);en of L (F,). For each i € N,
define A\, = (Y, e')p. Since the map (., e’,)p is continuous on L3 (F,), A" : [t,u] — R, s — Al is
B([t,u]) measurable. As Y;(w) =Y, Me;(w), it follows that Y : [t,u] xQ — R, (s,w) — Y (w) is
B([t, u]) ® F, measurable. This holds for each u € [t, T, thus (Y;)s>¢ is progressive measurable.
And this gives the progressive measurability of (7s)s>¢. d

We are now ready to give the main result. The risk measure can be interpreted as the
expectation (under a worst-case discount factor and the worst case probability measure) of the
final position £ plus a penalty function. The lemmas of the previous subsection ensure that the
supremum is finite as the relevant domain is bounded. Lemma 2.3 gives the existence of the
optimal control.

Theorem 2.1. Suppose that the Hilbert space L% and L2 are separable. Let f be a Lipschitz
driver with Lipschitz constant C satisfying Assumption 3.1 and Suppose also f is concave with
respect to (a',x,z,1) and non-decreasing in «'. F is a Lipschitz concave operator in x and
satisfies the following property: for each s,t € [0,T] and X € L%, F(t,E[X|Fs]) > F(t,X).
Let (v,q,3,at,a?) € Ar, we denote Dg’;’ = exp(— f:(ﬁu +Yulg[g,]>0)du),0 <t < s <T, and
recall that T'¢ follows the dynamics defined in (IV.21). Then the mean of the convex risk-measure
Ep(.,T) has the following representation : for each & € L3(Fr),

Ep(¢.T)= swp  [E®"DJ(-€) ~((7.6,q.0.T)] (1v.27)
(v.8,¢;0) € AT

where the function ¢, called penalty function, is defined, for each T and (v,q,B3,a',a?) € Ar
by

anb
s L,

T
<(7757Q’a5T) ::/ <]EQ [Dg;’yf*(saq$7537as)] +EQ [Dt‘égqs]F*(t

~
s
t s

5 Vs

F )
Moreover, for each & € L%(Fr), there exists (i, G, B, ar, &%) € Az achieving the supreme in
(IV.27).

Proof.  For each processes (7s, ¢s, Bs, at, a?) € Ar, we apply Ito’s formula to DE’SWXS between
t and T, where (X, Z,1) is the solution of Mean-field BSDE (IV.5). We obtain

T
X, =Dlpe+ / D7 [BsXs — velgjg)50Xs — alZy — (a2, 1), + [ (s, F (5, Xs()), Xo, Zs, 1) ds
t

T «
—/‘dM?
t

(IV.28)
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where dME2" = DEZJZSdWSQQ + [ Dgfls (e)dN2° (dt, de). For each s € [t, T], we have

_/BsXs - 7311E[q5]>0Xs - aiZs - <Oéz, ls>u + f(S7F(3aXs('))7Xsa Zs, ls)

= —(:sXs — qu(SvXS) - OZ};ZS - <04§7 ls>u + f('S»F(SvXS('))yXSa Zs, le) + (qu(S,Xs) - ’Ys]-]E[qS]>0Xs)
(IV.29)

Since ¢; > 0 dP a.s., we notice that

qu(SaXs) - ’Yslﬂi[qs]>0Xs = (qSF(S)XS) - 'YSXs)l]E[qS]>O

By taking expectation at time ¢ = 0 on both sides, we can obtain that

T
E[Xt] = EQ& |\Dtﬁa¥£ +/ DE’S’Y[_BSXS - QSF(XS) - O‘;ZS - <a§als>u + f(svF(saXs('))vaazsvls)] ds
t
T oo E2" [ X, D} ]
+ [ EDXq) |F(s, X,) — ————— L8 21 ds
| B D) | X - = o | el

(IV.30)

holds for all processes (7s, s, ¢s, at, a2) € Ap. Since Q% and P are equivalent measures and
gs > 0 dP a.s., we have 1g[, 150 = 1geo(q,]50
By the definition of Fenchel-Legendre transform, we have f(s, F(s, Xy), X5, Zs,1ls) —
o« B,y
F(s, Xo) = BuX, —alZ, = (a2, L)y < f*(5.,. By, a2) as. and F(s, X,) = gasose el =
E[0S XD} ] )
E[l'e D} qs]

1"2‘ DE,’J'YS

F(s X.) - < (5 50 70

Since by assumption Dg’g >0 and g5 > 0 dQ® a.s., we can obtain

EX, < inf E2"
(Byv,9,0)EAT

T
D£¥£+/ Dfﬁf*(s,qs,ﬂs,ai,a?)l ds
t

T o 5 Fothﬁw’Y,y
« Y * s ,8 IS o
o B0 | o) taensods (V.3
Recall that for any (w,s) € Q x [0,7], f is Lipschitz, concave in (2/,x,z,1), the following
conjugacy relation of (f, f*) holds. Let U be the set introduced in Lemma 2.1, we have Dy (w) C
U. Using the same arguments as in Lemma 5.5 in [11], we have

flw,s, 2’ 2, 2,1) = inf  {f*(w,s,q,8,a",0%) +qz' + Bxr+atz + (a® 1)}
(q,8,a,a?2)eU

= f"(w,s,¢,B8,6",6%) + @' + Bz +a'z+ (@1), (IV.32)

where U is the closure of set U, that is the set in which ay satisfies az(u) > —1 instead of the
strict inequality.

Now since U is strongly closed and convex, we obtain there exists (g, 3,a',a?) € U that
satisfy (IV.32). However Lemma 2.1 gives in fact that (g, 3, a', a?) € D,(w).

Since, by assumption, R? x L2 is separable, we can apply the measurable selection theorem
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(Appendix of Ch.III [2]) as in the lemma 5.5 of [11] to assert the existence of a predictable
processes (s, Bs, @, a2)s>¢

f(s7 F(S) XS(.))7 XS) ZS7 lé) = /BSXS + QéF(Xb) + &iZé + <d§7 l8>l/ + f*(S, BS? 587 ai? @g) a.s.
(IV.33)
Similarly, since F' is Lipschitz and concave, the conjugacy relation also holds for (F, F™*).
Given the predictable processes (X, qs, s, Qg)s>t € S X Ar, we now introduce G, =
Tslges|g)>0 + Clyoa (3.]=0 with C the Lipschitz constant of f. We can show (lemma 2.3)
there exist a predictable processes (¥s)s>¢ € Ar such that

E9[X,D;]7.] e D77,

F(s, X)) - ————"— = F*"(s, ——————) (IV.34)
E9° (D} q,]

And since g5 = g5 for any s such that E[g,] > 0, thus we obtain

. _ T B T
EX, = ES" lDﬁ?g—&-/ DT (s, Bs, gs, L, a2) ds+/ E<" (D} ]
t t

F* (87 ’)‘| 1]EQ&[qS]>OdS

Together with (IV.31), we obtain (IV.27).
Finally, (IV.33) implies that the processes f*(w,t, g, B, at, a?) belongs to H2 since by assump-
tion (X, Z,1(.)) € 8? x H? x H2 and (g, B¢, &}, &?) are bounded. O

Remark 2.4. We give an example of the F such that the assumptions in Theorem 2.1 hold.
Define F(t,X) = E[¢p(t, X)] for X € L*(Q, P, Fr) , where ¢ : [0,T] x R — R, (t,z) — ¢(t,z)
is a concave Lipschitz function such that ¢(t, X) € L]%. Then by conditional Jensen’s inequality

Elo(t, EIX|F])] = E[(Elo(t, X)|F])] = E[o(t, X))
An exzample is take ¢(t,x) = —(x — ks)~ where (ks)s>o0 is a deterministic function.

Lemma 2.5. Suppose (al,a?(-))s>¢ belongs to Ar, (Us)s>t are bounded in L% and (hs)s>; are

bounded almost surely. Then the following SDE admits a solution (Vs)s>4 € S.

*

dV, = Vi]aldw, +/ o2 (u)dN (ds, de)] + UE[Vihy|ds, t < s <T

V, =1 (IV..36)

Proof. ~ We define inductively the sequence (V") of the processes by setting V° = V{ and for
n>1

V=V, +/ VItdM, +/ UE[V/" 1 h,]ds
t t

where dM, = aldW; + [;. a?(e)dN(ds,de) Because any two real numbers i and k satisfy
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(h+k)? < 2(h? + k%), we have

E [ sup |V — v;ﬂ < 2E

t<s<u

s 2 s 2

sup (/ (v — Vsnl)dMs> + sup (/ UE[V] — Vsnl]ds) 1
t<s<u 0 t<s<u 0

(IV.37)

And by Doob and Cauchy-Schwarz inequality, it follows that

2

E[sup vs”“vs”F] ssE[( / <vs”v:1>dMs) L E [ / IUsE[Vq"Vfl]IQdS}
0 0

t<s<u

<ss | [wr—vepansan,) o | [ e PER - viPa
0 0
(IV.38)
Since d[M, M|, = (al)?ds+ [5.(a2(e))?dN (ds, de) + [5.(a2(e))?v(de)ds and by assumption,

(al,a2(+))s>¢ belongs to Az, (Us)s>o are bounded in L?(P), we obtain there exists a constant
K such that

E [ sup [V - VS“F] < 9K (44 DE [ |- v;”|2ds}
0

t<s<u

<2K(4+t)E [ / sup |V — VS”_1|2ds} (IV.39)
0

t<s<u

Now for fixed T, we set C = 2K (4 +T) and let D := E [sup,< < |V, — V2?]. It then follows
from the above computation that for each t < wu < T and n,

DcrT
E { sup V(" — Vsnlﬂ <
t<s<u n!
consequently
o0
S s - vt <o
n=1 It<sZu 2

Thus it gives the series Y 7 | sup,< <, |V' =V~ !| converges a.s. and as a results, X" converges
a.s. uniformly on every bounded interval to a continuous process V' which is a solution to (IV.36)
O

3 Optimization principle for Mean-field BSDEs

Let ¢ in 82 and let (f, f*;a € A) be a family of Lipschitz drivers satisfying Assumption 3.1
and F' is Lipschitz operator. In Assumption 3.1, the coefficient associated with f* (resp. f), is
denoted by 627! (resp. 67 ") And from this section on, we furthermore assume that :

e [ is nondecreasing in z’
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e F'is nondecreasing.

We denote by (X, Z,1) the solution of the mean-field BSDE associated to obstacle (&) and
driver f, and by (X%, Z%,1%) the solution of the mean-field BSDE associated with obstacle (&;)
and driver f¢.

Proposition 3.1 (Optimization principle for mean-field BSDEs). Suppose that

(i) For each o € A, f(t,x',z,2,1) < ft,2',x,2,1), forall (x',z,2,1) € R® x L2; dt®
dP — a.s.

(ii) There exists & € A such that

f(t,F(t,Xt(')),Xt, Zt,lt) = fa(t,F(t,Xt(')),Xt,Zt,lt), 0 S t S T, dt X dP — a.s.
(IV..40)

Then, for each S € Ty,
Ys =essinf Y§ = Y&  as. (Iv.41)

Proof.  For each «, since Condition 1. is satisfied, f* satisfies Assumption 3.1, and since f is
nondecreasing in z’ , F' is nondecreasing, the comparison theorem for mean-field BSDEs yields
(see Theorem 1.2) that ¥ < Y*. It follows that for each S € Ty,

Yg <essinfY$ as.
«

Now, by Condition 2., Y is a solution of the mean-field BSDE associated with f*. By unique-
ness of the solution of this mean-field BSDE, we have Y = Y'®, which leads to equality (IV.41).
O



CHAPTER V
Optimal stopping for Mean-Field
BSDEs with jumps

1 Reflected Mean-Field BSDEs with jumps

1.1 Notation and definitions

Definition 1.1. A process (Y, Z,k(.), A) is said to be a solution of the reflected BSDE associated
with driver f and obstacle € if

(Y, Z,k(.),A) € S* x H? x H2 x S?

U

1 26, 0<t<T as,
A is a nondecreasing RCLL predictable process with Ag = 0 and such that

T
/ (Y; — &)dAf =0 a.s. and AAtd =-AYi 1y, —¢,_} as.
0

Here A° denotes the continuous part of A and A? its discontinuous part.

Definition 1.2. A process (Y, Z,k(.), A) is said to be a solution of the Mean-field reflected
BSDE with jump associated with driver f, operator F' and obstacle £ if

(Y, Z,k(.),A) € §? x H? x H2 x S?

CAY; = f(tw, F(t, X0()) Xo Zos ko ()t + dA, — Z,dW; — / k()N (dt,du); Yr = ér,

U
(V.2)
K&me OStha.s.,

A is a nondecreasing RCLL continous process with Ay = 0 and such that

T
/0 (Y; — &)dAS = 0 a.s. and AAY = —AY, Ly, =,y as.

For 8 >0 and ¢ € H*T, we introduce the norm |[¢|3 , := E[fOT ePs¢2ds] and for | € H2T,
we set |17 5.7 = BLJy ™Il ds.
Theorem 1.1. (/12] Theorem 2.6) Let & be a RCLL adapted process in S* and let f be a
Lipschitz driver. The RBSDE (V.1) admits a unique solution (Y, Z,k(.), A) € S* xH?xH2 x S2.

If (&) is left-upper semicontinuous (L.u.s.c.) over stopping times, then (A;) is continuous.
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We now show an existence and uniqueness result for mean-field reflected BSDEs with jumps,
in the general case of RCLL obstacle.

Theorem 1.2. (Existence and Uniqueness for Mean-field reflected BSDEs)

Let & be a RCLL adapted process in S? and let f and F be Lipschitz driver and Lip-
shcitz Meanfield operator respectively. The Mean-field RBSDE (V.2) admits a unique solution
(Y, Z,k(.), A) € 8 x H? x H2 x §2. If (&) is left-upper semicontinuous (Lu.s.c.) over stopping
times, then (A;) is continuous.

Proof.  Denote by Hj the space H* x H* x H} equipped with the norm [Y,Z, k()| :=
HYH% + HZH% + Hk||,2/5 We define a mapping ® from H% into itself as follows. Given (U,V,I) €
H%, let (Y,Z,k) = ®(U,V,l) be the the solution of the standard RBSDE associated with
driver f1(s) := f(s, F(s,Us(+)),Us, Vs, ls). Let A be the associated nondecreasing process. The
mapping P is well defined by Theorem 1.1 .

Now we prove that the mapping ® is a contraction from H% into H%. Let (Tj , V, f) be another
element of HZ and let Y, Z,k) = @(U V [), that is, the solution of the RBSDE associated
with driver process f(s, F(s, Us(-)), U, Vs, Ls).

St U=U-U,V=V-V,Ii=I iYY v, Z ,

LetAf‘ = f(’ (Sst( )) Ué,Vé,l ) f( (57 ) s) by
of f, we have E[Af|* = E[f (-, F(s,Us(")), Us, Va, ls) = ( ) (87 Us( ), Us, Vs, 15)[* < 4C?E[[U "+
[V|2 +|1]|?]. Here we have used the fact that |F(s, Us(1) = F(s,UL(-))? < C||U U3 =E[U]?
Now recall that [|Af]|2 = [fOT eP*E|Af|? ds]. Using estimates (V.31) and (V.32) (see also (A.58)
and (A.59) in [12]) with 7 < 5}7 and Lipschitz constant equal to 0 (since the driver f! does
not depend on the solution), we get

k— k.
. From LlprhItZ continuity

<\.

IZI2 + IZ13 + IRIZ,5 < n(T + DIALIE < 0T + 24C2(TN3 + V2 + [T12,5),
Choosing n = W, we deduce ||(Y, Z, E)H% (T, V, Z)H% Hence, @ is a contraction
and thus admits a unique fixed point (Y, Z, k) in ]H[Q, which is the solution of RBSDE (V.1).
For the second assertion, assuming that £ is l.u.s.c. over stopping times, we now show that for
any predictable stopping time 7 € Ty, AA, = 0 a.s. Since AA? = ~AY; 1y, —¢, 3, we obtain

AAL =1y e (Vo =Y) T =1y e 3(& - Vo) <1y ¢ (& —Yo)F

The last inequality follows from the inequality £,- < &, a.s. Since £ < Y, we derive that
AA? < 0as. Thus due to the nondecreasing property of A, we have AA? = 0 for all predictable
stopping time and the continuity of A follows directly. O

In this section, we show that similar comparison and strict comparison results to those
given in Section 1.2 hold for mean field reflected BSDEs. Namely, given two derivers fland
f? (resp. obstacle processes ¢! and £2) satisfying a monotonicity condition, the associated
solutions satisfy a monotonicity condition as well.

1.2 Comparison theorems for Mean-Field RBSDEs with jumps

Theorem 1.3 (Comparison). Let &1, €2 be two RCLL obstacle processes in S*. Let fland f>
be Lipschitz drivers satisfying Assumption 3.1 and one of them is nondecreasing in x'. Let also
F be a nondecreasing operator. Suppose that
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o &2<¢,0<t<T as.

o flw, t, 2,z 2,1(-) > fA(w, t, 2z, 2,1(-)) dP ®dt,a.s.
for all (z',z,2,1(-)) ER xR xR x L2

Let (Y?, Z1 k%, AY) be the solution of the RBSDE associated with (&, f*) , i = 1,2 and mean-field
operator F'. Then,
Y2 <Y} vt e[0,T) as.

Proof. 'We give a simple proof based on the characterization of solutions of mean-field RBS-
DEs (Theorem 2.1) and on the comparison theorem for non reflected mean-field BSDEs. Let ¢
€ [0,T]. For each T € T}, let us denote by X*(£%, 7) the unique solution of the mean-field BSDE
associated with (7, &%, f%) for i = 1,2. By the comparison theorem for mean-field BSDEs, for
each 7 in Ty, the inequality

X2(€2,7) < X} (EL7) as.

holds. By taking the essential supremum over 7 and using Theorem 2.1, we get

Y2 = ess sup X7(€2,7) <esssup X} (64,7) =Y as. O
TET: T€T,

We now provide a strict comparison theorem. The first assertion addresses the particular case
when the obstacle is L.u.s.c. along stopping times and the second one deals with the general
case.

Theorem 1.4 (Strict comparison result for mean-field Reflected BSDE with jumps). Suppose
that the assumptions of the comparison theorem (Theorem 1.3) hold and that the driver f!
satisfies Assumption 3.1 with

o7 o H N (0) > —1 dt @ dP — as. (V.3)
Let S in T and suppose that Y& = Y& a.s.

(i) Suppose that &' and &2 are Lu.s.c. along stopping times.
Let 7} = 7/ :=inf{s > S; Yi=¢L), i =1,2. Then,

Y =Y? S<t<1fATS as, and
LY (), Y2 22K = (L FY2O) Y2 22K, S <1< Arf, dP@di—as.
(V.4)

el 2 * % 1 _v2 _ ¢l
Moreover if & = &° a.s., then Tf =75 a.s. and YT{ —YT; —571* a.s

(ii) Consider the general case when £ and €2 are not supposed to be l.u.s.c. along stopping
times. For e > 0, define

Ei=inf{t > S, Y} <& +e} and 7= 11151M§ i=1,2.

Then, Yt1 = Yf, S<t< T ATy a.s. Moreover,

FUL PG ) Y2, Z2K2) = F2(6 F(YR()), Y2, Z2,k2) S <t <71 AT, dP @ dt—a.s,
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and if & = €2 a.s., then for each e > 0, ¥ = 75 a.s. and 71 = 7.

Proof. 1. Let ¢ € {1,2}. By the existence theorem (see Theorem 2.2), 7/ is optimal for
Problem (V.6) with f = f, ¢ = &, that is

Y = ess sup XE(€7) = XE(€,77) as
T7€Ts ‘

where X%(¢1., 77) denotes the solution of the mean-field BSDE associated with terminal time
77, terminal condition £/, and driver f¢. Hence
V! = X} (Vip,mi A1), and Y2 = XZ(Y2 o, A7), S<t<T1i AT as.

Since f! > f? and ¢ > ¢2, the comparison theorem for mean-field RBSDEs (Theorem 1.3)
yields that lel* Ars > YTQ{ Ary @S- By hypothesis, Y = YZ. Now, Assumption (VII.13) allows
us to apply the strict comparison theorem for non reflected mean-field BSDEs with jumps
(Theorem 1.3) for terminal time 7 A 75. Hence, we get Y,! = Y2, S <t <7 A7} as., and
equality (V.4), which provides the desired result.

