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Abstract

In this paper, we address linear-quadratic-Gaussian (LQG) risk-sensitive mean field games (MFGs)
with common noise. In this framework agents are exposed to a common noise and aim to minimize
an exponential cost functional that reflects their risk sensitivity. We leverage the convex analysis
method to derive the optimal strategies of agents in the limit as the number of agents goes to
infinity. These strategies yield a Nash equilibrium for the limiting model.

The model is then applied to interbank markets, focusing on optimizing lending and borrowing
activities to assess systemic and individual bank risks when reserves drop below a critical threshold.
We employ Fokker-Planck equations and the first hitting time method to formulate the overall
probability of a bank or market default. We observe that the risk-averse behavior of agents
reduces the probability of individual defaults and systemic risk, enhancing the resilience of the
financial system. Adopting a similar approach based on stochastic Fokker-Planck equations, we
further expand our analysis to investigate the conditional probabilities of individual default under
specific trajectories of the common market shock.

Keywords: Risk-sensitivity, mean-field games, common noise, exponential utility, LQG systems,
interbank market, default probability, systemic risk, Fokker-Planck equation.

1. Introduction

1.1. Literature Review

In stochastic games, multiple agents search for maximizing the profit or minimizing the cost
while competing continuously with others. However, the complexity of the problem increases when
the number of agents is large. In fact, each agent’s stochastic optimal control problem becomes
mathematically intractable in this case. As a solution for this issue, for such large-population
games, mean field game (MFG) theory is used to approximate the solution to the high dimensional
optimization problem each agent faces. MFG theory was introduced in a series of works (Lasry
and Lions|, 2006a,b; Huang et al. |2006; Lions and Lasry, 2007; Huang et al., 2007)) in the early
21st century. In MFG games, when there is an infinite number of agents, a Nash equilibrium
is reached when one agent takes the best-response action to the environment where the mass
behavior of others is modelled by the mean field distribution (Huang et al., [2006]). Lions and
Lasry| (2007)) and Huang et al.| (2006) reduce the optimal control problem of a representative agent
to a set of coupled forward-backward partial differential equations, where the forward component is
the Fokker-Planck-Kolmogorov equation generating the mean field distribution and the backward
component is the Hamilton-Jacobi-Bellman equation generating the value function of the agent.
The authors subsequently discuss the existence and uniqueness of the solutions within this context.



When it comes to a finite number of agents, an approximate Nash equilibrium, called e-Nash
equilibrium, can be reached by employing the limiting strategies obtained. In other words, one
agent can profit at most by e by unilaterally deviating its strategy from others’ (Huang et al.,
20061, 2007)).

Linear quadratic Gaussian (LQG) MFGs involve agents with linear dynamics in its own state
and control action and the mean field as well as an additive noisemodelled by a Brownian motion.
In addition, the cost functional to optimize is a quadratic function of these processes (Huang et al.,
2007). For this type of MFGs, explicit solutions can be obtained which is very convenient in the
context of applications.

In the classical setup of MFGs, there are a large number of agents where each has an asymp-
totically negligible influence on the system as the number of agents grows to infinity. However,
in applications, there are usually a few agents which are not asymptotically negligible. Huang
(2010) considers LQG games with a major agent and a large number of minor agents to address
such situations in practice. The behavior (dynamics and cost functionals) of individually negligible
minor agents and the influential major agent contribute collectively to the mean field formation.
Nourian and Caines (2013)) presents nonlinear MFGs with a major agent and a large number of
minor agents. In this case, as the major agent’s state or control action induces random fluctua-
tion in the mean field distribution, the authors decompose the MFG problem into a non-standard
stochastic optimal control problem with random coefficient for a representative minor agent and a
stochastic coefficient McKean-Vlasov optimal control problem for the major agent. Other works in
this area include (Nguyen and Huangj, [2012; Carmona and Zhu, [2016; |Carmona and Wang, 2017,
2016}, |Sen and Caines| 2016; Firoozi and Caines, 2021} |Firoozi et al., 2022; Lasry and Lions, 2018;
Bensoussan et al., [2017; Moon and Basar| 2018; [Firoozi et al., [2020; Huang), 2021} [Firoozi, 2022]).

In the context of applications, it is natural to consider a common random shock to all agents,
especially when the game happens within the same environment for all agents. A common Brow-
nian motion may be added to the agent’s dynamics to model such shocks. (Carmona et al. (2014)
presents the MFGs where the agents’ dynamics include a common Brownian motion. The authors
prove the existence of a weak MFG solution under general assumptions. With additional convex-
ity assumptions, the existence of solutions is established without relaxed or externally randomized
controls. Moreover, under the monotonicity condition of Lasry and Lions (Lions and Lasry, 2007)),
the authors prove the existence and uniqueness of the solutions in a strong sense as the conse-
quences of their pathwise uniqueness. (Carmona and Delarue (2018]) develops the solutions for such
games and extend the subject to the games with major and minor players as well as the games of
timing. Caines et al. (2017) elaborates on two approaches to MFGs with common noise. The first
one is an extension of the master equation formulation to the MFG problems. The second one is
to treat the common noise as the dynamics of an uncontrolled major agent that embeds in each
agent’s dynamics.

When solving mean field games in the risk-neutral case, only the first moment of the integral
cost is included in the cost functional of the agent. On the contrary, in the risk-sensitive case,
an exponential function of integral cost is considered. In other words, all moments of the integral
cost, including the second moment which is a risk measure for the agent, are considered. Thus,
the risk-sensitive behavior of the agent is captured (Moon and Basar, 2017, 2019). Moon and
Bagar| (2017)) solves a multi-agent linear-quadratic game with the exponential cost functional. The
authors first solve a generic risk-sensitive optimal problem and then characterize an approximated
mass behavior effect on one agent via the fixed-point analysis of the mean field system. They show
that the approximated mass behavior is the best estimate of the actual one as the population size
goes to infinity. |Caines et al.| (2017)) mentions the use of dynamic programming for such problems



with exponential integral cost. In Moon and Basar| (2019) stochastic maximum principle is used to
address nonlinear risk-sensitive mean field games. The authors analyze the optimal control problem
under a fixed probability measure. Then, via Schauder’s theorem they obtain the conditions under
which a fixed-point solution exists to the consistency equation which equates the probability law
of the optimally controlled state of the representative agent to the fixed measure. [Tembine et al.
(2014) elaborates on the fact that the mean field value derived using this method coincides with the
value function from Hamilton-Jacobi-Bellman equation with an additional quadratic term under
appropriate regularity conditions.

MFGs have found diverse applications in mathematical finance. [Firoozi and Caines (2017);
Casgrain and Jaimungal (2020); Cardaliaguet and Lehalle| (2018); |Huang et al.| (2019) use MFGs
in a dynamic trading context where the goal of each agent is to maximize the expected wealth
and close the position at the end. The authors express the solution of the game explicitly in
terms of a deterministic fixed point problem and discuss e-Nash equilibrium when considering
a finite population. (Carmona and Delarue| (2017)) incorporates the mean field game of timing
into a bank runs’ context. The authors model the value of the deposits with dividends of agents
in relation to the moment at which the agents exit the game satisfactorily in continuous time.
Through a probabilistic approach, the fixed point for best responses is found using the Nash
equilibrium. |Carmona et al.| (2015a, 2018) uses LQG MFGs to model an inter-bank borrowing and
lending system in which each agent’s dynamic represents the log-monetary reserves of one bank. In
addition, the authors investigate the individual and systemic risk by defining a default threshold for
each bank. Then, the Nash equilibrium is established following the banks’ optimization of monetary
reserve adjustments. Other applications include equilibrium pricing in financial markets (Gomes
and Saude, 2020; [Shrivats et all [2022a; Féron et al., 2021; Fujii and Takahashi, 2022), portfolio
trading (Fu et al |2018)), financial market design (Shrivats et al.,|2022b)), and cryptocurrencies (Li
et al., |2019)). Specifically, we

1.2. Problem Description

This paper studies LQG MFGs with a common noise, where agents have an exponential cost to
capture risk sensitivity. The methodology developed is mainly inspired by [Firoozi et al.| (2020]) and
Liu et al.[(2023]), where the authors develop a convex analysis method to address, respectively, risk-
neutral and risk-sensitive LQG optimal control problems and then extend the analysis to MFGs
with major and minor agents. We leverage the convex analysis method to derive the best-response
strategies of risk-sensitive agents when exposed to a common noise. These strategies yield a Nash
equilibrium for the liming model when the number of agents goes to infinity.