Suppose now that &' = ¢2 = ¢ a.s. Then, using Y2 < Y!, we get 75 < 77 a.s. Since we have
already shown that YTlg = Yfg a.s., and since YTQ; =&ry a.s., we get leg =&y and 77 < 75 as.
It follows that 7 = 75 a.s.

2. Let € > 0. By a property of 75 (see (V.11)), we have

Y= th(YTlf,Tf), S<t<7{ as.

Similarly, Y;? = XE(YES,rg ), 8 <t <75 as. By the same arguments as above with 71 and 73
replaced by 7 and 75 respectively, we derive the desired result.

Suppose now that ¢! = €2 = ¢ a.s. Since Y? < Y1, we have 75 < 7§ a.s. Moreover by
the definition of e-optimal stopping time and the strict comparison theorem for non-reflected
mean-field BSDEs, we have &;: +¢ > Yfz = YTIQE a.s. Consequently, 75 > 77 a.s. and hence
75 = 71 a.s. By letting € tend to 0, we get 71 = T2 a.s. O

2 Optimal stopping for global dynamic risk measures

We start this section by describing the optimal stopping problem for global dynamic risk mea-
sures. For each stopping time S € Ty, we introduce the value function of the following opti-
mization problem
Ys = —ess inf pgs(&-,7)  as. (V.5)
T7€Ts

The aim of this section is to provide a representation for Yg in terms of reflected mean-field
BSDEs and to give the characterization of the optimal stopping strategy.

We now give the characterization result of the value function as the solution of a reflected
mean-field BSDE.

Theorem 2.1 (Characterization of the value function). Let T' > 0 be the terminal time. Let
(&,0 <t <T) be an RCLL process in 8% and let f be a Lipschitz driver satisfying Assumption
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3.1 and F is nondecreasing operator.We furthermore assume that f is nmondecreasing in x’,
Suppose now that (Y, Z,k(-), A) is the solution of the mean-field reflected BSDE (V.2). Then

e For each stopping time S € Ty, we have

Ys =ess sup Xg(&,,7) a.s. (V.6)
T7€Ts

where for 7 € Tg, X.(&:,7) is the solution of the Mean-field BSDE (IV.5) associated with
terminal time T, terminal condition &,, and driver f.

o For each S € Ty and each € > 0, let 7S be the stopping time defined by
Te=inf{t > S, Y; <& +¢}. (V.7)
We have
Ys < Xs(fré,Tg)—FK&‘ a.s., (VS)

where K = K(T,C) is a constant which only depends on T' and the Lipschitz constant C
of f. In other words, 7§ is a (K¢)-optimal stopping time for (V.6).

Proof.  For the reader’s convenience, we give the proof below. Let 7 € Tg. Firstly we note
that the process (Ys, Zs, ks;0 < s < 7) is the solution of the mean-field reflected BSDE (V.2)
associated with terminal time 7, terminal condition Y, and (generalized) driver

f(s,9,y, 2z, k)ds + dA,.

We have f(s,y,y, 2, k)ds + dAs > f(s,y',y, 2, k)ds a.s. and Y; > &, a.s.

Since f satisfies Assumption 3.1 and is nondecreasing in 3’, the comparison theorem 1.2 for
mean-field BSDEs can be applied and gives Yy > X(&,,7),0 < s < 7 a.s. for each 7 € Tg. In
particular Yg > Xg(&,, 7). By taking the supremum over 7 € Tg, we derive that

Ys > ess sup Xg(&,,7) a.s. (V.9)
T7€Ts

It remains to show the converse inequality. For each S € Ty and for each € > 0, let 7& be the
stopping time defined by
e :=1inf{t > S, Y} <& +¢}. (V.10)

Firstly, by the definition of 7§ and the right-continuity of (¢;) and (Y;), we have
Y;g S;ng + e a.s.

Next we show that the process (3,5 < t < 7§) is the solution of the mean-field BSDE associated
with terminal time 7§, terminal condition Y;<, driver f and Mean-field operator F', that is

YVi=Xi(Yre,75) S<t<75 as. (V.11)

We first note that 7§ € Ts. Fix € > 0. By definition of 7§, for a.e. w, if ¢t € [S(w), 7§(w)],
then Yi(w) > & (w) + ¢ and hence Yi(w) > & (w). It follows that for a.e. w, the function
t — A¢(w) is constant on [S(w),7E(w)] and t — A¢(w) is constant on [S(w),7§(w)[. Also,
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Yirs)- = §zg)- +€ as. Since € > 0, it follows that Y(;¢)- > {z)- a.s., which implies
that AAﬁg = 0 a.s. Hence, the process (Y3, <t < 7§) is a solution of the mean-field BSDE
associated with terminal time 7§, terminal condition Y;< and driver f. By uniqueness of the
solution of Lipschitz mean-field BSDEs, we get (V.11).
Finally we can prove inequality (V.8).

By (V.9) and by the comparison theorem for mean-field BSDEs, we derive that for each
e >0,

Ys :Xs(Y.,-g,Tgv) < Xs(f.,-g +€,7’§v) a.s. (V.12)

Now, by estimates on mean-field BSDEs (see Lemma 4.2 in Appendix), we have
| Xs(&rg +€,75) — Xg(ng,Tg)F <PT=92 g
where 3 := 3C? + 4C. This with (V.12) leads to inequality (V.8). Hence, for each £ > 0,

Ys < Xs(&rg,75) + Ke < ess sup Xg(&7,7) + Ke  as. (V.13)
T7€TS

where K := ¢ It follows that Ys < esssup,er, Xs5(67,7) a.s. By (V.9), this inequality is

an equality. Moreover, the Ke-optimality property of 7& follows from (V.13). |

The comparison results allow us to characterization the optimal stopping strategy and derive
optimization principles for the case of mean-field BSDEs. We note that in a wide variety of
papers staring with the seminal paper [3], the key steps for these results are the same given
the comparison results. For completeness, we state these results with the addition of the mean
field operator as well as proofs, for which we follow the proofs of [12].

Proposition 2.1 (Characterization of the optimal stopping strategy). Let (£,0 <t <T) be a
RCLL process in 82. Let f be a Lipschitz driver satisfying Assumption 3.1 and is nondecreasing
in ©', while F is the non-decreasing mean field operator. Let S € T¢ and let 7 € Tg. Suppose
that in Assumption 3.1, we have

otF(t,Yt)vyt,kat,lf > 71, dt ® dP — a.s. (V14)

where (X7, 27 17) = (X (&:,7), Z(&,7),1(&+, 7)) is the solution of the Mean-field BSDE asso-
ciated with terminal conditions (7, &;).
The stopping time 7T is S-optimal, i.e.

Ys =ess sup Xg(&r,7) = Xs(&,7) a.s. (V.15)
T€ETS
if and only if
Y, = X(6:,7), S<s<7 as. (V.16)

that is if and only if (Ys, S < s < 7) is the solution of the non reflected Mean-field BSDE
associated with terminal time 7 and terminal condition &;.

Proof. It is clear that (V.16) = (V.15). (V.14). On the other hand, if we suppose (V.15)
holds, then the process (Ys, Zs, ks; 0 < s < 7) is the solution of the Mean-field BSDE associated
with terminal conditions 7, Yz, and driver f(s,y',y, 2z, k)ds + dAs. We have f(s,vy',y, z,k)ds +
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dAs > f(s,v',y,2,k)ds and Y; > & a.s. Under the assumption (V.14), we apply the strict
comparison theorem for mean-field BSDEs with jumps to Y and X (§z,7), then (V.16) follows.
O

When there is more regularity on the payoff of the process ¢, we provide the minimal and
the maximal S- optimal stopping times. They provide an interval for the stopping time: if the
position is closed before the minimal stopping time or after the maximal stopping time, the
risk is highest. There are no monotonicity guarantees within the interval. However, under a
left regularity condition on the obstacle, an optimal stopping time (within this interval) can be
obtained as the limit of 7§ as € tends to 0.

Theorem 2.2. Let (&,0 <t < T) be a RCLL process in S?, assumed to be Lu.s.c. along
stopping times, and let f be a Lipschitz driver satisfying Assumption 3.2. Let S € Ty.
(i) The stopping time Ts defined by

Tg = lelﬁ)l 1 7Es
with 7§ given in (VILT), is an S-optimal stopping time.
(it) The stopping time 7¢ defined by
¢ :=1inf{u > S;Y, =&}
is an S-optimal stopping time and we have
Y = Xs(&rz,75), S<s<75 as

We also have 7 > Ts a.s.
(iii) The stopping time Ts defined by

Ts:=inf{u > S; A, — Ag > 0}

is an S-optimal stopping time.
(iv) Suppose moreover that in Assumption 3.1, for all x,7,l1,ls, we have

o7 w U () > —1 dt®dP — as. (V.17)
Then, 7§ = Ts a.s. Moreover 7§ is the minimal and Ts is the mazimal S-optimal stopping time.
Proof. (i) By letting ¢ tend to 0 in inequality (V.13), we get

Ys < limsup X5(&r¢,75)  as. (V.18)
el0

For each w such that the map € — 7§(w) from R* — [0,77] is constant for ¢ sufficiently small,
we have

lim &g (w) = &7s (w)-

Moreover, since the process (&) is left-limited, for almost every w such that for each ¢ > 0,
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T&(w) < 7s(w), we have

lim s (@) = € (@),

Hence, for almost every w, lime o {-¢(w) exists. The continuity property of mean-field BSDEs
with respect to terminal conditions (see Prop.4.4 ), implies

lsiirngS(ffg,Tg) = Xs(leiil()lgfg,f’s) a.s. (V.19)

Now, the L.u.s.c. property of the obstacle along stopping times yields lim.jo &g < &7y a.s. By
the comparison theorem, it follows that

Xs(lgigérg,%s) < Xs(&sg,7Ts)  aus.

Hence, by (V.18) and (V.19), we get Ys < Xg(&74,7s) a.s. By using the characterization of
Ys as the value function of the optimal stopping time problem (V.6), we get

YS = Xs(f.,:s,f‘s) a.s. <V20)

Thus, Tg is an S-optimal stopping time.

(ii) The right continuity of (Y;) and (§;) ensures that Y- = £+ a.s. By definition of 75, we
have that almost surely on [S, 74[, Y; > & and hence the process A is constant on [S, 74[ and
even on [S, 74| because A is continuous (see Theorem 1.2). We derive that (Y, S < s < 7%) is
the solution of the mean-field BSDE associated with terminal time 7§, terminal condition &,
and driver f, that is, Y = X(§72,75), S < s < 75 a.s. Hence, 7§ is an S-optimal stopping
time.

Furthermore, for each € > 0, 7§ < 7¢ a.s. By letting € tend to 0, we get 75 < 7&. a.s.
(iii) From the definition of 7g, and the continuity of A, we have Az, — As = 0 a.s. Hence

Y, = Xs(Yz,,7s), S<s<7g as.

Also, we have a.s. for all t > 7g, Ay > Az, = Ag. Since A increases only on the set {Y. = £.},
it follows that Yz, = &z,. Hence Y5 = Xg(&7s,Ts) a.s. In other words, Ts is S-optimal.

(iv) Let 7 be an S-optimal stopping time. By the strict comparison theorem for non reflected
mean-field BSDEs (Theorem 1.3 or Proposition 2.1 ), we have Y; = &; a.s. Hence, by definition
of 7§, we have 7 > 7§ a.s. Thus, 7g > 74 a.s.. By (ii), 7s < 7§ which implies 7s = 7§ a.s. We
also have proven that 7¢ is the minimal S-optimal stopping time.

Let us now show that 7g is the maximal S-optimal stopping time. If 7 is S-optimal, by the
optimality criterium, Az, — Ag = 0 a.s. which implies 7 < Tg a.s. O

3 Optimization principles for Reflected Mean-Field BSDEs

Now, we denote by (Y, Z, k) the solution of the mean-field Reflected BSDE associated to obstacle
(&) and driver f, and by (Y®, Z%, k%) the solution of the mean-field Reflected BSDE associated
with obstacle (&) and driver f<.
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For each 7 € Ty and ¢ € L(F,), let (X(¢,7), Z(¢,7),1(¢, 7)) be the solution of the mean-
field BSDE associated with driver f, terminal conditions ¢, 7, and (X*({,7), Z*(¢, 7),1%(¢, 7))
be the solution of the mean-field BSDE associated with driver f and terminal conditions (, 7.

Let S € Ty. We consider the following optimization problem

essinf Y¢' (V.21)

We first state a characterization of the value function of this problem as well as an existence
result, which generalizes a result established in [12] to the case of mean-field case.

Proposition 3.1 (Optimization principle for RBSDEs I). Suppose that

(i) For each v € A, f(t,y' y,2, k) < f*(t,y,y, 2, k), forall (y,y,z,k) € R® x LZ; dt ®
dP — a.s.

(ii) There exists & € A such that

f(tvF(tviff())vifta Zt7kt) = f&(taF(ta}/t('))7)/t7Ztakt)7 0 S t S T7 dt@dP—aS (V22)

Then, for each S € Ty,
Yg =essinf Y§ =Y  as. (V.23)

Proof.  We apply the same argument as in the Proof of Proposition 3.1 with only the replace-
ment of the comparison theorem for mean-field RBSDEs (see Theorem 1.3) g

Using an estimate on mean-field RBSDEs (see (V.38)), we derive a similar characterization
of the value function of the problem (V.21) under weaker hypotheses.

Proposition 3.2 (Optimization principle for RBSDEs II). Suppose that the drivers f*, a €
A satisfy f < f¢ and are equi-Lipschitz with constant C.
Suppose moreover that for each n > 0 , there exists a" € A such that

FtF, Y (), Ye, Zi ke) > Ot F(,Yi(0), s, Zey k) —n, 0<t<T,dP®dt—a.s. (V.24)
Then, for each S € Ty, we have
Ys =essinf Y$  as. (V.25)

Proof.  Since f < f%, we have Y < Y a.s.for each o € A. It follows that for each S € Ty,
we have Yy < essinf, Y§ a.s. Since Assumption (V.24) holds, by using estimate (V.38), with
n= % and 8 = 5C? + 2C, we derive that there exists a constant K > 0, which depends only
on C' and T, such that, for each n > 0 and for each S € Ty,

Ys+ Kn> Yg‘n >essinf Y a.s.

Equality (V.25) thus follows. O
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Remark 3.3. Propositions 3.1 and 3.2 can be seen as verification theorems in the following
sense: let f* a € A be a family of drivers. If we are given a driver f < f* «a € A satisfying
(V.22) or (V.24), then the solution Y of the mean-field RBSDE with driver f coincides with
the value function of the optimization problem (V.21). Under some conditions on the drivers
f%, f can be explicitly defined in terms of the family f*, o € A; see e.g. Section 2.

By applying the strict comparison theorem for reflected mean-field BSDEs (see Theorem
1.4), we provide now some necessary optimality conditions at a given time S € T.

Proposition 3.4 (Necessary optimality conditions). Suppose that the assumptions of Proposi-

tion 8.1 or Proposition 3.2 hold. Let & € A, and suppose that in Assumption 3.1 the coefficient
Py N ’ 152

0% corresponding to driver f& satisfies 007 "% (u) > =1, for each o, x, 7, b1, 5. Let S €

To. Suppose that & is S-optimal, i.e.
essinf Y = Y&  as. (V.26)
(i) Suppose £ is Lu.s.c. along stopping times. Let 7§ :=inf{t > S, Y; = &}. Then

Y =& as f(6F(6Yi(), Ye, Zes ki) = fO( F(4Yi()), Yey Zas ki), S <t <78, ElP@d)t—a,s,
V.27

(ii) Consider the case when & is not supposed to be l.u.s.c. along stopping times.
For each e > 0, let 75 :=inf{t > S, Y, <& +¢}. Then for each € > 0,

Yq—éé < €T§+€ aS,f(t,F(t,}/t()),}/t,Zt,kt) = fd(t7F(t71/t('))aY;faZtakt))y S <t< 7(—,;7 dP;®dt_aS
V.28

Proof. By Proposition 3.1 or Proposition 3.2, we have Ys = essinf, Y§ a.s. From equality
(V.26), it follows that Y = Y& a.s.

1. Since Y < Y%, it follows that 75 < Tg’* where Tg’* = inf{t > S, V¥ = &}. By the
strict comparison Theorem 1.4 1. applied to é' =¢2 =¢, fl=f, f2=f4, Y=Y, Y2 =Y¢,
since Yg = Y§ a.s., we derive equalities (V.27).

2. Let

T8 =inf{t > S, YO < & + e} (V.29)

Since Y < Y, it follows that for each ¢ > 0, we have 7§ < Tg"s a.s. By the strict comparison
Theorem 1.4 2. applied to ¢ = €2 =¢, fl =f, f2=f4, Y=Y, VY2 =Y? since Yg = V¢
a.s., we derive (V.28). O

We now provide sufficient conditions of optimality at a given time S € Ty, which are weaker
than those made in Proposition 3.1.

Proposition 3.5 (Sufficient optimality conditions).
Suppose that for each « € A, f < f*. Let & € A and S € Ty.

(i) Suppose & is l.u.s.c. along stopping times.
If equalities (V.27) hold, then & is S-optimal, that is, essinf, Y§ = Y& a.s.

(ii) Consider the case when & is not supposed to be l.u.s.c. along stopping times.
If for each € > 0, conditions (V.28) hold, then & is S-optimal.
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In both cases, we get Yg = essinf, Y a.s.

Proof.  For all o, since f < f%, we have Yg A§ Y§ as. qnd thus Yg < essinf, Y§' a.s.
1. Since Y < Y9, it follows that 74 < 74" where 75" := inf{t > S, Y, = &}. Suppose
that equalities (V.27) hold. Then, by the optimality of 7§ for Yy, we have

m:Xt(£T§7T:Sk’)7 SStSTE» a.s.
This with equality (V.27) and the uniqueness result for mean-field BSDEs leads to
Yt:Xt(ngng‘):Xtd(ngng‘):X?(Y'%ng)a SStST;" a.8.,

Moreover, according to the previous equalities, X?(Y%,Tg) =Y >&, S<t< 1 as.
By the uniqueness result for mean-field RBSDEs, we get

Y, = X (YA, 75) =Y, S<t<7g, as.

By taking t = S, we get Yg = essinf, Y§ = Y& as. A A
2. Since Y < Y%, for each € > 0, we have 7§ < 75°° a.s. where 74 is defined in (V.29).
Let us now show that Yg > Y& a.s. By arguments in the Proof of Theorem 2.1, we have

Vi = Xi(Yrg,75), S <t<7g, as.
Hence, using equality (V.28), we derive that

Yy = Xy(Yre,75) = X (Yee,78), S <t<7§, as..

S0
By the comparison theorem for non reflected mean-field BSDEs and inequality Yr¢ > &= a.s.,
we have

Vi = X;'(Yoe, 78) > X3 (6re,75), S <t<75, as.

Now, by A priori estimates (see Proposition 4.2), we have

Ys > Xg‘(ﬁTg,Tg) > ng(ng +e,78) — ce”  as.
with 8 = 3C?44C, where C is the Lipschistz constant of f&. Since by assumption, §rete > Y%
a.s., the comparison theorem for non reflected mean-field BSDEs (Proposition 1.2) yields that

Yo +ee? > X (&g +6,75) > Xg‘(Yé ,TG)  as.