Then, the model is used to investigate the impact of risk sensitivity on individual default and
systemic default probabilities in the context of an interbank market where individual banks seek
to pursue optimal strategies to reduce costs. For this purpose, first, risk-sensitivity is incorporated
in the market model introduced by |(Carmona et al.| (2015b) through an exponential cost functional.
Then, to calculate the default probability of an individual agent and of the system, Fokker-Planck
equations are formulated based on |Ding and Rangarajan| (2004) via the hitting time approach
for diffusion processes. Then, the equations are numerically solved and the impact of various
parameters, in particular risk-sensitivity, is examined. Finally, the default probabilities subject
to specific trajectories of the common shock in the market are examined through a stochastic
Fokker-Planck equation, drawing inspiration from |Carmona et al. (2015b). The conditional default
probability is numerically computed and the impact of distinct trajectories of the common noises
is investigated.

The contributions of the paper are summarized as follows:



e The paper uses convex analysis to address linear-quadratic-Gaussian (LQG) risk-sensitive
mean field games (MFGs) with common noise. More specifically, this model introduces
exponential cost and a common Brownian motion, shedding light on risk-sensitive behavior
in the context of MFGs, where all agents are influenced by a shared noise. Optimal feedback
control actions for agents leading to a Nash equilibrium are derived.

e Within the context of interbank transactions, the paper makes contributions by (i) introduc-
ing risk sensitivity, (ii) utilizing the Fokker-Planck equation to derive the total probabilities
of individual default as well as systemic default, and (iii) investigating the conditional prob-
ability of individual default under specific trajectories of the common shocks using stochastic
Fokker-Planck equation.

1.3. Paper Organization

The paper is organized as follows. Firstly, a model of Linear-Quadratic-Gaussian (LQG) risk-
sensitive mean field games is presented [2| which incorporates a common Brownian motion with
exponential cost. Next, optimal feedback control actions for agents leading to a Nash equilibrium
are derived for the infinite-population scenario, where the number of agents goes to infinity in
Section in [3} Then, the paper demonstrates the application of this model in an interbank market
in Section 5| In Section and Section [5.5] the probability of default for the agent and the system
is investigated by deriving corresponding Fokker-Planck equations and numerically solving them.
The impact of various parameters, in particular risk-sensitivity on these probabilities is examined
in Section A more thorough investigation is conducted to study the conditional probability
of individual default using numerical methods over the stochastic Fokker-Planck equation, focusing
on specific trajectories of common shock in Section [5.5.4]

2. Finite-Population Model

In this section we present a general model for linear-quadratic-Gaussian (LQG) risk-sensitive
mean field game (MFG) systems with a finite number of agents impacted by a common noise.

Consider a system consisting of N competitive dynamic agents. We assume that agents are
heterogeneous and belong to K distinct types, where each type is characterized by a specific set of
model parameters. The index set of agents is defined by 91 = {1,2,..., N}. Moreover, the index
set 7y, of type k,k € R ={1,2,..., K}, is defined as

Ik:{zﬁlze(k), ie‘ﬁ},

where 6; and %) € © denote, respectively, the model parameters of agent ¢ and type k, with ©
being the system parameter set. The cardinality |Zy| of the index set [ determines the number
of agents in type k, denoted by N, henceforth. The proportion of the agents that belong to type
k € R, is defined by 7T][€N = N& Thus, for the entire population, we obtain the vector of proportions

N
7N = [N RN R , which represents the empirical distribution of system parameters.
1 2 K Y

2.1. Dynamics

Agent i,7 € M, is governed by linear dynamics given by

dai = <A,€g;j5 + Fai™ + Bl + bk(t)) dt + odw; + oodw? (1)



where t € T := [0,T] and k € & We denote respectively zi € R" and u} € R™ as the state and
the control action of agent i at time t. We define w = {(w));ex, (W!)iex,7 € N} as a set of (N +1)
independent Brownian motions, where w! € R" denotes the idiosyncratic noise of agent 7 at time
t and wY € R” denotes a common noise that impacts the dynamics of all N agents at time ¢. The
latter models a random shock in the system. The coefficients A, € R™*", F}, € R"™", B, € R™*"™

ok, 00 € R™" and the function bi(t) € R™ are deterministic and known.

Moreover, va] € R" defines the average state of the entire population of agents at time ¢ and

is given by
n = Z . (2)

From , each agent in the system is impacted by the average state of the entire population.

2.2. Filtration and Control o-Fields

Let (Q,F,(F™)cs,P) be a filtered probability space, where €2 is the sample space, F' is
a o-algebra, (F}N])teg is a filtration, and P is a probability measure. We define the o-algebra
FM = o(w wi,0 < s < tiecMN). The admissible set of controls U’ of an agent i is the set of
continuous linear state feedback R™-valued control laws u} = u(t,z}),t € T, that are }"t[N]—adapted
such that E[fOT(ui)Tuidt] < o0, for T < .

Assumption 1. The initial states {x{,i € N}, defined on (Q, F, (]—"t[N})ter;, P), are identically dis-
tributed, mutually independent and also independent of w.

2.3. Cost Functional

Let S™*™ denote the set of symmetric matrices of dimension nxm, and let ||a||% = a" Ba denote
i1

the seminorm of vector a with respect to B > 0. Additionally, we define u™" :== (u°, ... u'~! w1 ...

to represent the control actions performed by agents other than agent 7.
The cost functional of agent ¢ to be minimized is given by

N’ ') =y log B [exp <7_ (9 zh, 7)) / fat ’u;)dt>)} @
k

N 1 i N
g" (@ xp) = 5l — Hyep! = il (4)

where

i Ny L L N i N i
FHatal ) = 5 {2 = Bl = nlh, + 21— Hal = 0TSl + dllh o 6)

with va € (0, 00) indicating the degree of risk aversion of the agent. In particular, as % increases,
the agent’s risk aversion intensifies. In the limit when % — 0, the cost functional reduces into a

risk-neutral form. The other parameters are Qg, Q. € S™", R, € S™™ H, € R, e € R™,
Sk € R™™ for all k € R.

The cost functional is defined as the expected value of an exponential function of the integral
cost, enabling it to capture all moments of the integral cost, including those that indicate risk. As
a result, the cost functional incorporates risk, making it a risk-sensitive cost.

For a representative agent, the optimization problem involves finding the optimal control u! that
minimizes the cost functional while taking into account the agent’s dynamics and its interactions
with all other agents modeled by the average state. However, as the number of agents N increases,



the complexity of this problem escalates, rendering it intractable. Mean Field Game (MFG) theory
provides a mathematically tractable approach to analyze such interactions among a large number of
agents. The MFG methodology involves finding the solution to the asymptotic game as the number
of agents approaches infinity. In this limiting case, the average state of the population, known as
the mean field, can be mathematically characterized. As each agent can compute the mean field,
the problem becomes significantly simplified and can be represented as a set of individual optimal
control problems linked together through the mean field. In the next section, we present the
optimization problem in the limiting case referred to as the infinite-population model.