T

By arguments in the Proof of Theorem 2.1, the non decreasing process associated with Y% is
constant on [S,75°°] and hence on [9,7g], because 7§ < 74 a.s. Thus, (Y*, S <t < 71§) is
the solution of the non reflected BSDE associated with driver f¢, terminal conditions (7§, Yfé).
We thus get

Xg(Vie,75) =Y5 as.
Consequently, for each € > 0, we have Yg + ce’s > Yg?‘ a.s., and hence, Yg > YS@ a.s. We thus
have Ygs = essinf, Y§ = Yg‘ a.s., which provides the desired result. O
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4 Appendix

Lemma 4.1. ([12] Proposition A.1) Let T > 0 and let £ € §*. Let f' be a Lipschitz driver with
Lipschitz constant C' and let f? be a driver. Fori=1,2, let (Y, Z k', A) be a solution of the
RBSDE (V.1) associated to terminal time T driver f* and obstacle . For s in [0,T), denote

Y, =Y}!-Y2? Z,.=27!- Z2 ke =kl — and f(s) = f(s, Y2, Z2 k%) — f2(s, Y2, Z2 k2).
Let 0,3 > 0 be such that 3 > 2 a T 2C. Ifn < C2 , then, for each t € [0,T], we have
— T —
V2 < / B3 F(s)2ds | Fi] a s, (V.30)
t
Y115 < Tl £113 (V.31)

Also, if n < %, we then have

1215 + 11Kl < 7= CQ”fH,B (V.32)

Lemma 4.2. (Apriori estimates for mean-field BSDE with jumps) Let T > 0 and let &', &2
€ 82, Let f' be a Lipschitz driver with Lipschitz constant C and let f2 be a driver. For
i = 1,2, let (Y% Z' k%) be a solution of the Mean-field BSDE (IV.5) associated to terminal
time T, driver f', Mean-field operator F and terminal condition . For s in [0,T], denote
Y, =Y} -Y2 Z,:=27 -~ 72 ky := k! — k2, and f(s) := fl(s,F(s,Y2()), Y2 Z2 k?) —
P25, F (s, Y2(0)Y2, 22,12),

Let n, 8 > 0 be such that 5 > % +4C. Ifn < é, then, for each t € [0,T], we have

T
PV2 < BlePT[E] | )] + 0 E] / B F(s)2ds | Fi] a s (V.33)
V(15 < T[T (2] + nl f1I3). (V.34)

Also, if n < %, we then have

I1ZI5 + 1IEI3, 5 < [T1E2] + IIFI13] - (V.35)

1
1—nC?
Proof.  From Ité’s formula applied to the semimartingale eﬁsfff between ¢ and T, it follows

- T T ~ T -

Py + ﬁ/ PV 2ds + / P 7%ds + / %\ k|2 ds

t t t

:2/ LB (5, Fls, YA, Y 2 KY) — (s, Fls, Y2()), Y2, 22 K2)ds

_Q/t BV, ZdW, — / / ) + s (0)2)dN (du, dt)



4. Appendix 93

Taking the conditional expectation given F;, we get

Y +E B/TeBSdeer/Teﬁs(Zer||k5||3)ds|ft
t t
T
<2E / PV (s F(s, Y (), Y Zo k) = f2(s, F (s, Y2()), Y2, 22, k2))ds | Fe
t (V.36)
Moreover,

[FH (s, F(s, Y, (), Y Zo o ky) = f2(s, F (s, Y2(), Y2, 22, kD))
< |f1(53F(57Y;1(')) Yl Zy,ky ) f (S7F(53Y:92(')) Y2 Z?ﬂk3)|+|f5|

s7'Vs

< C(E[Y,?)2 + C(|Ys| + | Zs| + [|kslo) + | fsl-

Now, for all real numbers ¥/, vy, 2z, k, f and € > 0

2 2
20(Cz+Ck+ f) < & +e*(Cz+ Ck+ f)? < & +3e2(C?2% + C?*k? + f2).
And E[2Y, (E|Y,[*)?] < E[|Y;|? + E[Y;[?] = 2E|V,|?

Hence, we get

T T
YE+E ﬁ/ eﬂsf’fder/ e (Z2 + |[Ks|I7)ds | ft]
t t

1 T B T o _
<E M€ - &)+ (40 + ) / Y ds +30% / (22 + IksII2)ds | F
t

t

T
+ 3¢’E / s f2ds | F, (V.37)
t

Let us make the change of variable = 3¢2. Then, for each 3,7 > 0 chosen as in the proposition,
these inequalities lead to (V.33). We obtain the first inequality of (V.34) by integrating (V.33).
Then (V.35) follows from inequality (V.37). O

Apriori estimates for Mean-field RBSDE

Lemma 4.3. (Apriori estimates for Mean-field RBSDE with jumps) Let T > 0 and let £ € S2.
Let f' be a Lipschitz driver with Lipschitz constant C and let f? be a driver. Fori = 1,2,
let (Y, Z' ki, A%) be a solution of the RBSDE V.2 associated to terminal time T, driver f¢,
Mean-field operator F and obstacle £&. For s in [0,T], denote Yy :=Y}! - Y2 Z :=Z! - 72,
ky:=k! — k2, and

Fls) im F1(5. P, Y2()), Y2, Z2,02) = (s, Fls, Y2()Y2 22.02).

§7°s
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Letn, 8 > 0 be such that B > 3 o+ 4C. If n < CQ, then, for each t € [0,T), we have

T
PY2<nE P f(s)%ds | Fi] a s (V.38)
' t

Y15 < TnllF1I3- (V.39)

Also, if n < we then have

027

7112 L2 < n 712 4
1215 + 1klls < T— =5 C? IIf1I5- (V.40)

Proof.  From It&’s formula applied to the semimartingale e#*Y2 between t and T, it follows

T T
eﬁtl_/f—i—ﬂ/ eﬂsfffds—i—/ e’BsZSst—l—/ % ||k |2 ds + Z S(AAL — AA%)?
t t

t<s<T
T
=2 [ P s YA,V ZE K = £ F(s, Y20, Y2, 22, ) ds
t
72/ Y, ZdW, — / / u) + ks (u)?)dN (du, dt)
t .
- 2/ Py dAl — / Y~ dA? (V.41)
t t
Now, we have a.s.
?sdA;’c = (Ysl - ‘SS)dAi7C - (Y52 - §S)dA;’C = _(Ys2 - §S)dAi7c <0
and by symmetry, Y ,dA2¢ > 0 a.s. Also, we have a.s.
V- AT = (VE = 6)AApT = (V2 —€)AApT = — (VD — €-)AA7 <0

and Y,- AA%4 > 0 a.s. Consequently, the two last terms of the r.h.s. of (V.41) are non positive.
Taking the conditional expectation given JF;, we get

T T
Y2 +E|B / e Y2ds + / (22 + ||ks|12)ds | F
t t

T
<2E / VLS (s, s, Y (), YE ZL KD — (s, F (s, Y2 () Y2, 22, 1)Nds | Fo
t

s§7°'7s

(V.42)
Moreover,

(s, F (s, Y () Y 20 Ky) = f2(s, (s, Y2 (1)), Y2, 22, K2

s1's

S P (s Y0 (), Y Zg k) = f1(s, F (s, Y2()), Y2, Z2, k)| + |l

s71's s1's

< C(EY, )% + C(Ys| + | Zs| + |IEslln) + |fsl-
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Now, for all real numbers ', y, z, k, f and ¢ > 0
2y(Cz+Ch+ f) < % +e2(Cz + Ck + f)? < % +3¢2(C222 + C2K2 + f2).
And E[2Y, (B[Y, )}] < B[V, + E|Y,[?] = 2B|Y,?

Hence, we get

T T
VP +E 5/ e”sf/dewL/ 6’33(2§+Ilks|3)d8|ft1
t t

<FE
t

1 T B T _ -
(4C + ;2)/ eﬁSdeeri%CQaQ/ (22 + ||ks|I3)ds | ft}
t

T
+ 3’E / e f2ds | F, (V.43)

t

Let us make the change of variable = 3¢2. Then, for each 3,77 > 0 chosen as in the proposition,
these inequalities lead to (V.38). We obtain the first inequality of (V.39) by integrating (V.38).
Then (V.40) follows from inequality (V.43). O

Proposition 4.4. (A continuity result) Let T € [0,T"], let {0%, € R} be a family of stopping
time in To r, converging a.s. to a stopping time 6 € Tor as « tends to ag. let {£¥, o € R}
be a family of random wvariables such that Elesssup,(£¥)?] < oo, and for each o, £% is Fpa
measurable. Suppose also that €% converges a.s. to an Fypo measurable random variable & as o
tends to ag. Let f be standard driver and F be the Mean-field operator. Let X< := X (£%,0%);
Z% = Z(£%,0%); 1% :=1(&*,0%). Then for each S € Ty, the random variable X§ converges
to Xg a.s., and the processes X converges to X in S*7.

Proof. Let (X, Z,1) be the solution associated with mean-field BSDE with terminal time T,
terminal condition &, driver f(¢,2',x, z,1)1;<p and mean-field operator F. Also, let (X<, Z*,1%)
be the solution associated with mean-field BSDE with terminal time 7', terminal condition £,
driver f(t,2',z, z,1)1<go and Mean-field operator F'. Applying the estimates (V.33), we get,for
each stopping time 5,

(0°VOIAS

eBT(g — &%) + 77/ eﬁTf(&F(SaXs)va’ZS’ZS)QdS | Fs
(6> NO)VS

P9 Xg - X2)P<E

with 8 and 7 as in Proposition 4.2. By the assumptions and the Lebesgue theorem, we conclude
that Xg converges to Xg a.s. Moreover, by (V.34) the processes X converges to X in 52T,
O






CHAPTER VI

Optimal stopping for Global risk
measures in the case of multiple
priors

1 Robust optimal stopping problem

We now consider the optimal stopping problem when there is ambiguity on the risk-measure
modeling. Let {f* o € A} be a given family of Lipschitz drivers satisfying Assumption (3.1).
For each a € A, let p® be the risk measure induced by the mean-field BSDE with driver f¢.
That is, as defined in (IV.19), for each terminal time 7 € Ty and position ¢ € L?(F,),

pta(CvT) = _Xta(<77-)7 0<t< T7

where X (¢, 7) denotes the solution of the mean-field BSDE associated with driver f*, terminal
condition ¢ and terminal time 7. We consider an agent who is averse to ambiguity, and we
define her risk measure of position (, at each time S in Ty with S < 7 a.s., as the supremum
over « of the associated risk-measures p%(¢, ) that is,

ess sup pg(¢,7) = ess sup —Xg((, 7).
acA acA

Let (&) be a dynamic position, given by an RCLL adapted process (&;) in S2. At time S € Ty,
the agent wants to find a stopping time 7 € Tg which minimizes her risk measure. At time 5,
her value function is defined as

u(S) :=ess inf esssup pg (&, 7). (VL1)
T€Ts acA

Let S € Ty. Define the first value function at time S as

V(S) := ess inf ess sup X2 (&, 7), (VI.2)

acA T€Ts

and the second value function at time S as

V(S) := ess sup ess ianAng“(fT,T). (VL3)

T7€Ts g

Note that V(S) = —u(95) a.s.
By definition, we say that there exists a wvalue function at time S for the game problem if
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V(S)=V(S) as.

Definition 1.1 (S-Saddle point). Let S € Ty. A pair (7,&) € Tg x A is called a S-saddle
point if

e V(S)=V(9) as.,
e the essential infimum in (VI.2) is attained at &,
o the essential supremum in (VI.3) is attained at 7.

By classical results, for each S € Ty, (7,&) is a S-saddle point if and only if for each (7, )
eTs x A, X R
X5(&,7) < X5(6,7) < X5(&,7) as. (V1.4)

Note that for each S € Ty, the inequality V(S) < V(S) a.s.clearly holds. We want to
determine when the equality holds, characterize the value function, and address the question
of existence of a S-saddle point.

Remark 1.2. Let S € Ty. If (7, &) is an S-saddle point, then 7 and & attain respectively the
infimum and the supremum in V.(S) that is,

V(S) = ess sup essinf XZ(&,,7) = essinf X&(&,7) = X5 (&, 7).
T€Ts o @

Hence, 7 is an optimal stopping time for the agent who wants to minimize over stopping times
her risk-measure at time S in the case of ambiguity (see (VI.1)).

Also, since & attains the essential infimum in (VI.2), & corresponds at time S to a worst-
case scenario. Hence, the robust optimal stopping problem (VI.1) reduces to a classical optimal
stopping problem associated with a worst-case scenario among the possible ambiguity parameters

a€ A

We relate now the game problem to an optimization problem for mean-field RBSDEs.
Let (Y, Z* k*) be the solution of the mean-field RBSDE with obstacle (§;) and driver f<.
For each 7 € Ty and ¢ € L?(F,), let X*((,7) be the solution of the mean-field BSDE with
driver f* and terminal conditions (¢, 7). By the characterization of mean-field RBSDEs (see
Theorem 2.1), for each S € Ty, we have Y§ = esssup, 3, X§(&7,7) a.s. It follows that

V(S) =ess inf Y& a s VL5
(S) =ess inf Y5 as (VL5)

Let f be a Lipschitz driver satisfying Assumption 3.1 which is non decreasing in ' and F be
the non decreasing Lipschitz operator. Let (Y, Z, k) be the solution of the mean-field RBSDE
with obstacle (&;), driver f and mean-field operator F. For each 7 € Ty and ¢ € L?(F,), let
X (¢, 7) be the solution of the mean-field BSDE with driver f and terminal conditions (¢, 7).

Theorem 1.1 (Existence and characterization of the common value function - I). Suppose that
the drivers f*, a € A satisfy f < f and are equi-Lipschitz with constant C. Suppose that
there exists & such that

f(t7F(t7)/t('))75/t7Zta kt) = f&(t?F(ta}/t('))v}/tvztvkt)7o S t S Ta dt@ dP — a.s. (VIG)
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Then, there exists a value function, which is characterized as the solution of the mean-field
RBSDE with obstacle (&) and driver f, that is, for each S € Ty, we have

Ys =V (S) =V(9) as.
In particular, the minimal risk measure, defined by (VI.1), satisfies for each S € Ty

u(S) = —Ys as.

Proof. Let S € Ty. Let us prove that V(S) < V(S) a.s.

By assumption (VI.6) and the optimization principle for mean-field RBSDEs (see Theo-
rem 3.1), we have:

V(S) = ess irelf“YS“ =Yy =Ys as. (VL7)

Let € > 0. By a property of 75 (see Proof of Theorem 2.1,), we have
Vi = Xi(Yrg,75), S <t <75, as.

In other terms, (Y;, Z¢, k) is the solution of the Mean-field BSDE associated with driver f and
terminal conditions (Yz¢,7§). Now Assumption (VI.6) holds. By an optimization principle for
non reflected Mean-field BSDEs, we thus derive that

Ys = Xs(Yrg,75) = essinf X§(Yre,75)  as. (VL3)

Using the comparison theorem for non reflected Mean-field BSDEs and the inequality Y;s <
§re + e as., we get

Ys = essinf Xg(Yre,75) < essinf Xg (& +¢,75) as. (VL9)

By a priori estimates for non reflected Mean-field BSDEs with jumps (Proposition 4.2), for each
€ > 0 and for each o € A, we have
(03 € [0} € 8T
X§(&rs +6,75) < X§ (&, 76) +e€ 7 as.,
with 8 = 302 +4C, where the constant C' is equal to the Lipschitz constant common to all the
drivers f¢, a € A. By taking the essential infimum over «, we derive that for each £ > 0,

BT BT
2 2

essinf X§(§r¢ +¢,75) < essinf X§(&rz,75) +ee 2 < V(S) +ee

a.s.,
where the last inequality follows from the fact that

V(S) = ess sup essinf X&(&-,7) a.s.

T7€Ts @
Using (V1.9), we get Yo < V(5) + ce's
for each € > 0, we have

a.s. Since V(S) = Yg a.s. (see (VL.7)), it follows that

BT

V(S)=Ys <V(S)+eez as.
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Hence, V(S) = Ys < V(9) a.s. Since V(S) < V(9) as., we get V(S)=Ys =V (S)as. O

Corollary 1.3 (Existence of saddle points). Suppose that the assumptions of Theorem 1.1 are
satisfied and that the obstacle € is l.u.s.c. along stopping times. For each S € Ty, let

¢ =1inf{u > S; Y, =&}

Then, (1§, a) is an S-saddle point, that is Ys = X§(Yrz,75) a.s.
In particular, 7§ is an optimal stopping time for the agent who wants to minimize her risk
measure at time S and & corresponds to a worst scenario.

Proof.  Since £ is l.u.s.c. along stopping times, we have
Ys = Xg(Yrz,75) = essinf X§(Vrx,75) = X§(Yrz,75)  as.
(0%

Hence (7§, @) is an S-saddle point. O

This corollary generalizes a result of [12] obtained to the case of Mean-field framework.
We now show the existence of an S-saddle point under weaker assumptions for fixed .S in
To.

Proposition 1.4 (Existence of S-saddle points). Suppose that for each « in A, f < f. Let
S in Ty. Suppose that the obstacle £ is l.u.s.c. along stopping times. Suppose that there exists
a such that

YT% = fT;' a.s. and f(tvF(tvift())’Yta Zt7kt) = fd(taF(ta}/t('))7)/t7Ztakt)7 S <t< T;'a dP ® dt — a.s.
(VI.10)

Then, (1§, &) is an S-saddle point and Ys = V(S) = V(5) a.s.
Proof.  The result follows from the same arguments as above and the sufficient optimality
conditions for Mean-field RBSDEs optimization (see Proposition 3.5 2.). O
We now show that there exists a value function under weaker hypotheses.
Theorem 1.2 (Existence and characterization of the common value function - II). Suppose
that for each o € A, f < f*. Suppose that for each n > 0, there exists a" € A such that
Ft, F,Yi()), Y, Ze k) > £ (t, F(4,Yi(), Yo, Ziy k) —n, 0<t<T,dP®dt—a.s. (VL.11)

Then, for each S € Ty, the equality Ys = V(S) = V(S) holds a.s.

Proof. By Proposition 3.2, we know that Yg = essinf, Y§ = V(5) as.
For each € > 0, by a property of 7§ (see Proof of Theorem 2.1,), we have

YS = XS’(YTE; Tg) a.s.

Now, Assumption (VI.11) holds. Applying an optimization principle for non reflected Mean-
field BSDE (Proposition 3.1), we derive that

Ys = Xs(Yrz,75) = essinf XG(Yre,75) as.
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The end of the proof is the same as that of Theorem 1.1. (Il

From the above theorems, the following saddle point criterium clearly follows.

Corollary 1.5 (Saddle point criterium). Suppose that the assumptions of Theorem 1.1 or
Theorem 1.2 are satisfied. Let S € Ty. For each stopping time 7 € Tg and for each & € A,
the pair (7,&) is an S-saddle point if and only if T is an optimal stopping time for Ys =
esssup,cr, Xs(&r,7) and & is optimal for Ys = essinfoc4 Y.

Proof. By Theorem 1.1 or 1.2, we have V(S) = V(S) = Y5 a.s. The result follows from the
definition of an S-saddle point (see Definition 1.1). O

Remark 1.6. Proposition 2.1 gives some necessary conditions for a stopping time 7 to be S-
optimal, and Proposition 3.4 gives some necessary conditions for a coefficient & to be S-optimal.
Consequently, under the assumptions of Corollary 1.5, we obtain necessary conditions for a pair
(7, &) to be an S-saddle point.

2 Application to the case of multiple priors

We now apply the results of Section 1 to an optimal stopping problem for dynamic risk-measures
in the case of multiple priors. Let A be a Polish space (or a Borelian subset of a Polish space)
and let A the set of A-valued predictable processes a. With each coefficient o € A, is associated
a model via a probability measure Q< called prior as well as a dynamic risk measure p®. More
precisely, for each a € A, let Z¢ be the solution of the SDE:

dze = 72 (ﬁl(t,at)th +/ BZ(t,at,u)dN(dt,du)> D28 =1,
U

where 81 : (t,w, a) — B(t,w, a), is a PQB(A)-measurable function defined on [0, 7] x Q2 x A and
valued in [—C, C], with C > 0, and 82 : (t,w, o, u) — B%(t,w, o, u) is a PR B(A) @U-measurable
function defined on [0,7] x  x A x U which satisfies dt ® dP ® dv(u)-a.s.

B2(t,,u) > Cy and |B2(t, a,u)| < (u), (VI.12)

with C; > —1 and 9 is a bounded function in L% for all p > 1. Hence, Z& > 0 a.s. and, by
Proposition Al in [11], Z& € LP(Fr) for all p > 1. We suppose that 3! and 32 are continuous
with respect to a. For each a € A, let Q% be the probability measure equivalent to P which
admits Z& as density with respect to P on Fr. By Girsanov’s theorem, under Q“, the process
We = Wy — j;f B1(s,as)ds is a Brownian motion and N is a Poisson random measure with
compensated process N© (dt,du) = N(dt, du) — B2(t, o, u)v(du)dt independant from W<,

For each «, we are going to define a dynamic risk measure induced by a Mean-field BSDE
under Q® and driven by W and N, with a driver defined as follows.

Let G: [0, T] x OQxR3x L2 x A - R ; (t,w, o', 2,2, 4,a) = G(t,w, 2, x,2,{,a), be a given
P®B(R3) ® B(L2) @ B(A)-measurable function. Suppose G is uniformly Lipschitz with respect
to (z,£), continuous with respect to «, and such that esssup,¢ 4 |G(-,¢,0,0,0,0, )| € H»T for
each p > 2. Suppose also that

G(t, 2z, 2,11,0) — G(t, 7', 2, 2, I, @) > (7 &=l ) (VL13)
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for some adapted process Hf/’m’z’ll’lz’a() satisfying |9f/’w’z’l1’l2’a(u)| < % (u), where 1) is bounded
and in LP, for all p > 1, and Gf/’z’z’ll’lg’a > —1 — (4. For each o € A, the associated driver is
given by G(t,w,z’,z, z, ¢, a:(w)). Note that these drivers are equi-Lipschitz.

For each a € A, let p® be the dynamic risk-measure induced by the Mean-field BSDE
associated with G(.,a;) and driven by W and Ne. More precisely, for each 7 € Ty and
¢ € LP(F;) with p > 2, there exists a unique solution (X*, 7®,1%) in 82 x HZ x H2 , of the
Q°-BSDE

—dX} =Gt Elp(t, X)), X3, 28, 1, o )dt — m dWE — / 19 (u) N (dt, du); X2 =,
U

(VL.14)
driven by W< and N®, where the expection is taken under the P measure and ¢ is a Lipschitz
function nondecreasing function.

Lemma 2.1. There exists a unique solution (X%, 7, 1%) in 82 x H2 x H?%V of the Q“-BSDE
(VI.14).

Proof. ~ We define the operator F* on L. (Fr) such that :
F(t,X) =K [(Z8)7'¢(t, X)] = E[o(t, X)]. for each X € L (Fr)
Then we have

F2(X,) — P (X)| < CE? [[(28) 7 (X1 — X2)[] < CI(Z5) ez, (X0 — X2)1z, (VLIS)

where [[(Z8) Uz, = (E[(Z)~228])} < ((2§) !13)* < +oc. Thus F® is a Lipschitz
mean-field operator on L. (Fr) as defined in (1.3). Then the existence follows by Theorem
1.2. (Il

The dynamic risk-measure p*(¢,7) is thus well defined by
p (¢ 1) = —X7(C7), 0<t<T, (VL16)

with X({,7) = X*. Assumption (VI.13) yields the monotonicity property of p®.
We consider an ambiguity averse agent. Her risk measure is given, for each 7 € Tg and
e LP(F;),p>2 by

ess sup pg(¢,7) = —ess inf Xg((,7) (VL17)
acA acA

at each stopping time S € Ty. The financial dynamic position is given here by a RCLL process
(&) which belongs to 8P, for some p > 2. At fixed time S € Ty, the agent wants to choose
a stopping time in Tg so that it minimizes (VI.17), which leads to the mixed control/optimal
stopping problem:

u(S) :=ess inf esssup pg(&,,7) = —ess sup ess inf Xg(&,7), (VL.18)
T€Ts acA T€Ts acA

which corresponds to that studied in Section 1.
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Theorem 2.1. Let (Y, Z, k) be the solution of the mean-field RBSDE associated with obstacle
(&) and Lispchitz driver f, defined for each (t,w,x’, x,z,£) by

flt,w, 2’ @, 2,0) == irelf;‘{G(t,w,x’,a:, 2,0, a) 4+ Bt w, a)m + (B2 (t,w,a), £),}. (VI.19)

For each S € Ty, we have

Ys =V(S) =V(S) as.
In particular, u(S) = —Ys a.s.

Proof.  In order to prove this result, we express the problem in terms of Mean-field BSDEs
and Mean-field RBSDEs under probability P and then apply Theorem 1.2.
Fix 7 € Ty and ¢ € LP(F;) with p > 2. Since (X, 7*,1%) is the solution of BSDE (VI.14),

it clearly satisfies the following P-BSDE driven by W and N
~ X = £ Bl X)) X7 20 )~ 20 W~ [ RN (e duy X7 = ¢, (VL20)
U

where the driver is given by
ot a’ x,2,0) = Gt 2’ 2, 2,0, o) + Bt o) 4+ (B2(t, ), £) . (VI1.21)

The process (X, 7%,1%) is the solution of P-BSDE (V1.20) in 82 x H? x H2 (see proof of Th.
5.9 in [11]). Moreover, for each a, f¢ satisfies Assumption 3.1, and f, defined by (VI.19), is a
Lipschitz driver (see [11]). By the definition of f and f* (see (VI.21)), we get that for each «
€ A, f < fo For each n > 0 and each (t,w,z’,x,2,1) € Q x [0,T] x R3 x L2, there exists o
€ A such that

f(t7 w’ x’? x’ Z7 E) + ,r] 2 G(t7 w’ x/7 Jj’ Z7 »67 an) + /Gl(t’ w’ an)ﬂ + </82(t’ w7 an)’ €>V'
By the section theorem of [2], for each n > 0, there exists an A-valued predictable process (o)
such that f(t,E[¢(t, Y})], Ys, Zs, ki) +n > £ (t,E[o(t, Y})], Vs, Zs, kt). By Theorem 1.2, result
follows. O






CHAPTER VII

Another type of Mean-field BSDEs
and related results

Now we introduce the second type of mean-field BSDEs. We give the similar results in parallel to
the first type of mean-field BSDEs stated in previous sections. And the proofs are in Appendix.

1 Mean-field BSDEs with jumps

Mean-field BSDEs Let (Q, F, P) = (QxQ, FxF, Px P) be the (Non-completed) product of
(Q, F P) with itself. We endow this product space with the filtration F = {F x F;,0 <t < T'}.
For any § € L'(Q, F, P) the variable 0(.,w) : w — R belongs to L'(Q, F, P), P(dw)-a.s.; we
denote its expectation by

E'0(,w)] :/QG(w’,w)P(dw’).

Notice that E’[0] = E'[0(.,w)] € LY(Q, F, P) and
E[f] = /Qﬂdp: /QE’[G(.,(JJ)]P(dw) = E[E'[0]].

The driver of our mean-field BSDE is a function f = f(w',w,t,9/, 2", y,2,1) : @ x [0, T] x R? x
L? x R? x L2 — R which is F progressively measurable, for all (v, 2’,I',y,2,1), and satisfies
the following assumptions:

Definition 1.1 (Driver, Lipschitz driver). A function f is said to be a driver if
e f:OX[0,T]xR?2x L2 xR2x L2 —R
(w/awatvy/aZl7l/(')7yvzvl(')) — f(wlvwat7y/7Zlvl/(')vyaZJ(')) is F ® B(RZ) ® B(Lg) ®
B(R?) @ B(L%)— measurable,
e £(.,0,0,0,0,0,0) € H2.

A driver f is called a Lipschitz driver if moreover there exists a constant C > 0 such that
arP & dt-a.s. ’ fOT each (yia lea l/la Y1, 21, ll)7 (yé? 2/27 l/2) Y2, 22, l2)7

|f((»U,t,y/1, 217 /laylvzlall) - f(wvyéazé7ll27t7y2722a12)| (VIII)
< C(lyy — ol + |21 — 2] + 11 = Bllw + |1 — 2l + 21 — 22| + |11 = L2l,). (VIL2)

Let us now recall the definition of a mean-field BSDE with jumps ([8] section 2.2).



106 Chapter VII. Another type of Mean-field BSDEs and related results

Definition 1.2 (Mean field BSDE with jumps [8]). A solution of a Mean-field BSDE with
Jumps with terminal time T, terminal condition £ and driver f consists of a triple of processes
(X,Z,1) € 8% x H? x H2 satisfying

- dXt = ]E/ [f(ta w, nga Z;v l;ﬁ()a Xt7 Zta lt())] dt — thWt - / lt(e)N(dta de)v (VIIB)
E
Xp=¢.

where X is a RCLL optional process, and Z (resp. 1) is an R-valued predictable process
defined on Q x [0,T] (resp. Q x [0,T] x R*) such that the stochastic integral with respect to W
(resp. N ) is well defined. We denote by (X (€,T), Z(&,T),14(€,T)) the solution of the Mean-field
BSDE associated with terminal time T and (&, f).

Then, recall that for each Lipschitz driver f, and each terminal condition ¢ € L?(Fr), there
exists a unique solution (X, Z,1) € 82 x H? x H2 satisfying (VIL.3).

Comparison Results
Assumption 3.2. For each (i,2,1) € 82 x H2 x H2, we define for all (z,z,¢) € R? x L2
FERt 2, 0) = B [f (o, t, 2, 2, B() 2, 2,6()]. dP@dt —a.s
Assume that dP ® dt-a.s for each (z,2,01,02) € R? x (L?)2,
PRl w2, 00) — PR, 2, 0) > (075 (2, 2,00, 0) €1 = L),
with
0250 [0, T] x @ x R? x (L2)% = L2 (w,t, 3, 2,01, 65) = 6550 (2, 2,01, 65) (w0, )
P ® B(R?) @ B((L2)?)-measurable, bounded, and satisfying dP ® dt ® dv(u)-a.s., for each
(w,2,01,02) € R?2 x L2 x R? x (L?)?,
9?’2’5(:6,2781,82)@) >—-1 and |9f’5’2(x,z,£17€2)(u)| < Y(u), (VIL4)
where 1 € L2.

Theorem 1.1 (Comparison Theorem for Mean-field BSDEs with jumps). Let f; =
filw' wit, o' 2" x, 2,1),i = 1,2, be two Lipschitz drivers, and one of them satisfy Assumption
3.2. Furthermore, we assume:

e One of the both coefficients is independent of 2';
e One of the both coefficients is independent of I';
e One of the both coefficients is nondecreasing in x';

Let &1,& € L?(Fr) and denote by (X1, Z1,1') and (X2, Z2,12) the solution of the mean-field
BSDE with jump (VII.3) associated with (£1, f1) and (&2, f2). Then suppose that
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* 51 Z 527 a.s.

o fi(w, w,t,y, 2 U (), y,2,1() > fa(w,w,t,y, 2", I'("),y, 2,1(-)), dt ® dPa.s.
for all (v, 2", U'(*),y,2,1(-)) € R? x L2 x R? x L?

Then we have X} > X2, Vt € [0,T] a.s.
In the sequel, we give comparison theorem for mean-field reflected BSDEs with jumps

Theorem 1.2 (Strict comparison for Mean-field BSDEs with jumps). Suppose the assumption
of Theorem 1.1 holds. Moreover we assume one of the coefficient satisfy Assumption 3.2 with

strict inequality Hf’i’é(a:, z,01,03)(u) > =1 dt @ dP- a.s. If X} = X7 a.s. for some to € [0,T],
then X1. = X?. a.s. on [to,T).

Remark 1.3. We can relax the assumption in the Theorem 1.2 by assuming the con-

dition 07%"(z,2,01,6,)(u) > —1 dt ® dP- a.s. hold only along the solutions. i.e.
1

0 (X2, 22,11,12)(u) > —1 dt ® dP- a.s.

2 Optimal stopping for Mean-Field BSDEs with jumps
Reflected mean-field BSDEs with RCLL obstacle

Definition 2.1. ([/12] Definition 2.4) A process (Y, Z,k(.), A) is said to be a solution of the
mean-field reflected BSDE with jump associated with driver f and obstacle € if

(Y, Z,k(.),A) € S* x H? x H2 x S?
—adY; =E' [f(t,w, X}, Z!, ki (), Xt, Zs, ke (-))] dt + dA, — ZpdWy — / Ei(u)N(dt,du); Yr = Ep,
U
(VIL5)

Y;th,OStSTU/.SW

A is a nondecreasing RCLL continous process with Ag = 0 and such that

T
/ (Y; — &)dA; =0 a.s. and AA? =AY, iy, —¢,_} as.
0

For 8> 0 and ¢ € H*T, we introduce the norm ||¢)H,%T = E[fOT eP*¢2ds] and for | € H2T,
we set 12 5.7 := BLf € Ls]13 ds.

We now show an existence and uniqueness result for mean-field reflected BSDEs with jumps,
in the general case of RCLL obstacle.

Theorem 2.1. (Ezistence and Uniqueness)

Let & be a ROLL adapted process in S? and let f be a Lipschitz driver. The mean-field RBSDE
(VIL5) admits a unique solution (Y, Z,k(.),A) € 8% x H? x H2 x §2. If (&) is left-upper
semicontinuous (l.u.s.c.) over stopping times, then (A:) is continuous.

Characterization of the solution of Optimal stopping for mean-field BSDEs as the
solution of mean-field reflected BSDE
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Theorem 2.2. Let T > 0 be the terminal time. Let (§,0 < t < T) be an RCLL process
in S? and let f be a Lipschitz driver satisfying Assumption 3.2. Furthermore, we assume the

assumption in Theorem 1.1 are also satisfied. Suppose now that (Y, Z,k(-), A) is the solution
of the mean-field reflected BSDE (VII.5). Then

e For each stopping time S € Ty, we have

Ys =ess sup Xs(&-,7) a.s. (VIL.6)

T7E€Ts

where for T € Tg, X.(&,7) is the solution of the mean-field BSDE (VII.3) associated
with terminal time 7, terminal condition &,, and driver f.

e For each S € Ty and each € > 0, let 75 be the stopping time defined by
Te=inf{t > S, Y, <& +¢}. (VILT)

We have
Ys < Xs(&rg,75) + Ke  as., (VIL8)

where K = K(T,C) is a constant which only depends on T and the Lipschitz constant C
of f. In other words, 7§ is a (K¢)-optimal stopping time for (VIL.6).

Optimal Stopping times By the strict comparison theorem for Mean-field BSDEs (Theorem
1.2), we derive the following optimality criterium for the optimal stopping time problem (VIL.6).

In this subsection and next section, when we assume Assumption 3.2 and the assumption
in Theorem 1.1, we choose the situation as in the Proof of Theorem 1.2. That is, we choose
/1 is independent of both 2’ and I’, f5 is nondecreasing in z’. And Assumption 3.2 with strict
inequality holds for f;. The other symmetric case can be showed similarly.

Proposition 2.2 (Optimality criterium.). Let (&,0 <t < T) be a RCLL process in S? and
let f be a Lipschitz driver satisfying Assumption 3.2 and the assumption in Theorem 1.1. Let
S € Ty and let 7 € Tg. Suppose that in Assumption 3.2, we have

0:(Ys, Zi, ke, 1]) > =1, dt ® dP — a.s. (VIL9)

where (X7, 27,17) = (X (&:,7), Z(&:,7),1(&2,7)) is the solution of the Mean-field BSDE asso-
ciated with terminal conditions (7, &;).
The stopping time 7T is S-optimal, i.e.

Ys =ess sup Xg(&r,7) = Xs(&,7) a.s. (VIL.10)
T7€Ts
if and only if
Y, = Xs(&,7), S<s<? as. (VIL11)

that is if and only if (Ys, S < s < 7) is the solution of the non reflected mean-field BSDE
associated with terminal time 7 and terminal condition &;.

Again, under a left regularity condition on the obstacle, when 7§ tends to an S- optimal
stopping time as € tends to 0, we have the following results.
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Theorem 2.3. Let (&,0 <t < T) be a RCLL process in S?, assumed to be l.u.s.c. along
stopping times, and let f be a Lipschitz driver satisfying Assumption 3.2. Let S € Ty.
(i) The stopping time Ts defined by

Tg = 1611101 178,
with 7§ given in (VILT), is an S-optimal stopping time.
(11) The stopping time T defined by
75 = inf{u > S; Y, = &}
is an S-optimal stopping time and we have
Vo= Xo(&z,75), S<s<75 as.

We also have 7 > Ts a.s.
(141) The stopping time Ts defined by

Tg = inf{u > S; A, — As > 0}

is an S-optimal stopping time.
(iv) Suppose moreover that in Assumption 3.2, for all x, 7, l1,ls, we have

075 (@, 2,18, 1) (u) > 1 dt@dP — a.s. (VIL12)

Then, T = Ts a.s. Moreover 7§ is the minimal and Ts is the mazimal S-optimal stopping time.

Comparison theorems for mean-field RBSDEs and optimization problems

Theorem 2.4 (Comparison). Let &1, €2 be two RCLL obstacle processes in S*. Let fland f>
be Lipschitz drivers satisfying Assumption 3.2 and the assumption in Theorem 1.1. Suppose
that

e 2<¢H0<t<T as.

L4 fl(wl7w7t7y/7 Z/’ ll(')’y’ Z’ l(.)) Z fQ(OJ/,w’ t7yl7zl7 ll(')’y’ Z’ l(')) dP@dtfa'S'
for all (', 2", 1'(+),y,2,1(+)) € R? x L2 x R? x L2

Let (YU, Z' k', A) be the solution of the mean-field RBSDE associated with (£, f') , i =1,2.
Then,
Y2 <Y} Vvte[0,7T] as.

Theorem 2.5 (Strict comparison). Suppose that the assumptions of the comparison theorem
(Theorem 2.4) hold and that the driver fl satisfies Assumption 3.2 with

072 (2, 2,11, 12)(u) > —1 dt ® dP — a.s. (VIL13)

Let S in Ty and suppose that Y& = Y& a.s.
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(i) Suppose that &' and &2 are lu.s.c. along stopping times.
Let 7/ = 7/ :=inf{s > S; Yi=¢L), i =1,2. Then,

Y =Y? S<t<7iATS as, and

' [fl(t,Y;ll,X?,Zf,kf)} - F [fQ(t, Y, 2% k2 Y2, 22 k3|, S <t<tint, dPedi-as.
(VIL.14)
Moreover if €' = £% a.s., then 71 = 75 a.s. and lel* = YTQ; = 5% a.s

(ii) Consider the general case when £ and €2 are not supposed to be l.u.s.c. along stopping
times. For e > 0, define

Ei=inf{t > S, Y} <& +e} and 7= laig)lTTf i=1,2.
Then, Yt1 = Y?, S<t<T ATy a.s. Moreover,
B[ YR ZE KD = B2 ZE R YR ZE )| S <t < AN, dPedi-as.
and if &' = €2 a.s., then for each e > 0, 7§ = 75 a.s. and 71 = To.

Optimization problems for RBSDEs Let ¢ in 82 and let (f, f% a € A) be a family
of Lipschitz drivers satisfying Assumption 3.2. In Assumption 3.2, the coefficient associated
with f@ (resp. f), is denoted by 62%*%=! (resp. #7%4=1) " And from this section on, we
furthermore assume the assumption in Theorem 1.1 are satisfied. We denote by (Y, Z, k) the
solution of the Mean-field RBSDE associated to obstacle (§;) and driver f, and by (Y¢, Z¢ k%)
the solution of the Mean-field RBSDE associated with obstacle (§;) and driver f<.

For each 7 € Ty and ¢ € L2(F,), we denote by (X((,7),7(¢,7),1(¢,7)) the solu-
tion of the Mean-field BSDE associated with driver f, terminal conditions (, 7, and by
(X*(¢,7),7*(¢, 7),1%(¢, 7)) the solution of the Mean-field BSDE associated with driver f¢
and terminal conditions ¢, 7.

Let S € Ty. We consider the following optimization problem

essinf Y. (VIL.15)

Proposition 2.3 (Optimization principle for Mean-field BSDEs I). Suppose that

(i) For eaCh «@ e 'A’7 f(t’ y/’ Z/7k/7y7 Z’ k) S fa(t7 y’? Z/’ k/’y, Z? k), for all (y/7 Z/’ kl’ y7 Z’ k) 6
R? x £2 xR? x L2; dt®@dP — a.s.

(ii) There exists & € A such that

B f(t,Y,, Z, kYo, Zos ky) =B fOY,  Zy ky Yo, Zaky), 0<t<T, dt®dP — as.
(VIL16)

Then, for each S € Ty,

Ys =essinf Y§ =Y  as. (VIL.17)
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Proposition 2.4 (Optimization principle for Mean-field RBSDEs I). Suppose that

(i) For each a € A, f(t,y', 2",k y,z, k) < fo(t,y, 2 k' ,y,2z, k), forall (v, 2" K y,z k)€
R2 x L2 xR? x L2; dt®dP — a.s.

(i) There exists & € A such that

B f(t,Y,, Z, kYo, Zos ky) = B fOLY,  Z, ky Yo, Zaky), 0<t<T, dt®dP — as.
(VIL18)

Then, for each S € Ty,
Ys =essinf Y§ = Y&  as. (VIL.19)
«

Proof. =~ We apply the same argument as in the Proof of Proposition 3.1 with only the replace-
ment of the comparison theorem for Mean-field RBSDEs yields (see Theorem 2.4).
|

Using an estimate on mean-field RBSDEs (see (VII.42)), we derive a similar characterization
of the value function of the problem (VII.15) under weaker hypotheses.