3. Infinite-Population Model

In this section we present the infinite-population model, as N — oo, for the linear-quadratic-
Gaussian (LQG) risk-sensitive mean field games described in the preceding section. The model
consists of an infinite number of competitive dynamic agents that belong to K < oo distinct types,
each with a unique set of model parameters. Stated differently, we are considering the limiting
case where each type is comprised of an infinite population. The index set of agents is denoted by
N> ={1,2,...}.

Assumption 2. The empirical distribution of model parameters converges to a theoretical distri-
bution. In other words, there exists m, such that limpy_ W]EN} = limpy_ oo % =, for all k € R.
Thus, limy_o 7V = 7, where m = |11, ..., 7]

3.1. Dynamics

From the dynamics , we consider the limit case of the empirical average for an infinite
population case and acknowledge the convergence criterion imposed in Assumption 2, Then, agent
1,1 € M, in the infinite-population limit is governed by linear dynamics given by

dzy = (Agz) + F{Z + Byuj + by (t)) dt + odw, + oodw) (6)
where FT € R™E™ and 7, € RE". We define FF = 7 ® Fy, = [Fjm; Fpm ... Fymg]. In LQG case,
the mean field can be written as z] = [(z;)T ... (&{)T] which denotes the population mean field

at time ¢, where 7F € R" is defined as

1 )

_k . i

=1 — 7
€Ty

representing the mean field of type k at time ¢. The mean field dynamics is derived in Section [3.4]

All other continuous states and coefficients maintain their definitions from the finite population

model. The assumption on the starting states remains also the same but in the filtered probability

space defined in Section [3.2

3.2. Filtration

We define the filtration for agent i as (F})ies = o(w? wi,0 < s < t) for all i € N> and the
filtration for the mean field as (F?);ex == o(w?, 0 < s <t). The admissible set of controls U* for
an agent i is the set of continuous linear state feedback control laws u! = u(t,z!),t € €, that are

Fi-adapted R™-valued processes such that E| fOT(ui)Tuidt] < o0, for T < oo.



3.53. Cost Functional

The cost functional to be minimized is given by

Jo®(u') =y, log E [exp (% (gk(xiT,fT) + /0 ' fk(xi,ft,u;')dt)ﬂ (8)

where

i = 1 4 T =
9", o) = §HIT—HkIT—TIk||%k (9)
i~ 1 i = i = i i
fk(xt,xt, up) = ) {“It — Hpry — 77k||2)k + 2(wp — H %y — mp) " Spuy + ”UtH%{k} (10)

with HT € R™&" defined as Hf = 7 ® Hy, = [Hym Hymy ... Hymg]. The other parameters are
the same as the ones in the finite-population model.

Assumption 3. Q;, > 0, R, > 0, Q; — SkR;MST > 0.

Assumption (3| ensures the convexity of the cost functional with respect to z¢ and u}. By
completing the square, we obtain the following equality

i = 1 i - i - i i
SE(), Ty ug) = 3 {lle} — Hize — millg, + 2(x; — HEZy — i) " Skut + l|ugl| %, }
1 7 = 7 i i i T —
= 5{”1} - Hiz, — 77k||22k +2(wy — Hy %y — my) " Spuy — ||SE(x; — HE Ty — Wk)HR,;l
+ 1S5 (@, — HyZe — )l g + gz, §

1 - _
= 5{”1‘; - lerxt - nkHQQk—SkR,:lS,z

+ ||U2+R1;15k(95§_lerft—ﬂk)”?zk}- (11)

Consider g% (x5, Zr) and f*(z?, 7;, ul), we refer to|Jacobson| (1973) for the conditions in Assumption
that guarantee the convexity of the cost functional with respect of z! and u’.

Coeflicients Ay, FJ7, By, and oy, in the agent’s dynamics can be viewed as type-specific factors
with respect to the associated variable. The function bi(t) is an additional deterministic function
with the dynamics’ drift. The factor og is a multiplier to the common noise presented in the envi-
ronment in which all agents inhabit. There are numerous potential financial applications linked to
these variables. For instance, the state i can be interpreted as the portfolio value, market price of
inventory, or monetary reserves of a fund. The corresponding feedback control u! can be regarded
as the trade or transaction rate.

The cost functional that the agent wants to minimize can be viewed as a regulator’s imposition
or the agent’s preference or cost. In this model, parts of the cost functional include the distance of
the agent’s state to a factor of the mean field up to a constant 7. From equation , the impact
of the agent’s control action on the cost functional is also present.

A thorough interpretation of the parameters will be presented in application sections within
the interbank context.



3.4. Mean Field Dynamics

The mean field dynamics for the agents of the type k is derived from the definition provided in
equation @ An equivalent representation in the infinite-population limit can be written in the
conditional expectation form zF = E[z>*|F?], where z2" represents the state of a representative

agent of the type k (Carmona and Delarue, 2018)). The mean field dynamics is then derived as

dzy = (Apz} + F7 2, + Bruf + b(t)) dt + oodw; (12)
where if € R™ is defined by
af = lim 1 :
t Ny —yo0 Nk g te

If the limit exists, u¥ represents the control mean field of agents of type k € K.
Note that as Ny increases to infinity for all types of agent, by the strong Law of Large Numbers,

: 1 i
N%clinm A iezzk/dwt =0 (13)

or equivalently E[ [ dw}|F}] = 0.
Subsequently, the state mean field of the population Z; € RX™ can be represented as the vector
T = [(@)T ... (F)7] satisfying

dit = (ful-ft + éﬂt + mt)dt + ]-Knxnaodwl? (14>

where @, € R®™ represents the population control mean field @] = [(a})T ... (4)T]. The

associated coefficients A, € RE™En B c REnxEm ¢ RE"X1 and 1x,xn € RE™ ™ are defined
as in

Moreover, the matrix e, € R™ X" is defined as € = [0nxn, - Onxns Ins Onxcns -y Onxn), which has
the n x n identity matrix I, at the kth block.

4. Solutions to the Infinite-Population Model

4.1. Optimal Control Action

Consider the infinite-population LQG risk-sensitive MFG model with common noise presented
in Section [3] our objective is to determine the optimal control actions that achieve the best re-
sponse using convex analysis. To implement this approach, we adapt the definition of the Gateaux
derivative described in |Ekeland and Témam| (1999) and Allaire| (2007) to our specific problem. By
using this modified definition, we can identify the control action that leads to the vanishing of the
Gateaux derivative of the cost function. Then, given the exponential nature of the cost integral,
we use completion of squares and Girsanov’s theorem to change the measure and determine the
optimal control action.



Definition 1 (Gateaux Derivative). The cost functional J** defined on a neighbourhood of u* € U*
with values in R is Gateauz differentiable at u in the direction of w' € U* if there exists a Gateaus
differential DJ(u') such that

n o J Few’) = J(uh)
(DJ(u'),w") —ll_I}% ; : (16)
Theorem 1 (Gateaux Derivative Expanded). The Gdteaux derivative of the cost functional

in the infinite population case is given by

o B @t et ]
BT = T R e (G (17)

where

Gh(u) = 1 {gk(xZ Tr) + /T iz ui)dt} (18)
T - T 0 t)Fty Ut

t
hk(€7 ?L‘i, fuui) = M{,t (S;(:L‘é - lerft - 77k) + Rkufﬁ - Bl;r/ exp (AZ(S - t))
0
X (Qulal = HEZy = mp) + Syul)ds ) + Bl exp (—AJt) Mg, (19)
M, =E [exp (G7(u))|F] (20)

T
M, = E|exp <G;<u>>(exp (ATYQu(e — 1z =) + [ e (41
0

% (Qu(at = Hiz, = mi) + Sy ) ds) 7| (21)

Proof. To compute the Gateaux derivative, we start by deriving the agent’s state as the solution
to the stochastic differential equation (SDE) given by (). We perturb the control action of the
representative agent ¢ and analyze the impact of this perturbation on the agent’s state, the mean
field, and the cost functional. Finally, we use Definition [1| to derive the Gateaux derivative of
the agent’s cost functional. This approach allows us to effectively capture the impact of a small
perturbation on the agent’s overall performance and on the entire system.

Consider the transformation y; = exp (—Ayt)xi. Using Itd’s lemma we can show that y; satisfies

dy, = — Ay exp (—Agt)xldt + exp (—Axt) ([Akxf: + F7y + Brul + by (t)]dt
+ opdw; + oodwy). (22)
Integrating both sides of from 0 to ¢ and then multiplying by exp (Axt), we get

t t
xi = exp (Agt)xo + / exp (Ax(t — s))(F{Zs + Bkuf9 + br(s))ds + / exp (Ag(t — s))akdwz
0 0
t
+/ exp (A (t — 5))oodw?. (23)
0

Let 2 denote the solution to (6) subject to a perturbed control action u} + ew; in the direction
of w; € U'. From (23)), we can write

t
)¢ =i+ 6/ exp (Ax(t — s)) Bywids. (24)
0

9



Subsequently, the infinitesimal variation of :):i’E is given by
dzy = dzy + eBywydt + eAk/ exp (Ag(t — 8))Brw.ds. (25)
0

On the one hand, we observe that the perturbed mean field xt  because of the perturbed
control action of agent i in type k, if the limit exists, is defined by

_k,e i€
Ty _Nggloom ( Z o] + 2 ) . (26)

JELy,jFi

On the other hand, the mean field of other agents belonging to the other types is not perturbed.
Thus, we note that the population mean field 7y, if the limits exist, is defined by

g =@ .. @ . @], (27)

From , for the infinite-population model, the impact of the perturbed control action of agent
¢ on the population mean field is negligible. Hence, we conclude that z; = ;. '

The cost of the perturbed control action u! + ew! and the corresponding perturbed state zy¢ is
given by

4 . ‘ 1
Jo(u' + ew') = vy log E [exp (7— < (25, ) / FE (@, Ty, ul + erdt))] (28)
k

To simplify the notation, we can define

. 1 . T 4 .
Gr(u) = %(gk(atlT,i'T) —l—/o fH (@), Ty, up)dt). (29)

Let ®; = H[ % + ng. From (24)), we can write the perturbed integral cost as
T (' + ew') = 3, 1og E [exp(GY)] (30)
where

» 1
Gy = N xT , ) / fk xt afhut + ewt)dt)
k

i 1 i 7012 Lo A
=Gh+ Q_’YkHe/o exp (Ax(T'— s)) Brwids||5 + %(mT — Op)TQpe
T . 1 (T o1 ¢ .
X / exp (Ag(T — s))Brwids + — / {—||e/ exp (Ax(t — s)) Brwids|3,
0 e Jo 2 0

t

+ (2! — (I)t>T(Qk€/o exp (Ag(t — 5)) Brwids + Sk(ewZ)) + (e/ exp (Ag(t — s))

0

X Bwids)T Sy (uy + ewy) + §||ewz||%k + (ui)TRkewz}dt. (31)

10



By reordering the variables, we obtain
T

i ; € A 4 ; € ;
Gif =Gt (= 00 Qr [ exp(Au(T = s)) Bl + = [ {(af— 0"
Tk 0 Ve Jo

x (Qk /Ot exp (Ag(t — s))Brwids + Spw;) + (/Ot exp (Ag(t — s))

2 T
X Byw'ds)T Sl + (ug)TRkwg}dt + / exp (Ax(T — 8)) Byw'ds| %,
29" Jo k

62 T 1 t ) )
— = Ai(t — s))Brwid
# =[5 ] et - ) Bisiast,
! . 1,
+ (/ exp (Ax(t — s))Brw.ds)T Sxw; + §Hwﬂ\%k}dt (32)
0

According to Definition [ for the representative agent-i the Gateaux derivative is given as

o E Ghe
(DJZ’OO(UZ),wZ>:1imﬂlog [exp(G)|

e 8 E [oxp(Gh)] (33)

As the limit involves an indeterminate quotient, we can employ L’Hopital’s rule while applying
Talor expansion on exp(G7) to continue the analysis as in

, L 1 0 ; €, ~
DI (), ') = lim ve——————— 2R Lexp(G) [ 1 + = (2, — Bp)T
(D=0 6) = iy e 51 exp(G) (14 0 — 02770,

T ' ¢ (T _
< [ exp (T = s Bt + = [ {(al - 0r(@x
0 Tk Jo

t t
X / exp (Ag(t — s))Brwids + Spw}) + (/ exp (A(t — s))Byw'ds)T
0 0
X Spub + (ui)TRkwi}dt + 0(62))] . (34)
By linearity of the expectation, we have

DJ>>®(u'), w) = limy———— —
DT ) = I B explc) B¢

Blexp(Gh) + 8 exp(Gh) (- (ah — 007

T

x/oTexp(Ak(T—s))Bkwidst% O {(:L‘i—@t)T(Qk/Otexp(Ak(t—s))

t
X Bywlds + Spw;) + (/ exp (A (t — 5))Byw'ds)T Spul + (ui)TRkwi}dt>)
0

+ €’E (MO(&) :

€2

(35)
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Then, we can perform the derivative and obtain

(DT (), ) = lim yp—————
=0 " Elexp(G)

T T
X /0 exp (Ag(T — 8))Bpw'ds + %/0 {(Il?fg — @) (Qn

Vk

B (exp(Ci) (- (e~ 2170

t t

X / exp (Ag(t — s))Brwids + Spw}) + (/ exp (Ag(t — s))Byw'ds)T
0 0

X Syl + (ug)TRkwg}dt)) + 2K <%0(62))

+ 22 (MO(Q)) :

Oe €2

By performing the limit and simplifying the equation, we obtain

1,00 7 A 1
DT W) ) = optany

B (exp(Ci) (o ~ B0

t

X /OT exp (Ap(T — s))Brwids + /OT{(xi — @t)T(Qk/O exp (Ar(t — s))

t
X Bywlds + Spw;) + (/ exp (A(t — s))Byw'ds)T

0
x Sl + (ui)TRkwi}dt>)] : (37)

For clarity, we can transpose and manipulate the order of some matrix multiplications to get

1,00 (, @ 0 = !
<DJ (U )’w > - ]E[exp(G%(u))]E

exp(y ) ([ 7B e (41T )

x Ol — ®p) + /0 ' ((w;‘)ng(x;' — ) + (i) Rkug)dt
+ /0 T( /0 t(wg)TBg exp (AN(T — 5))dsQy(l — @)
) /Ot(wi)TB; exp (A (t — s))dsSk,ui> dt)] : (38)

As the function within the integral is continuous, by Fubini’s theorem and the change of order of
integrals (Strang, (1991)), the last term in the above equation can be written as

/OT ( /O t(wi)TB,I exp (AL(t — 5))dsQu(7] — ) + /0 t(wz)TB,I exp (AT (t — s>)dssku;'> dt

- / ey ( / " Bl oxp (ALt — 5))Qulr} — @)t + / " Blexp (ALt - s>>skuidt) ds. (39)
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From and , we can then change the integration variable for the second integral and factor
out (w!)T and substitute to get
1