Proposition 2.5 (Optimization principle for RBSDEs II). Suppose that the drivers f, a €
A satisfy f < f¢ and are equi-Lipschitz with constant C'.
Suppose moreover that for each n > 0 , there exists a" € A such that

B f(Y], Zy ke Yo, Zoske) > B £ (Y] Zy ky Yo, Zeke) =0, 0<t < T, dP@dt — as.
(VIIL.20)
Then, for each S € Ty, we have

Yg =essinf Y as. (VIL.21)

Proof.  Since f < f%, we have Y < Y a.s.for each a € A. It follows that for each S € Ty,
we have Yg < essinf, Y§ a.s. Since Assumption (VIL.20) holds, by using estimate (VIL.42),
with n = é and 8 = 5C? + 20, we derive that there exists a constant K > 0, which depends
only on C and T, such that, for each n > 0 and for each S € Ty,

Yo+ Kn>YS >essinf YS  as.
Equality (VII.21) thus follows. O

By using the strict comparison theorem for reflected Mean-field BSDEs (see Theorem 2.5),
we provide now some necessary optimality conditions at a given time S € T.

Proposition 2.6 (Necessary optimality conditions). Suppose that the assumptions of Proposi-
tion 2.4 or Proposition 2.5 hold. Let & € A, and suppose that in Assumption 3.2 the coefficient
0% corresponding to driver f& satisfies Gf’i"%’e’aj’z’ll’lg (u) > —1, for each x, 7, €1,0s. Let S €
Ty. Suppose that & is S-optimal, i.e.

essinf Y§ =Y§ as. (VIL.22)
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(i) Suppose € is l.u.s.c. along stopping times. Let 7§ :=inf{t > S, Y; =& }. Then

YO =& as B (LY, 20k Yo, Zos k) = B fO(4 Y], Zy by, Y, Zas k), S <t g(Tg, dP;}@dt—a.s.
VII.23

(ii) Consider the case when & is not supposed to be l.u.s.c. along stopping times.
For each ¢ > 0, let 75 :=inf{t > S, Y; <& +¢}. Then for each € > 0,

Y < &t as, B Y, 2k Y, 2o k) = B O YL 2k, Ve, Zasky), S < t < 75, dPRdt—as.
(VII.24)

Proposition 2.7 (Sufficient optimality conditions).
Suppose that for each o € A, f < f¢ Leta € Aand S € Ty.

(i) Suppose & is l.u.s.c. along stopping times.
If equalities (VIL.23) hold, then & is S-optimal, that is, essinf, Y§ = Y& a.s.

(ii) Consider the case when & is not supposed to be lu.s.c. along stopping times.
If for each € > 0, conditions (VI1.24) hold, then & is S-optimal.

In both cases, we get Yg = essinf, Y§ a.s.

3 Robust optimal stopping problem

We now consider the optimal stopping problem when there is ambiguity on the risk-measure
modeling. Let {f* « € A} be a given family of Lipschitz drivers satisfying Assumption (3.2).
For each a € A, let p® be the risk measure induced by the Mean-field BSDE with driver f¢,
defined as follows: for each terminal time 7 € Ty and position ¢ € L?(F,), set

Py (¢, 1) ==X, 1), 0<t<T,

where X (¢, 7) denotes the solution of the Mean-field BSDE associated with driver f*, terminal
condition ¢ and terminal time 7. We consider an agent who is averse to ambiguity, and we
define her risk measure of position (, at each time S in Ty with S < 7 a.s., as the supremum
over « of the associated risk-measures p3((, ) that is,

ess sup pg((,7) = ess sup —Xg((, 7).
acA aEA

Let (&) be a dynamic position, given by an RCLL adapted process (&) in S?. At time S € T,
the agent wants to find a stopping time 7 € Tg which minimizes her risk measure. At time 5,
her value function is defined as

u(S) :=ess inf esssup pg(&r, 7). (VIL.25)
T€Ts acA

Let S € Ty. Define the first value function at time S as

V(S) := ess inf ess sup Xg(&,,7), (VIL.26)

acA T7€Ts
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and the second value function at time S as

V(S) :=ess sup ess inf Xg(&, 7). (VIL.27)
T7€Ts acA

Note that V(S) = —u(S) a.s.

By definition, we say that there exists a wvalue function at time S for the game problem if

V(S)=V(S) as.
Definition 3.1 (S-Saddle point). Let S € To. A pair (7,&) € Tg x A is called a S-saddle
point if

e V(S)=V(9) as.,

e the essential infimum in (VIL.26) is attained at &,

e the essential supremum in (VII.27) is attained at 7.

By classical results, for each S € Ty, (7,&) is a S-saddle point if and only if for each (7,a)
e Tg x ./4, R X
X5(&r, 1) < X5(&,7) < Xg(&,7) as. (VIL.28)

Note that for each S € Ty, the inequality V(S) < V(9) a.s.clearly holds. We want to
determine when the equality holds, characterize the value function, and address the question
of existence of a S-saddle point.

Again we can relate the game problem to an optimization problem for mean-field RBSDEs.
Let (Y, Z* k*) be the solution of the mean-field RBSDE with obstacle (§;) and driver f<.
For each 7 € Ty and ¢ € L?(F,), let X“(¢,7) be the solution of the mean-field BSDE with
driver f* and terminal conditions (¢, 7). By the characterization of mean-field RBSDEs (see
Theorem 2.2), for each S € Ty, we have Y§ = esssup, 3, X§(&-,7) a.s. It follows that

V(S) = ess invf4 Y$ a.s. (VIL.29)
(¢S

Let f be a Lipschitz driver satisfying Assumption (3.2). Let (Y, Z, k) be the solution of the
mean-field RBSDE with obstacle (&;) and driver f. For each 7 € Tg and ¢ € L?(F,), let X ((,7)
be the solution of the mean-field BSDE with driver f and terminal conditions (¢, 7).

Theorem 3.1 (Existence and characterization of the common value function - I). Suppose that
the drivers f*, a € A satisfy f < f and are equi-Lipschitz with constant C. Suppose that
there exists & such that

B f(t,Y,,Z, k., Y, Zo, ke) =B fO(,Y, , Z, k. Yy, Zo, ky), 0 < t < T, dt ®dP —a.s. (VIL30)

Then, there exists a value function, which is characterized as the solution of the RBSDE with
obstacle (&) and driver f, that is, for each S € Ty, we have

Ys =V (S) =V(9) as.
In particular, the minimal risk measure, defined by (VIL.25), satisfies for each S € Ty

u(S) = —Ys as.



114 Chapter VII. Another type of Mean-field BSDEs and related results

Proposition 3.2 (Existence of saddle points). Suppose that the assumptions of Theorem 3.1
are satisfied and that the obstacle £ is l.u.s.c. along stopping times. For each S € Ty, let

& :=inf{u > S;Y, =&}

Then, (1§, &) is an S-saddle point, that is Yg = Xg‘(YTg,Tg) a.s.
In particular, 7§ is an optimal stopping time for the agent who wants to minimize her risk
measure at time S and & corresponds to a worst scenario.

We now show the existence of an S-saddle point under weaker assumptions for fixed S in
Ty.

Proposition 3.3 (Existence of S-saddle points). Suppose that for each o in A, f < f*. Let
S in Ty. Suppose that the obstacle & is l.u.s.c. along stopping times. Suppose that there exists
@ such that

Y =& oas and B f(8Y], 2, by, Ye, Ze, k) = B fO(4Y;, 2y, ky, Yo Zaske), S <t <75, dP@dt - as.
(VIL.31)

Then, (1§, @) is an S-saddle point and Ys =V (S) = V(5) a.s.
We now show that there exists a value function under weaker hypotheses.

Theorem 3.2 (Existence and characterization of the common value function - II). Suppose
that for each o € A, f < f*. Suppose that for each n > 0, there exists o' € A such that

B f(t,Y,, 2y, ky, Yo, Zake) > B fO,Y, Zy by, Ve, Zosky) =1, 0 <t <T,dP®dt— a.s.
(VIL32)

Then, for each S € Ty, the equality Ys = V(S) = V(S) holds a.s.
From the above theorems, the following saddle point criterium clearly follows.

Proposition 3.4 (Saddle point criterium). Suppose that the assumptions of Theorem 3.1 or
Theorem 8.2 are satisfied. Let S € Ty. For each stopping time 7 € Tg and for each & € A,
the pair (7,&) is an S-saddle point if and only if T is an optimal stopping time for Ys =
esssup, e, Xs(&r,7) and & is optimal for Ys = essinfoea Y

4 Appendix

Proofs of Theorem 1.1 Proof. For i = 1,2, let (X" Zi" [9") be the solution of the
following iterating BSDE with jumps

T T T
Xin = g,;+/ E [fi(s, (XEm=ty (Zin=ty qenty, xim, Zin, l?”)]ds—/ Z;’"stf/ / li(e)N(dt,de)
t t t JE
(VIL.33)
For n > 1 and t € [0,1]. For n = 0, we set (X%0, 740 [40) = (0,0,0).
Without loss of generality, we assume that f; satisfies Assumption 3.2 and is independent of
Z', while f5 is independent of I’ and is nondecreasing in z’.
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Now we define

~ ’

fi(s,2,2,0) = E [fu(s, (X", (10" 2,2,0)] (VIL34)

(s, z,2,1) = E [fas, (X2 (22N 2, 2,1)) (VIL.35)
Then obviously we have fll < le and fll satisfy the monotone assumption in Theorem 4.2 [11]
due to Assumption 3.2. Thus by the classic comparison theorem for BSDEs (Theorem 4.2 [11]

), we have
XM <x2 sel0,1). (VIL.36)

Now since f5 is nondecreasing in 2/, independent of I’ and f; is independent of 2/, we have
b) b

fi(s,m,2,0) =E [fi(s, (X2, (151 2, 2,0)] (VIL37)
<E [fols, (X2 (221 2, 2,0)] (VIL38)
<E'[fals, (X2 (Z2VY 2, 2,01)] = f2(s, 2, 2,1) (VIL39)

where the last inequality follows from (VII1.36). Using again the comparison results for classic
BSDEs with jumps again, we get

XM <x2? se]0,7).
By the same argument above, we can iteratively get that
X< X2 s€[0,T]. n>1.

We now show that for i = 1,2, (X", Z%" [»"), 5, is Cauchy sequence in 8? x H? x HZ.
Put X" = X} — X}t Zin = zbn — zibnm b e — b i g pplying Tto’s formula
to ef*| X — Xin=12 n > 1, we have analogously to the Proposition A.4 [11] by properly
choosing n = m,

X525 + 1257115 + 111155 < (T + 24C* (X" 7HE + 125G + 1" 5) (VILAO)

1 Y i,m— 71,n— 7%, —
= SUXS G+ 2973 4+ T2 ) (VILAL)
If we denote the bound of HX“H% + ||Z“||?3 + ||le1||12,5 by M, then by iteration we have,

i Zi 7i M

IXEHI3 + 12515 + 104125 < 55
which means that (X", Z%" [%") converges in §? x H? x HZ to some (X*, Z%,1"). Now taking
limit in (VIL.33), we see that (X Z% %) is the unique solution of (VIL.3). And X} < X2t €
[0, T]a.s. follows directly from the fact that X" < X", t € [0, T]a.s. O

Proofs of Theorem 1.2 Proof. Put X; = X} X2, Z, = Z} ~Z2; I;(u) = 1} (u)—1?(u); We
then suppose that f; is independent of both 2z’ and I, f5 is nondecreasing in 2. We furthermore
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Assumption 3.2 with strict inequality holds for f;. Then

—dXt = htdt — thWt — / l;(@)N(dt,de) XT = fl — 52.
E

where hy = E fl(t,w,Xg’,Xg,Z},ltl(-))} O [fz(uw,Xf’,Zf’,lf/(-),Xf,Zf,zf(-))}. Let
d)(t) = ]E/[fl(tanlefvztzal?)]7E/[fQ(th162172£27l2/62’Xt2ath’lt2)}'

We have ht = (Zst +E/[f1(t7Xt1/7thaZtl7lt1) - fl(sttl/aXt27Ztg?l?)]

We can write fy(t, X}, X}, ZL 10 — fi(t, XY, X2, 22,12) =
fl(tath/ath’Zg’lg) - fl(t7Xt1l’Xt27Zt17l%) + fl(thtl/vavztl’l%) - fl(thtl,vthazfvltl) +
fl(t»thlefszvltl) _fl(thtl/vXE’thvltz)'

Then from Assumption 3.2 on f, there exists bounded processes § and 3 on Q x [0, T, such
that

B fi(t, XY, XL Z 1) — B fi(s, XF X2, Z2,12) > B'[6,]Xs + B[ Z: + (0, 11)

with , ,

fl(t?th 7thaZt17ltl)_fl(t7Xt1 7X75272t17lt1)
X,

fl(t7Xt1/vXt27Zt17ltl) _fl(tﬂth/ﬂXthZtQJ%)
Z

(St =

Bt =

and 6, is as in Assumption 3.2.
Thus we have hy > ¢y +E'[6,] X + E'[8;] Z; + (6, 1), For each t € [0,T], let (T'y s)sefe,) be the
unique solution of the forward SDE

dl¢s =Ty - [}E/[és}ds + E'[Bs]dW +/ Ht(e)N(dt, de)}; =1
E

By the comparison results with respect to a linear BSDE (see lemma 4.1 in [11]) we can derive
that

Xy > E[Tyy i Xi + /tt Ly s(s)ds|Fyy ], to <t <T.
0
Due to the Theorem 1.1, we have X; = X} — X7 > 0 and thus
hXSXPZ20G) = fols, X 20207, X2, 28,07) = folt, XT, 20702, X7, 22, 17)
by the assumption on f; and fo. Then we can conclude the proof by pointing out the fact that
o(t) = E'fu(t. X! X, 28 1)] — Efa(t, XF' 27202 XF. Z3.17)] 2 0
and that if 6,(u) > —1dP @ dt ® dv(u)-a.s., then I'y s > 0 a.s. from Corollary 3.5 in [11]. O

Proofs of Theorem 2.1 Proof. Denote by H% the space H? x H? x H2 equipped with the
norm ||V, Z, k()13 == Y3 + [1Z]5 + [[k] 5. We define a mapping ® from H3 into itself as
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follows. Given (U, V,1) € H3, let (Y, Z, k) = ®(U, V,1) be the
the solution of the RBSDE associated with driver f1(s) := E'f(s,U., V!, 1%, Us, Vs, ).

R
Let A be the associated nondecreasing process. The mapping ® is well defined by Theorem
1.1.

Now we prove that the mapping ® is a contraction from H3 into H3. Let (U, V,1) be
another element of H% and let (Y,Z,I%) = <I>(U, V,i), that is, the solution of the RBSDE

associated with driver process B f(s, U, V!, 1., Us, Vs, ).

Set U=U-U,V=V-V,i=1-1,Y=Y-Y,Z=Z-2Z,k=k—k.

Let Af. := B/ f(-, U, V!, I.,Us, Vi, ls) — B f(-, UL, V]I, Us, AS,ZAS).AFrE)mALiPsc}}itzA conti-
nuity of f, we have E|Af|?> = E|E'f(-,UL, V!, 1., Us, Vs, ls) — E f(-, UL V1L, Us, Vi, 1)) <
6C2E[|U|* + |V|? + |lI||?]. Recall that ||Af|% = [fOT ePE|Af|? ds]. Using estimates (A.58)
and (A.59) in [12] with n < 527 and Lipschitz constant equal to 0 (since the driver f! does not
depend on the solution), we get

VNG + 1215 + 15175 < (T + 2IALIF < (T +2)6C([UNF + IVIF + 117 ),

Choosing n = m, we deduce [|(Y, Z, E)H% < 30U, V,1)||3. Hence, @ is a contrac-
tion and thus admits a unique fixed point (
RBSDE (VIL5).

For the second assertion of the continuity of A, we apply the same proof as in Theorem 1.2.

,Z,k) in H3, which is the solution of meanfield

O

We provide below some a priori estimates which are used in the proof of Proposition 2.5.
For 8 >0 and ¢ € H>", we introduce the norm ||¢||3 1 := E[fOT e?*¢2ds] and for | € H2T, we
T
set U7 .7 == Elfy ™ llLs|7 ds].

Apriori estimates for second-type mean-field BSDE

Proposition 4.1. (Apriori estimates for mean-field BSDE with jumps) Let T > 0 and let £
€ 82. Let f! be a Lipschitz driver with Lipschitz constant C' and let f? be a driver. Fori= 1,2,
let (Y%, Z' ki, AY) be a solution of the Mean-field RBSDE associated to terminal time T, driver
f? and obstacle . For s in [0,T), denote Ys := Y} — Y2 Z =7} — 72 ky := k! — k2, and
fs) =EfYs, Y2, 2% k2 Y2, 22 k2) —F f2(s,Y2 , 2% k2 Y2, 22, k?). Letn,3 > 0 be such

that 8 > % +4C. Ifn < %, then, for each t € [0,T], we have
T
PY? < nE[/t e’ f(s)%ds | Fi] a s (VIL.42)
Y113 < Tl fII3- (VIL43)
Also, if n < %, we then have

— — 77 —
1215 + 112 5 < 7=z 171 (VIL44)
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Proof.  From It&’s formula applied to the semimartingale e#*Y2 between t and T, it follows
P2+ 5/ PV 2ds +/ e Z%ds +/ || kllZds + Y €P(AAL - AAZ)?
t t t<s<T

s§71°7s

T
zz/t VIR [ (s, Y ZY kY YE Z2h kD) — B (s, Y2, 22 kY Y2, 22 k2))ds

— 2/ P, ZdW, — / / ) + kq(u)?)dN (du, dt)
] .
+2 / PV dAL -2 / ePY - dA? (VIL45)
t t
Now, we have a.s.

VodAy© = (V] = &)dA" = (V7 = £)dA;" = — (Y7 = &)dA; <0

S

and by symmetry, Y ,dA%¢ > 0 a.s. Also, we have a.s.
Vo APt = (V] - 60)AAN = (V] -6 )AAL! = —(Y] —£-)AAN <0

and Y,- AA%? > 0 a.s. Consequently, the two last terms of the r.h.s. of (VIL.45) are non
positive. Taking the conditional expectation given F;, we get

T T
PHEE |9 [T [ Il | 5
t

t

T
<R V PV [N (s, V) ZE kY Y 20 k) — B (s, YE 22 K Y2, 22 k2))ds |
t

(VIL46)
Moreover,
B f (s, VY, ZY kY Y 2 kD — B (s, Y2 22 kY Y2, 22,2
<[E (s, Y 2Y kY Y 2L kL) — B (s Y 22 kY Y2 22K + | ]

< C(E'|Y,| + B Z,| + E |k, ]ln) + CVe| + 1 Zo| + lFsllu) + |-

Now, for all real numbers y, 2’, k', z, k, f and € > 0

2 2
29(C2' +CK +Cz+ Ck+ f) < & +2(C2 + Ck' + Cz+ Ck+ f)? < ¥ +5e2(C%2"% + C?k"% +
C?22 + C?k? + f2).

And that B B B B B B
EI‘}/S ‘ = E|Y5‘>E/|Zs| = E|Z8‘7]E1Hks“u = E”ksnw

so that E(|%,||E[Y,]) = (E|V.])? < E|Y,|? and (B/|Z.])? < E|Z.[%, (E/|[F.||,)? < E|[%,2. Hence,
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we get

TR+ B

T T
5[ Vs [zt ks | ft]
t t

<FE
t

1 (T T _
(4c+;2)/ 655Y52d3+50252/ eﬁé(Z3+|ks||?,)ds|}}1
t

T
+ 5e’E / ePofds | Fy (VIL47)
i

Let us make the change of variable = 5¢2. Then, for each 3,77 > 0 chosen as in the proposition,
these inequalities lead to (VIL.42). We obtain the first inequality of (VII.43) by integrating
(VIL.42). Then (VIIL.44) follows from inequality (VII.47). O

Propositions 2.2 to Propositions 3.4 The proofs of Propositions 2.2 to Propositions 3.4
use the same idea as their counterpart (Theorem/Proposition 2.1 to 1.5) with the replacement
of comparison theory Th.1.2, Th.1.3 and prior estimates (4.3) by the cutting edged counterpart
Th.1.1, Th.1.2 and prior estimates (4.1) for the second type.
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In Section VIII, we present the order book dynamics and illustrate the MM control problem.
Still in this section, we present the equations satisfied by the MM optimal strategy and propose
a numerical solution for this problem. Next, in Section IX, we formulate the HFT control
problem using a pair trading strategy. We provide the modeling framework and the equation
satisfied the HFT impulse-control strategy as well as the numerical solution for this problem.
Furthermore, we present an IB optimal liquidation strateqy using the VWAP price as a
benchmark. We solve the broker execution problem in a continuous-time framework. But we
also present a discrete time setting for a simpler implementation. Finally, in the last section,
we provide a methodology to simulate a realistic market using the three agent’s optimal trading
strategies.