(DI = g

exp(@ ) ([ {810t~ )+ Rua

+ B exp (AUT - ) Qu(a — Br) + [ (exp (AT - ) @ua} ~ @)

+exp (AL(T — s))sku;) dt} }ds)] . (40)
The inner integral within can be split in two terms as in
T
/ (exp (AL(t — 5))Qu(! — B¢) + exp (AL(t — 5))Syu) dt

T s
= / exp (AL(t — 5)) (Qu(z] — P¢) + Skuj) dt — / exp (AL (t — 5)) (Qu(x] — P¢) + Skuy) dt.
0 0
(41)
Thus, an equivalent expression for the Gateaux derivative is given by

R N 1
(DI = G

exp(@ ) [ sttt - 0+ R

+ BJ [— /S exp (AL(t — s)) (Qu(z) — ;) + Skuj) dt

0
+exp (—ALs) (exp (ALT)Qk(xZT — ®r)

+ /0 " exp (ATt) (Qelai — @) + Syarf) dt )| }ds>] . (42)

By taking exp (G%-(u)) inside the integral in and applying the tower rule based on the filtration
F!, the Gateaux derivative then can be written as
1

(DT = Fp @

+ B[~ /0 exp (ALt — ) (Qulal — @) + Syt )

T
/ <wz>T{Mf,s (810t = @) + R
0

+ exp (—AZS)M;S} }ds] (43)

where

M, =E [exp (Gp(w) [ 73] (44)

M, ,=E [exp (G (u)) (exp (AIT)Qx( — ®1) + /O exp (AJt)

x (Qu(z) — @) + Sku;‘;)dt) P] : (45)
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[]

Using the Gateaux derivative given in Theorem , we can determine the optimal action ui* that
minimizes the cost functional of the representative agent. A necessary condition for u;™ € U°
to be the optimal control action under P is

(DJ"(u"*),w") =0 Yw € U". (46)
If Assumption [3| holds, this condition is also a sufficient optimality condition for ui* Hence the
optimal control action under P is given by
M;,

t
MZ.’ - / (exp (ALs) (Qr(zl — ) + Spul™)) ds
1t Jo

ut = -R;! (B,z exp (—A[t)

+ ST (z) — <I>t>> (47)

Mi EP |:exp (G’%(u))(exp (ALT)Qk(xiT—QT)+fg exp (AZS) (Qk (:ci—@s)—kskui’*)ds)
2t

A
M, B [exp (G (u))| ] ‘ (48)
We observe that in its current form, the optimal control action is not practicable in the context
of applications. In particular, we are interested in a linear state feedback form for the optimal
control action as it is very convenient when it comes to implementing the optimal strategy. How-
ever, due to the nonlinearity introduced by the term in the optimal control action, it is not
obvious how such a linear form can be achieved at first glance. By inspecting we observe that
both the numerator and the denominator are involved with the exponential term exp (Gh(u)).
This fact suggests that a linear form for the optimal control action may be achievable through a
change of measure. To investigate this matter, the initial step involves determining whether or
not exp (G%(u)) may represent a Radon Nikodym derivative. If such a representation is possible,
we can transform from a quotient of martingales under the measure P to a martingale under
a new measure denoted by P. The subsequent step involves identifying the optimal control under
P, followed by applying the equivalent measure theorem to recover the optimal control under P.

4.2. Change of Measure

This section focuses on the derivation of the Radon-Nikodym exponent, which is needed to
transform into a martingale under a new probability measure, denoted by P. To achieve
this, we adopt a strategy of selecting a set of control coefficients. With the help of a judiciously
chosen variable and its cumulative change with respect to its infinitesimal difference, Gi-(u) can be
reduced to the desired form. The inspiration behind the introduced change of measure stems from
the financial realm, where we evaluate derivatives under the risk-neutral probability to simplify
complex pricing calculations. Specifically, we transition from the physical world to the risk-neutral
setting by quantifying the risk premium through the Radon-Nikodym exponent.

Theorem 2. Consider the LQG risk-sensitive system described by @, —, — and
suppose that Assumption @ holds. The variable Gi.(u) — ©¢ admits the representation

: I I
Giw) ~ 60 =~ [ In@WolPdt+ — [ uWoaw, (49
V& Jo Yk Jo
with ©y € R, u(t,W;) = ((X,)TH} + (CF)T)E* such that
_ [wi _ = e [ IF AP
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Ch = {Tf] , =h= { ok 70 (51)

k
Ft 0Kn><r lKnX'rLUO

with TIF € S™*n, AF € SEnxKn Ak ¢ RxKn vk ¢ R T% € RE™ if the following condition is
satisfied

T
1 1 1 1 i 1 i
C(u) :/ <_XIQkXt + —me X + — Qe + —X [ Spuy” — —nLSkuy
0 Yk Yk Yk

279 2
1 % % 1 y > JKA 7~ \/
—l—g(ut’ )T Ryuy +7((Xt)THf+(C’f)T){AkXtJerut’ —|—ﬁkut—|—Mt})dt
k k
1 T
- o )h tr(ofIFor) + of (I} + 2L, kn(AY)T + LuxknAfLkpxn ) 00)dt
1 [T N I oo
+ — XTdHX+—/ d(C TX+—/ A
2"}% 0 t t t ’Vk 0 ( t) t 27]9 0 t
1 /T )
o [ e WolPar =0 (52)
k

with @0, \I/f S R,

—O.HT
Qi = {_(H%m (Hg%k’;qg} Come= Qe nlQuH]). (53)
B Sk < | A Fr = | DB
7 OnXKm S bk(t) _ Ok 0o
ﬂk B [ B :| ’ Mt B [ mt :| 7 Ek N |:0Kn><r lKanUO:| . <55>

Moreover, there exists a probability measure P characterized by the Radon Nikodym variable fl—ﬁ =

exp (G5 (u) — ©y).

Proof. For the sake of clarity and organization, we will employ matrix notation instead of more
cumbersome scalar notation. For this purpose, we consider

_ 3732 ko Hf Af E Tf
X‘H Ht‘LAf)T At Or= |k (56)

where I1F € SV Ak ¢ SEnxEn Ak ¢ RrxKn vk ¢ Rr Tk ¢ RE? For our purpose, motivated by
Duncan| (2013)), we define the expression

1 1 1
O] = —XTH; X+ —(C})" X, + =—V} 57
tQ%ttt,yk(t)t2%t (57)
where UF € R, HF,CF, U} are deterministic. We have

T
/ dO, = O — 0. (58)
0
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Then we apply [t6’s lemma to obtain the infinitesimal variations of ©F as in

T T
/ O, = / —XTdH’“Xt+ XTH’det+ —d<XTHkX> +—d(CHTX,
0 o | 2% 2Ve Vi

% (C”“)TdXt - —d\;[/’“} (59)

By substituting in and taking all the terms to one side we have
— (01 — 6y)

T
+ / {27 X]dH; X, + —XTH’“dXt + —d<XTHkX> + Py—d(C"/’)TXt
0 k

1 1
+ —(CHTdX, + —duF 60
%( Xy 2, t} e
where . - ~ -
dX, = {AX, + Buuy™ + Bty + M}t + SrdW, (61)
with 4 0 (t)
< k FI? 5 Bk 5 nxKm \ bk 3
Ak B [OKnXKn A} 7 Bk B |:0Kn><m ’ lBk B B ’ Mt N mt <62>
k_ | Ok 0o _fwy
X = |:0Kn><r 1Knxn00:| ’ W.= [w?:| . (6?))