CHAPTER VIII

Market maker strategy

In this section, we describe the order book dynamics and the optimal control problem of the
Market Maker, the key tools to characterize the solution and how to numerically approximate
this solution.

1 The order book dynamics

All over this paper, for d > 0, D([0, T]; R?) is the Skorohod space of cadlag functions from [0, 7T
into R? and P a probability measure on this space. We denote respectively (P°);>¢ and (P%);>0
the best bid offer and the best ask offer processes on the market, valued in 6Z where § > 0 is
the tick size. We denote (Q°)¢>0 and (Q%);>0 the size of the corresponding queues valued in
N*. For ease of notation, we introduce P := (P® P®) and Q := (Q°,Q%) and S := P* — P°
the tick size process. We shall assume that, P-a.s., for all t > 0, S; € {6, 26}.

The prices P and the queues () will evolve according to the arrival of several types of order
coming from a random Poisson measure. We first define these orders:

e Agressive orders of size a® € NN [0,Q"] at the bid or of size a® € NN [0,Q°%] at the ask:
the size of corresponding queue, Q° or Q°, decreases by the size of the aggressive order,

ab or af.

o Limit orders of size L® € N at the bid or of size L® € N at the ask: the size of corresponding
queue, QP or Q°, increases by the size of the aggressive order, L° or L®.

e On {S = 26}: Limit orders of size L*2 € N at the bid or of size L2 € N the ask: the
order is place inside the spread, at the price P® 4§ = P® — §, this generates a new queue
at the bid or at the ask, of size L%3 or L“’%, and a price move.

An aggressive order can set a Queue to 0. In this case, this queue might be regenerated ;
or a new queue at the price of a tick less (at the bid) or of a tick more (at the ask) can be
generated. If the price, for example at the bid, decreases and if the tick size was 2, then a new
queue is generated at the ask with the price also reduced by one tick in order to keep the max
two-tick size.

We are now in position to describe the random Poisson measure which will drive our pro-
cesses. Let N(dt,du) be a random Poisson measure on E := N? and let be v(P,Q;dt,de)
be the finite associated compensator and (F:);>o the generated filtration. We assume
that only one type of order can arrive at the same time. When a jump of size e =
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1 1
(a®,a® L° L% L%2 [%3, 7, % &%) occurs, then:

P} =P+ [1{Z=1} (*1{Q;’,:ab} + 1{P:7Pt“=26}1{cz:,=au}) + 1{va%>o}]
Pr=P +0 [1{2:1} (I{Q;‘L:a“} — 1{Ptu7pth:25}1{Qf_:ab}> — l{L“’%>O}:|

1
Qf = Qf_ + (e — ng)max{l{Qf_:a"}; 1{@;’,:aa}} LA (L = QUL ey

1
Qf = Qf_ + (e — Qf_) max {1{Q;L:a°}§ 1{@{’_:ab}} FLTH (L = QUL oy

(VIIL.1)

Here, Z = 1 indicates that, if the queue size is 0 after an aggressive order, a price move

occurs. The random variables €® and ® represent the size of the regenerated queue. The

relation above are consistent since we assume than there is at top one type of order when a
jump occurs. Here after we will assume Q® and Q° are bounded by some integer Q*.

2 The Market Maker dynamics and Control set

The Market Maker will place orders in the orderbook in order to have, in average, a gain. Then,
we have to record:

e His cash, (Gy)i>0 ;
e His inventory, (It)¢>0 ;

e The size of placed limit order at bid queue, (N®);>0, and at the ask queue, N¢, let
N := (N* N9 ;

e The position of the placed order at bid queue, B, and at the ask queue, B®, let B :=
(B®, B%).

Let A C N® be a bounded set. A control is a sequence of random variables ¢ = (Ti,@)i>1
where, for all i > 1,

e 7, is a F-stopping time ;
M M M ya,M ;b,%3M ra,3,M
_ a?’, ZFM ,L?’ 7ch’l’ L2 LY2

P i L, ) is a F,-measurable random variable val-

1 1 1 1 1
o 1oy (L0 M 4L My 4 (@l M 4@y (L0M 4 L oM 02 M oMy peM M

B 1 T K2 1 7
M ook M o,M _a,M
LIVL 2 4o al™ =0

We denote by ®° the set of controls. We will constraint the Market Maker to have a
minimum and maximum inventory size, denoted by (I.,I*) € Z?. A control will be admissible
if, moreover, for all 4 > 1,

o o) <min{l,_ —I.—B% ;Q%_};
° a?’M < min {I* I, - B,,I?i,;Quif} ;

° L?’M < min{[* — I, Q" — El_} ;
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° L?’M < min {In_ - 1;Q" — ii_} ;

b, i M
o L,

<min{l* -1, _;Q*};
. L?’%’M <min{l,_ — L;Q*};

and we denote by ® the corresponding set.
For a control ¢ € ®, and for z = (g,i,n,b,p,q) € 0Z x N x (NU{c0})? x N2 x (§Z)? x N2,
we can describe the dynamics of the processes associated to the Market Maker:

S
G =g+ i<y (@PRH" — af POH) +/ (Po" - B(BLT,NY™ . e)T) N(du,de)

i>1 t

It,:v =1+ Z 1{t§‘ri<~}(a? - O‘?) - / (1 : B(Btu,fa Nif7 6)T) N(duv de)

i>1 ¢
1
NbT = Li+L? —NJ*) / (BL® NEP e)|N(du, d
n—i—; {t<mi< L+L2>0}( L IB(B.Z, N2, €) [N (du, de)
T 1 . —B BN (du, d
—&-; {t<n<L+L2>0}(Q7 Tl /maxa )N (du, de)

With
B(b,n,e):NxNx E — N

(b,n,e) — (— rnin{(ozb — bt n}, min{(a® —b)",n})

Moreover, the processes P and @ evolve at the 7; using the same rules as in (VIIL.1). In
the sequel, we shall simply write

= (G,I,N,B,P,Q),

whose values belongs to X := §Z x Nx (NU{oo})? x N? x (6Z)? x N2, Now we give the transition
state of the controlled Markov processes X¢.

3 Transition states of the reduced state process X°¢

Exogenous market participants influence: Let @ the infinitesimal generator matrix of
the continuous Markov jump process Yf. For each x = (g,4,n% n% b° b% p® p° % ¢%) €
87 x N x (NU {o0})? x N2 x (6Z)? x N?, we have

e In the case of a bid limit order of size k,
= (g,4,n°%, 1%, b, 0% p%, p°,¢° + k,q°) and

Qz,a') = A" (k).

e In the case an ask limit order of size k,
= (g,4,n°,n%, b, 0% p*, p°,¢°,¢° + k) and

Q(z,a') = AL (k).
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e In the case of a bid limit order insertion within the spread of size k, 2/ =

(9,4,m°,00,b°,0,p° p* — 8,¢°, k) and

Q,2") = N5 (k)1 pa—poss)-

e In the case of an ask limit order insertion within the spread of size k, ' =
(g,4,n°,00,b°,0,p" p* —4,4°, k) and

Qr,a') = Xy (B) L gy sy

Recall that R®(z;.) (resp. R%(z;.)) denotes the regenerated size on the new limits when the
previous best bid (resp. ask) is completely depleted. For all j € {a, b}, we note R?(x;.)! (resp.
R7(x;.)?) the new bid (resp. ask) limit.

e In the case of a bid market order of size k,
1,/ _ (g/7 i/, n/b’ n/a, b/b, b/a,p/b,p/a, q/b7 q/a) where

g =g+ p°min{(k —n®)*,b°} — pb°
i' =i+ min{(k —n® + 1)*, b°}

n’b = max{l, [nb - ]f]+}1{nb+bb,1,k>0} + OOl{thrbh,l,kSO}

n'* =nl 4 + ool 4e, (A={¢"—Aa® >0} U {p* —p® =6})
b = max{0,b° — [k —n® +1]7}
b = b1

P = pbl{q“fq":ﬁ} + (" - 5)1{11“7q":25}

P’ =pLge g0y + (P° — 0)1{ge <o)

q° = (q° = k)1 {go_ksop + RO(5) 1ge _p<oy
¢ = q"Lgv_psoy + RO (25.)% 1 gv <oy,

and

Qa,a") = X;" (k).

e In the case of ask market order of size k,
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/I VAN | R (I N b/ 67
a' = (g’ i, 000 p" p', ¢, ¢'%) where

g =g+ p°b® —p*min{(k — n*)*,b%}

i =i —min{(k —n*+1)T,b°}

b =nb14 + ool 4e, (A={¢"—Aa® >0} U {p* —p* =46})
n'® = maX{l, [nu — k}+}1{n“+b“flfk>0} + 001{n“+b“717k§0}

bt = bblA

b = max{0,0* — [k —n® + 1]7}

PP =P Lgegemsy + (P = )1 (ge—go=2s)

P’ =g g0y + (P = 6)1{ge—k<o}

q° = ¢"1ga_po0p + R (25.) 1ge_p<oy

¢ = (¢ = k)1{ga_p>o0} + R*(25.)*Lge _p<o}

nl

and

Q(z,2") = A3" (k)

Controller influence: Now we define the map ¢¢(z) for all ¢ € Z(z), where
Z(z)={z€Z°: 2" <q° 2> < ¢, 2% Lpoug = 0,2 Lpasg = 0, (2° + 2%) 1oy = 0},

and
6

4
7° :={ecN°: z:(e1 +e?)el +ele? + z:eieler2 =0}
i—3 i=3

Let y := ¢¢(x) = (¢/,n/®, 0/, 0/, 0", p'*, p'*, ¢'°, ¢7)

e In the case where the market maker places a bid market order of size Aa®. We have
A¢ = (Aa®,0,0,0,0,0) and

g =g—p° (min{Aoz[’,nb —1} 4+ [Aa® — (n® +b° — 1)]+) — p*b°
i’ =i —min{Aa®,n® — 1} — [Aa® — (n® +0° — 1)+

n't = max{l, [n" - Aab]+}1{nb+bl1_1_Aab>o} + Ool{nb+bh_1_AabS0}

n'® =n"l4 + 00l ge, (A={¢® — Aa® >0} U {p® — p® = 6}
Ve = max{0,b° — [Aa® —n® +1]*}
B = b1,

PP =P Lo grmgy + (" = 0)L(ge—gr=2s)

P = p*ge—narsoy + (P = 0)1{ge—nar<oy

¢° = (¢° — Aa®)1gv_navsoy + R (25) 1gge —nav <o}
¢ = q"Lgo_nav >0y + RO(25.)° g0 _nqv<o}-

e In the case where the market maker places an ask market order of size Aa®. We have
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A¢ = (0,Aa%,0,0,0,0) and

g =g+ p°b° —p* (min{Aa®,n® — 1} + [Aa® — (n® +b* — 1)]7)

i’ =i+ min{Aa® n®* — 1} + [Aa® — (n® +b% — 1)]T

b =nb1 4+ ool e, (A={¢"—Aa® >0} U {p* —p® =6})

’I’L/u = maX{l, [nu — Aaa]+}1{na+bn717Aaa>O} + Ool{nn+bu717Aaa§0}
b = b1 4

b = max{0,b* — [Aa® —n® + 1|7}

PP =P L gegomsy + (P" = )1 (gn_go=25)

plu = pal{q“ana>0} + <pu - 6)1{q“7Aa“§0}

q° = qbl{q“an“>0} + R*(; -)11{quaaago}

q/a = (qa - AO‘a)]-{q"—Aoc“>0} =+ Ru(x; ')21{q"‘—Ao¢“§O}

n/

e When there is no more remaining limit orders, the market maker can place limit orders

again. In this case, we have A = (0,0, Aff’l{bhzo}7 AL (ha—0y,0,0)

(3

(n®) = (¢° + 1)1 po—oy +n"1po 0y
(n®) = (¢" + 1)1{bu:0} + nul{bn?go}
(bb)/ == Aebl{bbzo} —|— bbl{bb7g0}
(%) = AL°1 e} + b Lipe 20y
(
(
(
(

e The market maker choose to place limit order within the spread on the bid side when the
spread is two tick sizes. We have A¢ = (0,0,0,0, Agbél{pn,pb:%},O)

~

9 =9

i’ =1

(n®) =110 pomasy +nllgpe posy

(ne = e

(b°) = ALY31 0 poogy + 10 pog
ey = be

(P°) = (1 + 0)Lipn_po a5y + P Lipa_po—s)
(pu)/ — pu

(qb)/ = Aéb’%l{pu_pb:26} + qbl{p“—Ph:5}
(¢") =¢q"
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e The market maker choose to place limit order within the spread on the ask side when the
spread is two tick sizes. We have A{ = (0,0,0,0,0, Aﬁ“’%l{pu,pb:%})

g =9
il =i

7

/b — b

n't = 11{pa,pb:25} + nul{pu,pb:(g}

b = pb

B = ALY L e e osy + b1 (e _po_g)
Pt = pb

P = (0" = 0)Lipo_po—2s} + P Lpe_po—sy
7° = ¢°

1
q/a = Al%2 l{pn_pb:25} + q“l{pu_pu:(;}

4 The optimal control problem

4.0.1 Value function and dynamic programming principle

The aim of the controller is, for (¢,z) € [0,T] x X, to maximize the expected utility E[U(Xf,lx)],
in which

U(z) = —exp (—n{g +i"p® =i p" = s(i™ =" + i —¢%")}) (VIIL2)

for some 1, s > 0. In the above, 1 is the risk aversion parameter. The quantity i*p® — i p®
corresponds to the liquidation value of the inventory if the bid and ask queues are big enough to
absorb it. The expression starting from x is a penalty term that takes into account the number
of shares that will not be liquidated at the best limit.

We can now define the value function:

v(t,z) := sup J(t,xz;¢) where J(t,z;¢) := E[U(Xl}lc)}
pEDT

Remark 4.1. Looking at a trivial control with 7y > T P-a.s. highlights that —exp(—ng) <
v <0.

At this stage, one cannot assume any regularity on v.

4.0.2 Characterization as a viscosity solution

The derivation of the PDE relies on a dynamic programming principle.

We shall denote, for a € A and (¢,z) € [0,T] x X, Px(- | t,x, a) the probability distribution
for Xff after the jump of the control played at time {7; = ¢}. Recall that this randomness
comes from the fact that a Queue can be depleted, and in this case, the regeneration, at the
price or with a price move, is random.
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We define the operator K, for a bounded measurable function ¢ and for (¢,z) € [0,T] x X,
by

K2o(t,2) = / o(t, 2 )dPx (2’ | £,7, 2);

and C the operator
Ko(t,z) := sup K2o(t, x).
acA
We also introduce the Dynkin operator £ associated to the diffusion of X. The aim is to
show that, with a comparison theorem, v is the unique viscosity solution of

in{—Lp,o— Kol =0on[0,7) x X
min {—~Lp, ¢ — Ke} =0 on [0,7) (VITL3)
p—u=0o0n{T} xX

where the notion of viscosity solution of the PDE above is taken in the sense of [9, Definition
3.1.].

Proposition 4.2. Fix (t,x) € [0,T] x X, and let be 0 the first exit from a Borel set B C
[0,T] x X containing (t,x). Then,

V(t,.’L‘) < sup E V*(97Xg’w’¢)1{g<ﬂ} +’Calv*(T{b,Xf_’lx’¢)1{gzﬁ}} ,
pedts

Proof. The proof is given in [9] in a Brownian framework, in our case with a finite random
Poisson measure, we refer to it: the arguments are the same. Note that we do not have their
KCr operator since there is no randomness at the final date 7.

From this, we get:

Proposition 4.3. The function v is a subsolution of (VIIL.S).

Proof. See [9], the proof is given in a Brownian framework, the finite jump process, in which
the jumps are bounded, and only need to take care of the choice of the ball.
For the super-solution property, [9] gives the following discrete version.

Proposition 4.4. Let &% C ®4% the set of admissible controls in which, for all i > 1, on
{ri < T}, we have 7; € 7, P-a.s. where m, := {t} U £ {0,...,2"}. Define v,, as the value
function where the supremum among the controls is taken over ®4*. Then, for any F-stopping
time 62,
Vn(tvx) = sup E [Vn(0¢vX;f)]
pedy”

Proof. Again, see [9].
Now, Assume that we have a comparison principle, then, again from [9], we have the super
solution property.

Proposition 4.5. Assume that a comparison theorem hold for (VIII.3). The function v is a
supersolution of (VIIL.S3).

However, for the result above and the numerical scheme, we need to have a comparison
theorem.
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Theorem 4.1. Assume that v* is a subsolution of (VIIL.3) and that v. is a supersolution of
(VIIL.3), and that v*(T,-) < v.(T,-). Then,

v <v. on[0,T] x X.

Proof.  The proof, as usual, relies on the build of a strict super solution. The paper [9]
provides the result if we can find a function ¥ which satisfies their conditions. The function

v:X—>N
I —1

fulfills them.

4.0.3 Dimension reduction

For n > 0 and k = 24, starting at initial data (t,x) = (t,g,p" p% i,¢", ¢% n® n® b° b%), and
the utility function can be rewriten, with s := p® — p*®,

Uy(z) = —exp [-n(g+ip® —i"s— [0(iT — ")t + (s +0)(i™ —¢*)T])]

Since for s > t, we have G%9 = g + G0, we first have,

o t,0,p pbt,p ot,s 7ti ~t,q° At.a® art,n® art,n® ptb®  ptb®
v(t.z) =€ sup E[U(GH07 Ppte, s I @yt @y NE N B B
[SEi

= e_ngv<t’ 07pb7 S) Z" qb) qa7 nb? na) bb7 ba)

Then, an optimal or sequence of e—optimal for g € R is also one for g = 0.

For the next reduction, we shall assume that:

Assumption 1. For all p®,p* € §Z such that 0 < p® — p® < 26, the measure of jumps v
depends only on s = p® — p°, i.e. there is a measure v’ such that

v(p®p*, %, q%) = v'(s,4", ¢").

Since the measure v in independent of the level of the price (only the tick), we also have
PP = p+ PO, Moreover, if for a control ¢ € ®; ,, Tf’ are the stopping times at which we sent
orders.

We denote by (Tj))iZl the stopping time associated to ¢ and (a?);>1 and (a?) the associated
quantity for aggressive orders at the bid and the ask. We denote by 19? ® (resp. 19?’4)) the
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execution times of limit orders to buy new (resp. sell) shares of size E?"z’ (resp. E?’¢). Then,

G == 0l (P + S0 ey + D al Pl ocry = Y P gocqy + 3 (P +

i>1 i>1 i>1 i>1

b b
=D 0l eoqy + Y Ao gy =Y Bl gy + D L gy

1>1 i>1 1>1 i>1

t,0 t,

— g ad P¢ + S8
i>1 i>1 i>1 i>1

Moreover, we can see that

Iy' =i+ Za?l{rng} =D aflirery + Zefl{ﬂjf’g} = ey

i>1 i>1 i>1 i>1
Then
Gy =p(i — If') + G™°.
We then have
. a b a b a
v(t, ) = e ") gup E { <Gt 00 pho ghs phi Qbd’ Qhd' N NE™ BV BhY )}
PEP: o
= e_n(g+pl)v(t7 07 07 S? Z.7 qb7 qa7 nb? na7 bb7 ba)
Then, an optimal or sequence of e—optimal for (g, p®) € (6Z)? is also one for (g,p) = (0,0).
Moreover, we can use a symmetric effect which implies that

v(t,g,p,1,5,q% q% n®,n% b0 b%) = v(t,g,p + s, —i,5,q%q",n% n’ b b*). This comes from the

fact that the random Poisson measure is symmetric through bid and ask and the final criteria

is also symmetric in the same sens when the mid price is 0, so when p® = —p°.

We deduce that
V(t,O,O,i,s,qb,q“,nb,n“,bb,ba) =v(t,0,s,—1i,s q“7qb,n“,nb,b“7bb)
e st v(t,0,0, i,s,q“,qb,n“,nb,ba,bb).

5 Numerical resolution

There is only the time variable which evolves continuously, we introduce for A > 0 and a
bounded measurable function ¢,

Afo(t,x) = h~ (t + h,z) = p(t,2)).

We also introduce

Ith@(t’ z) = A(p, Q>h/ [‘p(t +h,x+ Bz, u)) - (p(t, CL’)] du(p, q, u)7

in which p is the distribution of the orders when one occur, associated to v and A is its finite
intensity. Note that, since the state space for y is finite, then I} can be computed exactly. We
introduce:

)l{ﬁf’gT}

O t,0 t,s
)| {T¢<T}+Zabp Loary — 2 LP; ¢ {19¢<T}+Z”P + S ey
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Lho(t,x) == Atp(t,z) + I['o(t, x).

Now, since we have the dimension reduction, recall that, for (g,p) € (6Z)?,

v(t, g,p° 5,1,) = e "9 P)y(£,0,0, 5,1, -); (VIIL4)

we introduce

Po(t,z) = e_"(g+iph)cp(t,0,0, ).

We also approximate the operator Ky with:

K"o(t, ) := sup /Pgo(t +h, 2" )dPx (2" | t,z,a).
acA

Again, for each a € A, it can be computed exactly since the number of events is finite and
if A is finite, this reduces to compute it for each a and to choose the optimal one.
Our numerical scheme consists in solving, with T := [0,7] N kN for A > 0 such that
T/h € N and with X' := {z € X : g = p* = 0},
: h h h !
min {—L"p, o — K"¢} =0 on T"\{T} x X (VIIL5)
o—u=0on{T}xX

Remark 5.1. We do note introduce some hy nor bound for the state space grid since this one
discrete and finite.

Proposition 5.2. Let v denotes the solution of (VIIL5) extended to T" x X using (VIIL ).
Then, v'* — v when h — 0.

Proof. Since u is bounded and we have the comparison, one easily checks that our scheme
satisfies the conditions of [10, Theorem 2.1.].






CHAPTER IX
Optimal high frequency strategy
and VWAP strategy

In this chapter, for the reader’s convenience, we give the detailed description of the HF and
IB’s strategy which are well established pair-trading and VAWP strategies.

1 An optimal high frequency strategy: Pair trading and
impulse control

We present a HFT strategy also within the stochastic optimal control framework. We consider
a pair trading strategy where the trader invests in the difference of two highly correlated assets.
Here, we choose the futures price of the stock to be the second asset.

1.1 Impulse control on the dynamics of the spread

Suppose that we have a pair of financial assets that are highly correlated and we try to play
on the return of the difference! of these two assets. Let F be the futures price of an asset S;.
We denote S = F' — S; and assume that this difference evolves according Ornstein-Uhlenbeck
process. That is,

dS; = p(b — Sy)dt + odWy,

where p is the strength of mean reversion, b is the average of mean reversion and o is the
volatility of the process. This means that if S; is very low, then the difference has the tendency
to return to the value b, and vice versa.

We model the trading strategy as follows. Either we sell the spread when we expect that it is
going to decrease and we reverse our position later, or we buy the spread and resell it afterwards
if we expect that it is going to increase. Moreover, we assume that each purchase/sale is subject
to a fixed cost, ¢ > 0. Therefore, it is not possible to buy/sell continuously. Our goal is to
find the right time to trade. To achieve this, we begin by modeling this strategy as an impulse
control problem.

An impulse control problem is an adapted process ¢ of the form

¢t = Zfilte[‘r,n_,_l)a
i>1

where (7;);>1 is an increasing sequence of stopping times and (£);>1 is a sequence of random
variables, with values in {—1,1}. The times 7; will be our purchase or sale times. If £ = 1, it

1We also call this difference as spread. This explains the title of this subsection.
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represents a purchase, otherwise it is a sale. The position at time ¢ is thus given by

Ny = Zfil‘rlgt

i>1

We introduce the process
Vi=Vo— Y (&Sr + ) 1rt.
t>1

Hence, V; + S¢N; — ¢| V| is the value of the trading gains if we liquidate the position at time ¢.

Thereafter, we denote (S%* Vt:5#:¢ N*m%) the processes starting at time ¢, with initial
conditions S* = s, V"% = 2 and N}"™? = n. We say that a control ¢ is admissible from ¢
and from a position n € {—1,0, 1}, if N™¢ take values in {—1,0,1} at all previous times. In
other words, we only allow ourselves to hold at most a spread unit at each instant. We denote
by A(t,n) the set off these admissible controls. Given a utility function U, we consider the
expected gain

J(t, s, x,m:0) == E[U(VF""? + Np™ 55" — o[ Ng™ ).

The value function of our problem is

'U(t,S,CE,TL) = Ssup J(ta Saxan;d))
PpeA(t,n)

1.2 Dynamic programming principle and quasi-variational Hamilton-
Jacobi-Belman equation

Theorem 1.1. Let (t,s,2,n) € D:=[0,T] x R xR x {1,0,1} and 6 € T;. Then

v(t,s,z,n) = sup ]E[U(H,Sg’s,%t’s’”“'"p,N;’"’¢)}.
PpEA(t,n)

In particular, taking § = ¢, and considering a control that acts immediately, we obtain

v(t,s,x,n) > max v(t,s,x —as—c,n+a),
acA(n)

where
An)={ac{-1,1} :n+ae{-1,0,1}}.

On the other hand, we consider a control that consists in never buy/sell in the interval [¢, 6],
we have
v(t, s, x,n) > E[v(0, Sy*, 2, n)].

By applying It6’s lemma and considering a sequence of stopping times approaching ¢, we obtain
1
0> Lo(t,s,z,n) :=v(t,s,x,n) + p(b— s)vs(t,s,x,n) + 5021)58(15, $,Z,1n).
If v is regular enough, it verifies

0 > max{Lov(t,s,z,n), max v(t, s,z —as—c,n+a)—v(t,s,x,n)}
a€A(n)
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As it is stated in Theorem 1.2, we can show that the above inequality can not be strict.

Theorem 1.2. Letv € CH299([0, T) x RxRx{—1,0,1}) and continuous on D, then it verifies

0 = max{Lv(t, s, z,n), mj(x) v(t,s,x —as —c¢,n+a) —ov(t, s, z,n)}. (IX.1)
acA(n

on [0,T) x R x R x {—1.0,1}. Moreover, v(T,s,x,n) =U(x + sn —c|n|) on R x R{—1,0,1}.

1.3 Derivation of the optimal control and Numerical solution

To obtain the optimal strategy associated with (IX.1), we assume that w is a regular solution.
Moreover, we suppose that we start from time 0 with initial conditions s, x,n given, which are
omitted later in the associated processes. Consider the following sequence of stopping times
and actions starting from time 0:

Fir1:=1inf < ¢ > 7t w(t, Sy, thg,Nf) = max w(t,St,Vf; —aS: — ¢, th; +a)
a€A(NY)

¢ — A ®
41 := argmax {w(Ti_H, St Vi, i o i

—aS; —C,N?3 —I—a),aEA(ij; )},

with 7o := 0 and ¢ given by (745 éi)izl. Since w verifies (IX.1), we obtain

U(VE 4+ N$Sp — ¢|N2))
= w(T, Sy, Ve, N2)

:w(O,s,x,n)+ZL

i>0 7 TinT

7A’i+1/\T

Lw(t, S,V NO)dt

Tip1 AT . R
+y° / wy(t, Sy, V2, NP )odW,

i>0 ANT

+ Z 17:112T (w(t75t7‘/t¢ - éis‘fi -G thb +él) - w(t7Sta V?baNtQS))

i>1
T N ~
=w(0,s,z,n) + / ws (¢, St, Vt"ﬁ, N;f)ath
0
which implies that
(0, 5,2,n) > E[U(VE + NESr — [NS)] = w(0, 5, 2,n)

Moreover, if quS is another control associated with the sequence (7;,&;);>1, then the fact that w
verify (IX.1) implies
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UV + N2.St — ¢|N2|)
= w(T, Sy, VL, N2)

Tit1 AT
=w(0,s,x,n) + Z/ Lw(t, Sy, V2, NP )dt
i>0 T NT
Tit1 AT

+y° / ws(t, Sy, V&, NP odW,

i>0 i NT
+ Z 17'112T (U)(t, St? ‘/t¢ - gisﬂ' -G thb + 52) - W(t, Sta ‘/;45’ NtQS))

i>1

T
< w(0,s,z,n) —|—/ ws(t,St,‘/t¢,N$)oth.
0

Thus, using the expected value, we deduce
J(0,s,2,n) <w(0,s,z,n).

Since this is true for all ¢ € (0,n), we deduce that v(0, s, z,n) < w(0,s,x,n). Therefore, w = v
and ¢ is the optimal strategy.

Theorem 1.3. Let w satisfy the previous assumptions. Moreover, suppose that w is bounded.
Then, w(0, s, z,n) = v(0,s,z,n) and the optimal strategy is given by ¢ given above.

The optimal strategy is actually very simple. It says that we can only act at times ¢ such
that o . .

o(t, Sp, V2, NP) = max o(t, Sp, V¥ —aS; — ¢, NP +a).
a€A(NP)

Let us consider a grid of points in time {t;,¢ < L} with ¢, = ¢T/L, and in space {sg, k <
K} x {xm,m < M} with s = =89 + 2k39/K and z,, = —T¢ + 2mTo/M where L, K, M € N
and Sp, Tg > 0 are given. The time derivative is approximated as

v(t+ L7t s,2,n) —v(t,s,x,n)

Abu(t, s, z,n) = 71 .

For the term of the first derivative in space, we use the “upwind” schema:

U(t-i,—L*l,s+K71,LE,n)—U(t,S7w,7‘b) lf b — 8 Z 0

A ’KU(t S, T 77,) = 711 1
s 3 Oy by . —v(t+L" " s+ K~ :
v(t,s,2,m) “(tKL,l S+K 7 an) ifb—s<0

Finally, the second derivative is approximated gy

ALRo(t,s,x,n)
ot + L Ys+Ktan)+ot+Lts—K1zn)—2v(ts z,n)
= =3
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This gives the following numerical scheme:

(i) Foreach k < K, m < M and n € {—1,0,1}, we set g 1 m (T, Sk Tm,n) = U(xm + sk —
clnl).

(ii) Given QDK,L,M(té-&-l,'); we set (ﬁKJ,,M(tg_H,') = ¢K7L7M(tg+1,') and for each k < K,
m < M and n € {—1,0,1}, we calculate the solution @k, a(te, Sk, Tm,n) of

0= AL Gx L, (te, Sk Tm,m) + p(b — 1) ALF Gre 1 (te, Sy T, 1)

1 ~
+ 50—2A£S’K§0K,L,M(t53 Sky LT, n)
and we define p(ty, g, Tm,n) as equal to

max{ @, 1 m(te, Sk, Tm, N), IGHI?(X) orpmte+ L7 sp, @ —asg —c,n +a)}
a n

Moreover, we need boundary conditions for the points sg, i, zo and x,;. For, this, one
can take for example the value of the utility associated to U, which corresponds to say that
one stops trading when one reaches these boundary points. This scheme is convergent,
as long as the sequence of functions computed remains locally bounded (for instance if U
is bounded), since K, L, M — oo with K?/L — 0 and 3¢, %o — co.

Remark 1.1. If one takes U(z) = —e~ "%, n > 0, then
v(t,s,x,n) = e Mu(t,s,0,n) = e "0(t, s,n)
and v verifies

0 = max{Lo(t,s,n), mﬂx){e"(““)ﬂ(t, s,m+a)—0(t,s,n)}},
acA(n

in [0, T)xRxR{-1,0,1} and o(T, s,n) = U(sn—c|n|) in RxRx{—1,0,1}. Thus, we reduce one
dimension in our problem, which simplifies considerably the scheme of our numerical solution.

2 A VWAP based strategy for portfolio liquidation

Here, we present a VWAP (Volume Weighted Average Price) based trading strategy frequently
practiced by institutional brokers. In fact, the VWAP strategies are usually used by market
practitioners when it comes to execution of large orders. These strategies can be used either to
buy or to sell shares of financial assets. In this section, we present a VWAP selling strategy,
but it is adaptable to a buy one with ease. In practice, traders use the VWAP as a benchmark
to ensure that their purchases are in line with the available volume in the market. Hence, these
strategies reduce the impact on the natural market dynamics of an asset price.

We present here a VWAP based strategy in the Almgreen-Chriss? framework. First, we consider
the continuous time case. Next, we present the discrete time framework (i.e consistent with
our discrete time approximation in Sections VIII and 1). Such strategies are inspired from [7]

2See [7]. This seminal work combines both the expected cost of execution and the risk that the price would
move more over the course of the execution process.
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and where extended by, for instance, Guéant (see [24]). Details of the strategy that we present
here can be found in [24, Section 4.4].

2.1 Discrete time framework - VWAP based strategy

As in Section 2.2, we regard T' < oo as the final time horizon and Q¢ > 0 the quantity to sell.
We consider a regular temporal grid with time step A and let n € {0,--- , N — 1} the time
index, with N = [T'/A]. We split the quantity Qo in N slices, v,, such that 27127;01 Uy, = qo. TO
fulfill its goal, the agent controls the quantity v,, to sell at every time step. The price dynamic
satisfy

Spi1 = Sn+ BonA +0,VAeny1,  VYne{0,---,N -2}

The agent wealth satisfy

n
Wn:ZUZ‘(Si—HUZ‘), VnE{O, ,N—Z}
i=0
The quantity Z, = qo — y_;, v; the remaining quantity to sell at step n. Moreover, the VWAP
price reads
Yig SiVi _ Yty SiVi

VWAPy_; = ,
R SR Qn

where Qn = vazgl V;. Thus, the agent optimisation problem is

sup  E[—exp(—y(Wn_2 +vn-1(Sn—1 — Fon—1) — QoVWAPy_,)]

(US)SZtEA
=
= sup E|—exp(—y(Wn_2+on_1(Sn_1 — Fon_1) — == Z SiVi)| . (IX.2)
(vs)s>t€A QN i—0
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Solving the discrete time control problem. We notice that

N—-2
Wn_a = Ui(sz - '{UZ)
=0
N-2 1—1
= ,Ul([z ﬁ’l}jA + O'j\/KEj_H] + Sp — Iﬂ}i)
=0 =0
N-2 i—1 N—-21i—1 N-2
= [BA Vi ( ’Uj) + ’UiO'j\/EEj+1 + 50Qo — Z /ﬂ}?
i=0 =0 i=0 j=0 i=0
——
N-2 N-3 N-2 N-2
= BA Z ViTi—1 + Z €j+10'j\/x[ Z ’Ui] +S0Q0 — Z lﬂ}?
i=0 =0 i=+1 i=0
—_—

N-2 N-3 N-2
= BA Z ViTi—1 + Z €j+10jv A.’E]’ + S()QO — Z K)’U?.
i=0 §j=0 i=0
Using the same arguments, we write

N—-2 N-2
~ ~ 2
UNfl(SNfl — Iﬂ)Nfl) = BAvn_1 E V; +UN—1 E O’Z-UZ'\/KEZ-+1 — KUN_1
i=0 =0
N-2

= (BAxN_2 — RUN_1)UN—_1 + UN_1 Z O'ivi\/Zei—&-L

i=0
Finally, using the same arguments, the VWAP price reads
o) N-1
QoVWAPy_1 = Qiz(\)r ; SiVi
) N-1 N—2 B
= QO [BA Z Vizi—1 + Z Ej_;,_le\/EVj + SoQN]
N i=0 =0
N-1 N-2

= MyBA Z Vizi—1 + My Z ;1105 VAV; + SoQo,

i=0 §=0
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where V Z y +1 V; and My = #%. Consequently, the optimisation problem reads
N—2 N—2
sup  —exp | ,%Zv —i—BAZ — MoV;)wi—1 + (BAzN_2 — Ruy—1)un—1] X
(vi)N—1>:E€EA =0 i—0
N-—2 )
exp(— Z €110,V A(Z; — MyVy))
j=
N-2 N-2
s e[k 3B Y (- MoV
(’Ui,)N—lzz‘e-A =0 i=0
72 N-—-2 B
+ (BATN_5 — RUN_1)UN-1] X exp [? > oAz - MoV;)?] (IX.3)
j=0

The first maximization problem is analogous to

N—2 N—2
sup  [— kY 0P+ BAD (v — MoVi)aiy + (BAzN o — Run-—1)vn—1
(vi)N—1>:€EA i=0 i=0
N-2
% o2 MyV;)?] (IX 4)
7=0

Solving the control problem leads to the following equations

{ a;T; + bixir1 +cixiog —m; =0 Vie {0, ,N — 1}
TN-1 :QOa

where a; = —4k — 2BA + (y0;)?A, for i < N — 2, any_2 = —2(k + &) — 2B8A + (yon_2)?A and
an_1=-2R,b; =2k+[Afori < N—2,by_o=2k+FAand by_1 =0,¢c9 =0, ¢; =2+ A
for i < N —1, and ey_1 = 2k + BA, m; = BAMVie1 + 02 AMQ;, for all i < N — 2,
my_g = ’}/O'?AM()QZ‘ and my_1 = 0. Thus, we have to solve the linear system

AX = M,

where A is tridiagonal matrix where a; are the diagonal coefficients and sub/super diagonal co-
efficients are filled with the constant value b. The symmetric matrix A is always diagonalizable.

Remark 2.1. We can play with values of the parameter k to ensure that zn = 0.

2.2 Time continuous framework

Let T < oo the final trade horizon. Suppose that, at initial time 0, an institutional broker
decides to sell a quantity Qo > 0 of a tradable asset using a VWAP based strategy. Hence,
he has to control his trading speed 1. The dynamics of the asset reference price S; has the
following components. First, an exogenous movement generated by the standard Brownian
motion (W)iejo,7) (with its natural probability space (€2, F,P, F;) and the adapted filtration
(Ft)telo,))- Second, a permanent linear price impact generated by the agent’s trading activity,
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see [7]. Hence, S; satisfy
dSt = 6Utdt + O'th,

where $ > 0 is a positive homogenization parameter. The agent’s state is characterized by two
variables. That is, his inventory, (¢, and his wealth, X;. Since he has gy shares to liquidate,
we have Qg = qo. The trader’s inventory @Q; evolves according to

th = ’Utdt.

We notice that v; is negative for a seller. The wealth X, is affected by a temporary linear
market impact ki

dX = —UVt [St + I{l/t):l dt.
Finally, we define the VWAP at time T by

CfSvdt [ SVt
= Jo > = .

VWAP IX.5
&7 5 (1X.5)
The agent’s value function is
V(t,s,qz) = ( ;Ellp AE [—exp(—y(X1 + Q7 (ST — £QT1) — o VWAPT)]
Vs)s>t€
= sup E[—exp(—y(Xr + Qr(ST — RQ71)
(vs)s>t€A
q T
- / S\Vidt)| . (IX.6)
Qr Jo

The trader’s objective function (IX.6) is the expected CARA? utility function on the terminal
cash. Moreover, we consider the VWAP as the liquidation penalty (see [25] for discussions on
the liquidation penalty function).

Solving the control problem. The Hamilton-Jacobi-Bellman equation associated to 1X.6
is

{ oV + %2835V +yMosV,V + sup,, [v(0,V + BOsV) — v(s + kv)Ox V] =0
V(T7 S, q, LU) = - eXp(—’}/(.I‘ + Q(S - ’T{Q))7

where My = S—OT. To solve the equation, we use the following ersatz :
Vta 5,4, .T) = —€exp [ - ’}/(Jj + q(S - ’%q) - MO‘/tS(T - t)):l?](t, q)

Hence, v(t, q) satisfy the HJB equation

{ o+ 2 [q_Mf’QV(T_t)]) v+ sup,, [v(0qv —vB(q — MosV(T = t))v) +v2kyw] =0 (1X.7)
o(T,q) = 1.

3Constant Absolute Risk Aversion
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The associated optimal control is

O =Bl = MV(T — )
2KV '

Thus, by inserting v* expression in IX.7, we get

5 (o [q—MoV(T—t)])2 (0gv—vB[a— MoV (T—1)] v)2 _ 0
z;—i_) ) 2 v 4kyv - (IXS)
o(T,q) = 1.
When v can be written in the following form

0(t.0) = PO 0

it is easy to check, using equation IX.7, that hg, hy and hsy satisfy the system of equations

hh+ Zhy — 503 = (o) + 2
Wy Py = MoV(T — £)[12222 — 7]

. 2Ky
B — _(zmMoV(T—t))2 _ [a=MoV(T-)]?
0 2 4kry

with the terminal condition
ho(T) = hi(T) = he(T) = 0.

the solution hy of the first equation has the following form

1

ha(t) = - C,
2( ) a — (a _ %)er(Tft)
where a = 2,%57 r= % and C' = By + 0y+/2k7. Given the expression of hg, hy = 0 is solution

of the second equation. Using the expression of hi, the solution hg of the third equation is

2
haw=—”ﬁ”[;ﬁ+wwﬂ@—w?