For the sake of clarity, we also write G%(u) in terms of X,
7 111 7 T+
Gh(u) = = |3l — HEar = i,
1, . . .
b [ 5] =z 20t~ HE 0TS+ i, b
0

1 1 1 1
:_XTQkXT+_77kXT+_77 ank+/ {Q—XIQkaL—??kXt
0 Vi Vi

2%
1 T T 0% L+ i Lo i T i
+ mﬁk@mk + %Xt Sruy” — %mSkUt + Q—%(Ut )T Ryuy™ pdt (64)
where R )
~ Q _Q HT R . R _
Qk = {_(HWI;TQ’C (Hg)lek’}{g v Tk = [_nIZQk n;Qka} (65)
Qk _QkH T Sk
Qk = —(HF)™Qx HT TQk HF yMe = [ n]IQk nlIQka} S = _(HMYTS, | (66)
k k
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Then, we add together both sides of and to get

, 1 A 1, 1 . ri
G%”(U) = Q—%X;QkXT + ,}TknkXT + Q_WUZank —Or+ 6y + / {Q_%XIQkXt
0

1 1 1 , 1 . 1 } A
FomX ot gl Qune XISy — S+ o ()R u”*}dt
,ykn t 2%771@ ETk O kUL ’Yknk kU 2%( ¢ ) kU

T 1 T T 1
+ / —XTHydX, + / —(CY)TdX, + / —d(XTH}X),
0 0o Tk 0 2%k

Vi
T 1 T T 1
+ / Q—WXTdeXtJr / %d(C’f)TXHL de\pk (67)
0 0 0

The idea is to reduce (67)) to the form
i e 2 e
Crlu) ~ €0 =~y [ e, W)t +— [ (e, W)aw, (68)
Tk Jo Yk Jo

From , set the terminal conditions 2—X QkXT + —nkX T+ 35 U;ank = Or, then we can
consider u(t W) = (X]H? + (C¥)T)Z* which belongs to the space of adapted stochastic processes
(Q, F, (F))es, P), especially to the space of square-integrable functions defined on the interval ¥.

Next, we add and subtract the following formula to (67))
e e k k k k k k
92 /0 |t Wy)||2dt = 92 /0 tr ((2 )T (HtXt +Ct) ((Xt>THt + (Ct>T) by )dt' (69)
2 2

Additionally, from @ and , we can further expand the quadratic variation term
d(XTH;X), = tr (o] Il}or + 0§ (I} 4 210y in(AY)T + LuxxnAfkcnxn) 00) di. (70)

Then, @ may be represented as

: 1 [ I
Gr(u) =00 + ((u) — 2—72/0 1, W) || dt + %/0 p(t, We)dW ,. (71)
K

T

1

C(u) —/ <—X Qr X + —ﬂkXt + —7] R Qrn + X Spuyt — —Uksku
0o \27 Vi Vi

1 ik 1 7% —x \
+ E(ut R (X)THE + (CHNAX -+ Braii” + By + M.} )di

+ /T|| (&, W) | 2dt + — /TXTdH’“X + 2 /Td(C’“)TX 4 /qufk
277 Jo T 2 Jo T e P 2 o !
T

1
+ o ), tr(offoxr + of (I} + 21k xn(AD)T + Lo kn AL gnsn) 00) dt. (72)
k

Finally, we obtain the following desired form for the change of measure
: I I
Giu) = €0 = ¢~ oz [ It W Pde+ [ u(e, Waw, (73)
V& Jo Yk Jo
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given that ((u) = 0 is satisfied. In other words, subject to this condition, we have

. 1 (7 1 /7
exp(Gp(u) — Bg) = exp (—2—7% /0 Hu(t,Wt)HQdH% /0 u(t,Wt)th) (74)

We refer to Duncan| (2013)) and |[Karatzas and Shreve| (1991)) for the fact that can define an
equivalent probability measure P, such that % = exp (G%(u) — ©) under the condition ((u) = 0.
The proof is complete. Thus, exp(G%(u)) is a martingale.

O
Mgi,t
Mi,
2l The quotient of two expectations will remain unchanged by being multiplied by a constant value
exp (—Bp) in the numerator and denominator leading to

Consider the quotient of martingales from equation (48]) and the constant Oy from Theorem

vl F leXp (Gir(u)~©0) (exp (ALT)Qx(ah—®7)+ ) exp (Azs)(w@<Ps>+Swi’*>ds) fé]
2t — . (75)

Mib t Ep[exp (G%(u)—@oﬂff]

Recall that from Theorem , we obtain a new measure P defined by

dP . 1 7 ) 1 (7
— = exp(Gp(u) — Op) = exp ——2/ [l W) dt+—/ pt,We)dw, |.  (76)
dP 27 Jo Yk Jo

Moreover, based on Kuo| (2006, Lemma 8.9.2), we obtain the following equality
M;j,

T =E
M7,

T
exp (ATT)Q (' — @) + / exp (ALs) (Qu(a — ) + Spui) ds
0

FZ] P-a.s. (77)

We remark that is a martingale under the measure P. For the sake of clarity and organization,
we define

~ N ~ . T . . .
Nf = B [oxp (ALT)Qul — 0r) + [ exp (418) (@ule — ) + S as| 7| (7)
0
Therefore, under P, transforms to
~ t . . .
urt = ~-R; ! [B,I exp (—A[t) [Mtl - / (exp (ALs)(Qr(zl — D) + Skué*))ds] + ST (zy — @t)} . (79)
0

Under P, the computed ' is an implicit function. Subsequently, in order to obtain an explicit u"*,
we investigate the existence of a linear feedback control representation under the new measure.

4.8. Linear Feedback Representation of Optimal Control

Using the Theorem , we can obtain an implicit control law as shown in equation (79). To
investigate the existence of linear feedback control under the new measure P, we introduce an
adjoint process, which allows us to transform the control function into a linear process. Specifically,
we can identify the control coefficients for the linear feedback control by equating the drift and
diffusion terms of the agent dynamics in equation @ under the control functions obtained using
the martingale representation theorem method, with the ones derived by applying It6’s lemma
directly to the dynamics under the new measure P. Interestingly, we observe that the control
coefficients coincide with the ones used in order to find the Radon-Nikodym exponent. This result
underscores the intimate link between these vital methods for analyzing and optimizing stochastic
processes.

18



Theorem 3. For the LQG risk-sensitive system descmbed by @ and . under the risk-neutral
measure ]P’ the optimal control action satisfying (79)) admits the linear state feedback representation

where

u™ = =R [(BIIF + SDay + (BIAY — STHE)Zy + BIY; — STy

a1t = {—nm — ATIIE — Qu + (I B, + SO Ry (BIIE: + S])

_’YLk |:Hk0'k0'ka + (1—11’5C + AflKnxn)O-Oo-g(H + ]-nXKn(A ) ):| }dt
Ik = Qy

dAF = {_HfF,;r — AFA, — ATAF + QuHT + (I By + Sp) Ry ' (BIAY — STHF)

—= {H’“a of AF + (1T} + AFLinxn) 0008 (Lux xn AF + A?)} }dt
Ap = _Qng

Ak = {—Hfbk(t) — Afmy — ALYE + Qi + (I By + Sy) Ry (BETE — Sik)

—% [HkakaTk + (¥ + A gepsen) 00y (YF + 1 gen T )] }dt
Tlfr = —lek-
ot = § -y Qu ot A0 2

+ ((AF)TBx — (HT)TSy) Ry ' (BIAY — STH])

— |:(Af)TO-kO-l£Az]€€ + ((AF)T + Aflgnxn)o00g (Af + lnXKnAzlf):| }dt
A} = —(Hf)TA}
dr'y = {—(H,’;)Tank — (E)TYE — (AD)Thi(t) — Afmy — (A,)TTY

+ ((Af)TBy — (HF)TSk) Ry (BT — Sink)

L [(AEYT oo T + (AR + AL iencn) ool (T + Locgealh)] }dt

Ly = —(Hp)™5
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;

AUk = {—n,Ika — 2(CEYThy(2) — 2(TF) Ty — tr (0] (TTF + 21,0 g (AF)T
s kn A g )00) — tr(of ¥ oy) + (TH) By — nfSk) Ry (BEYY — Sing)
— - [(CF)Torof Ty + ((T5)T + (CF) L) 0008 (TF + Loxaenl'})] }dt

WP = —ni X5

with

and for k € {1,2,..., K}

Ay = [Ay — ByR;N(BITIF + S7)] ex + Ff — BiR; (BJAF — STHT),

Furthermore, the diffusion terms satisfy the following equations

foy, = exp (—ALt) Z}
(TIF + AFlgpn) o0 = exp (—AJt) Z).