Finally, using equation 2.2, we have

h2(t) 2
9 q

V(t,s,q,x) = —exp | — (x4 q(s — fq) — MoVis(T — t)) + ho(t) +

Using verification arguments we have the existence and uniqueness of the solution.
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Market simulation

The understanding of the market activity in its finest time scale is a challenging task. The reason
is that different classes of market participants (agents) take part in the dynamics of an asset
price. Besides, each market participant may have a different utility and risk profile, among other
particularities. Here, we regard three agent classes acting dynamically in a limit order book of a
financial asset. Namely, we consider market makers (MM), high-frequency trading (HFT) firms,
and institutional brokers (IB). The MM provides liquidity to other market participants using
limit orders. But they may also send market orders to get immediate execution. Additionally,
the HFT goal is to identify profit opportunities to catch or at the opposite critical situations
to avoid. To do this, they use limit/market orders and exploit the correlation with another
asset. Finally, the IB has a prescheduled task to sell or buy many shares of the considered
asset. The IB use only market orders to acquire or liquidate the needed shares. In our setting,
the main sources of risk are: the uncertainty of price variation, the impact of limit/market
orders on the order book state (i.e available liquidity and prices at the best limits) and the
inventory risk. Since the order book dynamics rises from the interaction between different
types of agents acting optimally, we compute the optimal strategy of each agent and then
use these optimal strategies to simulate the market activity. The agent’s strategies rely on the
modeling framework of stochastic optimal control theory. Furthermore, our setting is consistent
with the recent literature on market microstructure, especially in algorithmic and HF'T.

Here, we present the simulation methodology of the behavior of market participants acting
together in the limit order book of the traded asset.

General description:

(i) Market makers. We consider m market makers that play in a random order at each
“time block”. Market makers strategy optimal strategy adapts to the changes in the order
book state.

(ii) HFT firms. We choose n high frequency traders and let them play in a random order at
each block of time. High frequency traders have priority access to the market, they react
to the current state of the order book and do it before the market makers.

(iii) Institutional brokers. We consider r robot traders with a predefined strategy : they
have to liquidate or to acquire a certain quantity of the stock for economical reasons.
Robot traders take their decisions after the market makers.
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Result: Simulation of a limit order book with placement of orders from market makers,
high frequency traders, and institutional brokers.
n < m;
MarketMakers = {MM*, MM?,... MM™};
HFTFirms = {HFT', HFT?, ..., HFT"};
Institutional Broker = {IB'}
AGENTS = {MarketMakers, HFT Firms}
t=1;
while t < T do
MarketMakers = RandomlyOrder(MarketMakers);
HFTraders = RandomlyOrder(HFTraders);
beginState = Xy;
currentState = beginState;
fori=1 ton do
Aai’* = GetOptimalControl H FT (currentState, HFT",§);
currentState = UpdateLO B(currentState, Aai’*, d);
ACZ’* = GetOptimalControlM M (beginState, MM?,5);
currentState = UpdateLO B(currentState, ACZ’*, 5);
end
fori=n+1 tom do
Aai’* = GetOptimalControl H FT (currentState, HFT",§);
currentState = UpdateLOB(currentState, Aai’*, 0);
end
AZ, = SimulateOrder Arrival(currentState, );
currentState = UpdateLO B(currentState, AZy, §);
t+1
end
Algorithm 1: Market simulation with market makers, high frequency traders and exogenous

traders.
We have,

(i) SimulateOrder Arrival: This function represents an order from other market partici-
pants. It is simulated depending on the current state of the limit order book and the tick
size. Here, AZ; is the output of an order arrival at time ¢ .

(ii) GetOptimalControlM M: This function represents the market maker optimal control.
The numerical solution of this problem is detailed in section ??. The output at time ¢ is

AG

(iii) UpdateLOB: This function represents the placement of a given oder. It updates the state
of the LOB, depending if the order comes from either a market maker or an exogenous
trader.
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Appendix

1 Ergodicity of the Order book dynamics

We provide a Ergodicity results on the order book dynamics U := (Q° Q% P®, P*) which
ensures the order book will convergence to some invariant probability. This serves as a basis
for validation of the arguments that the stylized fact on market data can be explained by this
invariant distribution in the limit case.

Assumption 2. (Negative individual drift) There exist three positive constants Cpoudnd, 20 > 1
and & > 0 such that for any v = (¢°, ¢%, p°,p*) and i € {a,b} with ¢ > Chound,
X ) 1
> (2 — DN (R) = Ny (k) =) < =0

Z
k>0 0

Assumption 3. (Bounded on incoming flow) There exist a positive constants H, such that for
any u = (¢, ¢ p°,p*) and i € {a,b},

D ONL(R) + Ny (k) < H

k>0
Assumption 4. (Regeneration bound) There exist three positive constants CRegen I and z, >
1, such that for any u = (¢°, ¢%, p°,p*) and i € {a,b}

2

Z ‘RT(U CRegen‘

<L

Theorem 1.1. (Ergodicity) Under the following assumptions, the process (Uy) =
(QF,Q%, PE, P?) is ergodic. i.e. converges towards a unique invariant distribution.

The proof principle Let Q the infinitesimal generator of the process (U;). To prove that Uy
is ergodic, we design a Lyapunov function V : N2 x R? — (0, 00), on which the negative drift
condition is satisfied for some ¢ > 0 and d > 0 :

oV (u') < —cV(u') +d.

Then, using Theorem 6.1 in Meyn and Tweedie (1993), the Markov process U is non-explosive
and V-uniformly ergodic. Furthermore, by Theorem 4.2 in Meyn and Tweedie (1993) it is Harris
positive recurrent. This methodology is also used in [4, 31].
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pI‘OOf Let z > 1’ Cl;ound = max(cbound7 CRegen). For any u' = (qba qa’pb’pa)’ we have

7:7 / 7/7 ’
V(’LL,) — E Z|‘1 Crounal+ + E Z‘P Chnu,nd“".

i€{a,b} i€{a,b}

First, we let Q the infinitesimal generator of the process (U;):

V()= Y Qu s V) V()
u' #w'

(1) No price move

= 3 3 DL b — i Chounal)

i€{a,b} 1<n<g

(1) No price move

. ; ’ i ’
+ Ag(n)(zwlfnfcboundh — Z‘q7icbound‘+):|
(2) Large limit orders insertion

+ Z Z |:)\7;L(n)(zlqi+n_cb0und|+ _zlqi_CbO'u'rLd|+):|

i€{a,b} n>q*

(3) order book regeneration

+ 2 2 PamE[V(R(W:)] - V)]

i€{a,b} n>q*

Next, we study the contribution of each part of the above sum.

e Case 1: When there is no price move, we have :

(1) = AL () (2147 Coounalt _ 210" ~Clounal+)
+ )\Q(n)(zlq”nfcéomdu _ Z\qifcémmdu)
. i ’
= xL(n)linC;wndzlq “Crounal+ (27 — 1)

. B ’ 1
+A%(M)1 s d+nz|’1 ~Coounalt (= — 1)

boun zn
i ) Ay ()1 i>c! n
= (Zn —_ 1)Z|q _Cbound|+ )‘ZL(n)linC;)ww — (IZ:L bound T

Using Assumptions 2 and 3, for z sufficiently close to 1, we have

: )\Z (n)l i ! n "
Nyl ner = TG o 5 (2~ 1)) < =67 <0

bound zn

Consequently, we obtain

"

(1) S _6 (Zn — 1)z|qi_clljound‘+.
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e For Part (2) (i.e large limit orders of size n > ¢'), we keep the same expression.
e Case 3: When the order book is regenerated, we use Assumption 4 to obtain

(3) = Xa(n) [E [V (R'(v;))]

)] = V()]
Ay ()L — Ny (n)V (u).

Finally, by combining above inequalities we have

V) <=0"(" =V D 3 1+ [T -ve)] Y Y A )]

i€{a,b} 1<n<q’ i€{a,b} n>q?

+[HL-V(@)[ Y D X))

i€{a,b} 1<n>q*
< —0BV @)+ (HL + L7),

where 69 = 5" (20~ 1)2¢" + [ Tcpime Na(0) + A4 ()]

2 Numerical scheme error estimate

e

Notations : We define as well the continous Yth’o’y process associated to Yth’o’y’c such that:

yhOu¢ _ yh0u¢
*khh01§_~kh01c h,0,y,¢ o-h,0,y,¢
Y; UY,6 ka Y, + tfhkh (ijrlh/, _ ka Y, ) VYt € (/ﬂh, (k}—l— 1)]7,)

We note V"(t,y) the utility function of the control problem associated to the process Yth’o’y’c.

Step 1: First, we show that for every initial state y = (i,n,b, s,q) and t < T, the following
estimate holds.
V™t y) = V(t,y)| < R(T —t)h, (XL1)

where R = [|Q|CLip(1 + y)A¥* and N =37, ¢y, )\lel’i(q) + )\f’q’i(q).
Proof of inequality XI.1: Let us fix h and show the result by recurrence on n for every

T € [0,nh]. To simplify, we denote Vi the utility function with terminal time 7.

e Initialization: Case n = 0, in this case we have V(0,y) = Vr(0,y) = w(y) for every
initial state y.

e Iteration: let us assume the result true for every T' € [0,nh]. Let T € [0, (n + 1)h] .

— If T € [0,nh]: the result is true using the recurrence assumption.

— IfT € (nh,(n+1)h]: let t € [0,T]. When t € [h,T], using Vr(t,y) = Vr—:(0,y),
VA(0,y) = VI_,(0,y) and the recurrence hypothesis, we have:

[V (t,y) = Vet y)| = [VF-4(0,y) = Vr—4(0,y)| < R'(T — t)h,
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which proves the result for ¢ € [h, T].

When ¢ € [0,h), we are going to build the Markov chain Y;%%< using the order

book dynamic Y;""¥"C.

Construction of the Markov chain Y*%%<: The process Y, 9-4:¢ is defined on
the probability (2, F, (F;),P). Let (Q/,]-"I,]P’/) be a new probability space. Let us
consider (Q, F, (F;), P) the product space, T; the jump times of the process U, N;
the number of jumps up to time t. Consider the set

= {w € Q, s.tTn+1(W) — Tn(w) 2 h}

Finally, we note NI = Ny — N; the number of jumps between ¢ and T
Note that

PA}] =P[T41 — T, > bl =1 — (PN} =1]+P[N}. >2]),

and

PINZ, =11=>_ (p1(q) + p2(q) + p3(q) + pa(q))-
q
Thus, using that ps; = 1 — P[N}. = 1], we have P[Al] < p5 and P[A!“] > P[N}. =
1 =3 1<i<s,qPila) > 0.
Next, we are going to use the space Q. There exists, Q7 (q) € F with 1 <i <5,
such that 37, ;.. P[Q7(¢)] +P(QF) = 1 and P(Q}(q)) = pi(q)/P[A}°] when i < 4

and P(Q2) = (ps — P[Ay])/P[AS)]. Finally, we define };’Z’O’y’g recursively, by

5,000, .
+ ]'Ah € Zl<7,<5 q ]-Q" (q)Y/n (Za Q)v

where Y', 10 (i,q) is the new state of the order book whe the event associated to

>,h,0y, .
the probability p;(¢) happens. For instance, Y’ Y C(17 q) is the new state when one
quantity q is added to the bid side. With this construction, we have two properties:

~,h,0,y, . O
first, Y/, ve have the same law of the discrete Markov chain Y,0¥:¢; second,

Y’h 07y7 - Y’h 07y,

Continuation of the proof: We note T, the first jump of Y;h’o’y’c and 7 =
(T. —t) A h . Using the dynamic programming principle, we have

[Vt y) = V(t,y)| = Vi1 (0,y) = Vr—4(0,v)]
< !SlépE [V%Lft(TV ?Th‘) - VT*t(Tv YTC)} |

Te—t
SEPE {/ QUVF_y(s,y) — Vr_¢(s,y)dslr, _s<h
0

+[Vr—e(h,y) — Vi (h,y)| 17, —t>n)
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x First, we have:
Te—t .
I[*3|/0 QIVE_(5,y) — Vr—e(s,y)]dslr, —t<n|
Te—t
<lQIE [ [ o) V(s i ic|
0

To—t
< lIQIE [/O O+ y)VT— slTH<h]
< QU — tr2av=,

With € = Cpip(1 +y), and A" = 370001y A (q) + A%*(g). In the second
inequality, we use that

|VT@7t(87 y) - VT*t(Sv y)' < |VI}’Lt(87 y) - VT*t(T7 y)‘
+ |VT—t(57 y) - VT—t(T7 y)‘

and -
V(T y) = Vi (T,y) = U(y).

Moreover, we use that V and V" are %—Holder in time because the final constraint
is Lipschitz.

* Finally, using the recurrence assumption, we have

E [V i(h,U) = Vip_i(h, U))1r,_y>n] < R'(T —t — h)h.

Consequently, we have :

V!t y) = V(ty)| < R —t — h)h + [[QI|C(T — )2\
< R(T — t)h.

Which proves the result.

Step 2 : Let us show for every initial state and ¢t < T', we have
V™ (t,y) = V(t,y)| < R®h, (XL2)

with R® = Up;,(2L7).

Proof of inequality XI.2 First, we note that

7Rty = VA )] < supE [U (7€) = U]
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We then use that U is Lipschitz to obtain

Vh(t,U) — Vi, U)| < Uipsup B [|YT’“< —yhe

o v hop
< Unipspl [T = Vi Mg arne

< Upip(2L7)h.

Where L7 is defined in Assumption ??.
Finally, by combining (XI.1) and (XI.2), we prove (??) with R = R®) x R'.

3 Model parameters estimation

The estimation method is inspired from [29]. We first show how to estimate the intensities and
then the regeneration process.

3.1 Intensities estimation

Here, we focus on the case of the first bid limit since other cases are estimated in the same way.
We assume that intensities depends only on the quantities available at the best limits and the
spread value. Hence, we replace the initial state y by § = (¢%,¢%,s). Let t € {A, L} denote
the order type, and k € {1,---, M} the order size. The methodology estimation consists in
the following. First, we estimate limit and aggressive orders intensities without considering
the order size )\?t:”b. Next, we estimate the order size probability, ptg’b(k). By combining both
estimations, we have A?°(k) = AV°p?° (k).

3.1.1 Non parametric estimation

)

Notation : We note an event “w,” any modification of the bid size. For every couple
(Q%,Q%,8), we store the waiting time A;(wp) (in number of seconds) between the event “wy”
and the preceeding event, the type of event T (wp), the bid size, ask size and the spread value
(g*(wp), ¢*(wp), s(wp)) before the event. We consider two sets for the event type T (wp) :

o T (wp) € L for limit orders insertion at Q°.
o T (wp) € €A for aggressive orders at Q°.

The queue size is approximated by the least greater integer and divided by the stock average
event size.

Intensities estimation: Once (A;(we), T (ws), ¢"(ws), ¢***(wp), s(wp)) computed, we esti-
mate A° with 7 = (m,n, s) :

-1

AV = (mean(At(wbﬂQb(wb) =m,Q%wp) = n, S(wp) = s))
ST (wo) € £'g"(we) = m, ¢*(wp) = 1, 5(we) = s}

M = A o) = m, g7 (we) = 1, () = 5
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Where mean denotes the empirical mean and #A the cardinality of the set A. Given the
symetry relation, the bid and ask side are aggregated to get more data.

Intensities confidence intervals computation: Since arrival and cancellation times are
independent, using the central limit theorem, we have, with asymptotic probability 95% (Ay o
#{ T(we)e g (@y) =m.q° (wh)—n,s(m—k}).

#4{ a* (we)=m.qe (we)=n,s(wp)=s }

A € [AZ} 1960 ] = [Arymn? max]
\/#{qb(wb )=m,q%(wp)=n,s(wp )= s}

y,b
Al c [Ay, + 1.964/pY° (1—pY"") ] _ [Ay7 ~7,b ).

21 - pt m1n7pt max
\/#{ql”d(wi =n,q**k (w;) :m}

Consequently, with at least 90% :

mmpf min? mdxpt max

A e AT PP RE 70T

Order size estimation: Let V{’b the order size associated to the event £*. The empirical
distribution of the variables V;y’b is given by

PV € (2,9]] = Fn(y) — Fy(x)

, 1y
FN(;C) = NZZ’:I lvtg,b,igm.

Where V7% are N i.i.d random variables with the same ditribution as V,7'°.

3.1.2 Parametric estimation

QF-Qt

We denote Imb; = oY the imbalance process. For the parametric estimation, we assume
t t

that limit and aggressive orders intensities are linear functions of the imbalance (see [12, 35]).
Since orders arrival times are independent and follow an exponential distribution, we can use the
Generalized Linear Models framework to estimate model’s parameter. The maximum likelihood
estimator used for the calibration is consistent and asymptotically normal (see [20]).

3.2 Regeneration process

We focus in the case of the first bid limit when the spread equals 2 tick since other cases
are estimated in the same way. We note Qb;g’DiSC nd Qagg’Disc respectively the discovered
quantities at the bid and ask side when the first bid is totally consumed. An event, wy*°"¢, is
any decrease in the bid price. For every wy*°"¢, we store the the bid size, ask size and spread

before the event (g”(wi°U¢), ¢®(wio*¢), s(wi°U¢)), and the discovered quantities Q:;Q’Disc and

a;y, Dzsc
b

Once the quantities (qb (wgrove), g*(wyrove), s(w’b"‘”’e)) collected, we estimate the empirical joint
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distribution of Q¥°* = (QU¥P¢, QU¥PI) .

N
. 1
g,Disc ~ o
P[Qb el x Ig] ~ N E lQ’_Lé,D’LSC,’LeIlXIQ
=1

Where QZ’DZSC"’ are N i.i.d random variables with the same ditribution as Qg’D”C.
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Résumé

Cette these propose des modeles
et des méthodes pour étudier le
contrble du risque dans de larges
systémes financiers. Nous propo-
sons dans une premiere partie une
approche structurelle : nous consi-
dérons un systeme financier repré-
senté comme un réseau d’institutions
connectées entre elles par des in-
teractions stratégiques sources de fi-
nancement mais également par des
interactions qui les exposent & un
risque de contagion de défaut. La
nouveauté de notre approche réside
dans le fait que ces deux types
d’interaction interfrent. Nous propo-
sons des nouvelles notions d’équi-
libre pour ces systémes et étudions
la connectivité optimale du réseau
et le risque systémique associé.
Dans une deuxieme partie, nous in-
troduisons des mesures de risque
systémique définies par des équa-
tions différentielles stochastiques ré-
trogrades dirigées par des opéra-
teurs a champ moyen et étudions des
problemes d’arrét optimal associés.
La derniére partie aborde des ques-
tions de liquidation optimale de por-
tefeuilles.

Mots Clés

Risque systémique, réseaux finan-
ciers, graphes aléatoires, contagion
de défauts, contréle optimal, EDSRs
a champs moyen avec sauts.

Abstract

This thesis presents models and me-
thodologies to understand the control
of systemic risk in large systems. We
propose two approaches. The first
one is structural : a financial system
is represented as a network of ins-
titutions. They have strategic inter-
actions as well as direct interactions
through linkages in a contagion pro-
cess. The novelty of our approach is
that these two types of interactions
are intertwined themselves and we
propose new notions of equilibria for
such games and analyze the syste-
mic risk emerging in equilibrium. The
second approach is a reduced form.
We model the dynamics of regula-
tory capital using a mean field opera-
tor : required capital depends on the
standalone risk but also on the evo-
lution of the capital of all other banks
in the system. In this model, requi-
red capital is a dynamic risk measure
and is represented as a the solution
of a mean-field BDSE with jumps.
We show a novel dual representa-
tion theorem. In the context of mean-
field BSDEs the representation gives
yield to a stochastic discount factor
and a worst-case probability mea-
sure that encompasses the overall
interactions in the system. We also
solve the optimal stopping problem of
dynamic risk measure by connecting
it to the solution of reflected mean-
field BSDE with jumps. Finally, We
provide a comprehensive model for
the order book dynamics and optimal
Market making strategy appeared in
liquidity risk problems.

Keywords

Systemic risk, financial networks,
random graphs, default contagion,
optimal control, BSDEs with jumps,
Mean field BSDEs.
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