In addition, ul™ satisfies Condition under P.

Proof. Under P, we define the adjoint process (ph)tex where as

~ L t . . A
pi= e (=L 1 [ (oxp (A1) (Qule = @)+ Suk)) ds| - B
0

(87)

(92)

By the martingale representation theorem, there exists a Fj-adapted process (Z;)sex such that

N N t ) ) t
M} = M} + / Zldw' + / Z0di?.
0 0
Under ]13’, we adopt the following ansatz for the adjoint process
pi=TF2 + AFz, + TP Poas.,

where TIF € S™", AF € R™E" and T# € R" are deterministic functions of time.

We substitute in to get
uy* = —R; " [BI(IFxl + Afz, + TF) + S (7} — @,)]
= R, [(BIIF + S)al + (BIAY — STHT)@, + BIYF — Sine]  P-as.

Subsequently, the mean field of control actions is given by @} = [(@;)T ... (uf)T] where

af = —Ry' [(BIIF + S)ak + (BIAY — STHI)Z, + BIXF — Stn]  Poaus,
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We then substitute in , and apply Ito’s lemma to get
dpt = — { Alp} + Qu(x} — H{ Ty — i) + Skufr*} dt
+ exp (—ATt) Zidi? + exp (—ALt) Z0din? P-a.s. (97)
Next, we substitute in , which results in
apj = —{ AL {T1fa} + Abw+ TF} + Qu(al — HEz — my)
— SWRy! (BN + SD)ai + (BIAF — STHT)@, + BIYE - ST Jt
+ exp (—ATt) Zidi? + exp (—ALt) Z0dw?,  P-as. (98)
By reordering the terms, the above equation is expressed as
dp, = {— ATl — Qi + Sy R, (BITIf + S]) } widt
+ {—AJA} + QrH[ + SR, (BIAY — STHY) } Zydt
+ {—ALY} + Qe + SkR;, ' BIYY — SiR; STk} dt

+ exp (—ATt) Zidi? 4 exp (—ALt) Z0dw?,  P-as. (99)
Next, we apply 1t6’s lemma to to get
dpi = dlTFzi + TIFdat + dAF &, + ARdz, + dYF,  P-as. (100)

In order to obtain the dynamics that pi satisfies underAI@’, it is essential to derive both the agent’s
and the mean field dynamics under the new measure P. From Theorem , and by expanding the
term p(t,W;), the Wiener processes under P are given by

. . 1 .
di} =dw! — —of(IFz! + AFz, + TF)dt (101)
Yk
1 ) )
di) =duw? — —of (IFz! + AFZ, + 1 gen (AN T28 + 1L gon AF T + T8 4+ 1,0 5, ) dt (102)
Yk

Thus, under I@’, the dynamics @ and are, respectively, expressed as

4 . . 1 )
dzy = (Apzy + F{ T + Bruy™ + bi(t)) dt + oy, (dwz + W—UZ(Hfl't +AFz, + Tf)dt)
k

1 | -
+ 0 (dwg + —ol(IFa + NPTy + 1,y g0 (AF) T

Yk
4 Lux knAFZ, 4+ TF 4 lnxKan)dt> P-a.s., (103)
. 3y 1 .
dzy =(Azy + B} + my)dt + 1gnxn0o <dw? + W—U(T)(Hfl‘; + AFz,
k
4 Lo (AFYT2 4 L gen AR, + T+ lnxKan)dt> Poas. (104)

Now, we substitute the control action and the mean field of control actions in the above
agent and mean field dynamics under P to obtain

de; = [Ax — BuRy (BT} + ST)] aidt + [F{T — BuR ' (BIA} — STHY)] 2dt

1 ‘
+ [=BiR, ' [BIY) — Sine] + bi(t)] dt + oy, (dwg + 7—0,1((Hfﬁx§ +AFz, + Tf)dt)
k

1 . .
+ 09 (duv? + 7—05 (TTF2! + AFZ, 4 Lo (A28 4 1, ien AR T, + TF 4 lnxKan)dt) (105)
k
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and
dii‘t :(f_lt:it + mt)dt

) 1 ; _ i
+ 1k xn0o <dw,? + —ag(foi + Afxt + lnxKn(Af)Txt

Tk
where B
Ay my
At — c IRKnXKn7 mt —_ c RKnXl’ (107>
AK mg
and for k € {1,2,..., K}
Ay =[Ay — BpR (B + ST)] e + F — ByR, ' (BJA} — STHT), (108)
my, =by, + By R}, 'SIn,. — By R, ' BT} (109)

Finally, we substitute the derived agent dynamics and mean field dynamics under P in (100) to
obtain the dynamics that p! satisfies as

dp}, =d1tfe + {11 A — TIEBR (BT + 5])
+ % [ oo I+ (I1F + AF ) 0008 (T + Lo e (AF)T)] }x;‘dt
+ dAFE, + {HfF,j ~I*BRN(BIAF — STHT) + AFA,
+ % [T opoTAF + (ITF + AfLocn) 0008 (L sen AF -+ AF)] favclt
Fdrk 4 {—HkaRng,ng + TP B R STy + IFb, () + Abrm,
+ % [T 00T TF + (I + AL )00 (Y5 + 1 e IF)] }dt
+ M opdi? 4 (TTF + AF gpn)o0dd?,  P-aus. (110)

Since the two SDEs and (110)) that p! satisfies must align for every sample path of the Wiener
processes, it is necessary for both the drift coefficients and the diffusion coefficients to be identical.
Equating the drift coefficients of and ((110)), we have

)
dITk = {_ank — AIIIF — Qp, + (I By, + Sp) Ry, (BHIE + ST)

) (111)
D

\ Hljcﬂ:QAk

0w + (1 + AfLicpen 0] I + Lo (A7) }dt
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dAF = {_Hf FF — AFA, — ATAF + QuHF + (IIE By + Sy,) Ry (BJAF — STHT)
—,Yik [Hfaka,y\f + (I1F 4+ Aflgnxn) 0000 (Lnxxn AF + Af)} }dt

Ab = —QHf

Tk = {_Hfbk(t) — AFmy — AJYE + Qunye + (I By + Sp) Ry (BIYF — ST)

[ Th = —Qum.

By equating the diffusion coefficients of and ((110]), we obtain

{HfakUZTf + (117 + AfLknn) o00g (Y7 + lnxKnFi“)} }dt

IIfo, = exp (—Ajt) Z,
(TIF + AFlgpn) o0 = exp (= ATt) Z).

(112)

(113)

(114)
(115)

Now, our focus turns to characterizing AF, T and ¥¥. For the change of measure to be valid, and
consequently, the obtained equations (111)—(113]) to hold, it is essential to satisfy the condition
(52). To do so, we substitute the control action , the mean field of control actions , and

equations (T11)—(T13) into condition (52) under P, resulting in

1 1 1 1
u) = —(Z)"(H)"QrH T + —n QuH] Ty + —nf + —(Z)T((H)TS
C(u) /0 (2%( ) T(HE )T Qr Hy Ty %nka kLt 2%77ka771€ 2%[< )T ((HE )T Sk
— (AD)TBy) — (Y§)" By + () TS| By ' [(BIAY — SEHT)@, + BTy — Shg]
1 — _
[ @OTFDTAE + AFAz -+ (YETFT + (TE)T A0 + ()7 (A be(1)
1
ETARm OO + (T + 5 ()T (ATorof A + (A1)
k
1
+ Al ) 000G (AF + LosenAF) )70 + Wtr((Ek)THth(Cf)TEk
k
1 T
+ (BCHXTHIT! + (B)CHCHTE )dt + o [ tr(o]TIfoy
Yk Jo
1 T
+ 0'8 (Hf + 21nXKn<Af)T + lnXKnAflKan)O'g) dt + 2— (a_zt)TdAfa_:t
Tk Jo
+ e T(dF’“)Ti 4+ depk =0, Pas
Y Jo v 2% Jo ' ’ -

(116)

To satisfy the above condition, we further impose the following constraints on the coefficients of
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the control action:
(

dA; = § —(HE)TQRHT + AFA + ATAT = 2(F)TAY
< + (M) Bk — (HT)"Sk) Ry (BIAY — STHY) (117)
_% [(Af)Taka,:Af + (AT + AFl e, ) 00 (AF + lnxKnAf)} }dt
| AF = —(H[)TA}

dr't = § —(HE) Qi — (FF)TYF — (Af)Thi(t) — Afime — (A;)TTF
+ ((A)TBr — (HE)"Se) By (BIYE — S (118)
-1 [(Af)TJkU;Tf + (AD)T + Afl gnxn) 000 (17 + lnxKan)} }dt

| Th=—(H)™%
;

AU = {_n;ka — 2(Y))Thi(t) — 2(0F)Tmy — tr(od (115 + 21,5 gen (AF)T
HluxknAflicnxn)o0) — tr(of o) + (TF) By — i Sk) Ry (BT} — Stk (119)
AR P FR I

| U= Th
O

We have derived the optimal control under P. Now, we investigate its relationship with the
optimal control action under the original measure P.

Theorem 4. Under the risk-sensitive measure P, the optimal control action for the LQG risk-
sensitive system, described by @f, admits the linear state feedback representation

uy" = =R (Bl + ST)at + (BIAY — STHE)T, + BIYy — Simi] | (120)
where I1}, A}, and Y} are characterized by (81)~(86) given in Theorem @
Proof. Consider the sample space €2. Then, u;* admits the representation
uyt = — R [(BINF + Sl + (BIAY — STH?)Z, + BYYF — Stm],  P-as. (121)
if and only if
P ({vluy"(v) # =R [(BIIL} + S))zy(v) + (BIAY — STH)#(v) + BIYE — ST }) =0, (122)

A

where v € () represents a state of the world. By Girsanov theorem, P is a measure equivalent to
P. Thus, by the equivalence of measure, (122)) implies that

P ({vluy"(v) # —R.* (B + SD(v) + (BIAY — STHT)ae(v) + BIYY — STne] }) = 0. (123)

Thus, under P, the optimal control action admits the representation ([120) with the respective
control coefficients. In other words, (120 makes the Gateaux derivative zero. Therefore, it is
the optimal control action that minimizes the cost functional given the dynamics of the system

®) 0
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4.4. Nash Equilibrium

Definition 2 (Nash Equilibrium). A set of strategies {u,i =1,2,...} € U x -+ x UN achieves
the Nash equilibrium for all N plays given the cost functional J* for each if for every agent i € N
with any admissible strateqy v € U°

Jit, ook ) < T e L uY). (124)

In other words, in the Nash equilibrium, no agent will be better off, specifically in this case,
with a smaller cost, if it unilaterally deviates from the strategies established by the equilibrium.

Theorem 5. Consider the optimal control obtained in Theorem |4 for LQG risk-sensitive
system. For the infinite-population model given the system described by the dynamics @ and the
cost functional , the set of the optimal controls {u**,i = 1,2,...} for agents yields a Nash
equilibrium.

Proof. Considering that all agents adhere to the optimal strategies outlined in Theorem [ we
can establish the validity of the theorem statement. In situations where an individual agent @
chooses to diverge from the set of strategies unilaterally, the influence on the mean field will be
insignificant. Consequently, on the one hand, this prompts the remaining agents to execute the
original control, with the aim of minimizing the cost functional. On the other hand, as the mean
field state is unchanged, by Theorem {4} the optimal control of the agent ¢ in question remains to
be u**. Therefore, any deviation of the agent i from this optimal control u** will not lead to a
cost reduction. O

In this work, our focus is on the infinite-population scenario. The connection between the
obtained Nash equilibrium strategies and the original finite-population system may be established
by following along the lines of proof in (Liu et al., [2023)). More specifically, it can be shown that
these strategies yield an approximate Nash (e-Nash) equilibrium for the finite-population system.

5. Application: An Interbank Market Model

In the context of the interbank market, we undertake a study utilizing the LQG risk-sensitive
model introduced in Section (3| Our objective is to acquire a deeper understanding of the dynamics
involved in interbank lending and borrowing. In this context, agents represent banks and their
state represents the logarithmic monetary reserve (log-reserve) of the bank. A representative bank,
driven by its financial requirements in different periods, engages in lending activities by purchasing
bonds from the central bank and lending to other banks, or engages in borrowing activities with
the central bank and other banks, all while striving to minimize operational costs. Within the
same framework, the mean field state is illustrated by the limiting average of the log-reserves held
by all banks participating in the market. Subsequently, we will henceforth denote this mean field
state as the market state. In this section, we introduce a simplified version of the model to give
an example. However, the general model can also be used similarly when there is a demand.

We consider log-reserves of banks and of the market and their control action to be scalars and
reduce the dimension of the matrices by setting K = r = 1. Consequently, the market exclusively
comprises homogeneous banks sharing the same model parameters each subject to an idiosyncratic
shock and a common noise. The common noise in each case can be viewed as the common impact
of the market environment at a macro level on the banks. In this setting, the banks are correlated
due to being impacted by the common noise as presented in Section In addition, although
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independent of each other, the idiosyncratic and the common shocks will affect the banks by the
same factor p. Consequently, the interplay between these shocks has a combined effect on the
log-reserve of an individual bank and the market.

In this section, we begin by presenting an optimization problem in the context of interbank
transactions. We consider first the model parameters, presented in Section [2| and [3| as in Table
[l As we are in a homogeneous setting, we consider the same o as part of the multiplier for
both individual and market shock. Then, we provide an interpretation for each parameter based

General model Ak Fk Bk Hk Nk Qk Qk Sk Rk 0o Ot
Interbank market model | —a | a | 1 1 10| ¢ q | |1 |op U\/ 1—p?

Table 1: Model parameters in the interbank market model.

on |Carmona et al| (2015b) and Chang et al| (2023)). Next, we introduce the solution to the
problem based on the theorems presented in Section [, We solve the system of control coefficients
numerically and provide an analytical solution for a simpler case. Subsequently, we define the total
and conditional default probability and proceed to address it utilizing respectively the classical and
stochastic Fokker-Planck equations, drawing inspirations from Ding and Rangarajan (2004) and
Carmona et al.| (2015b)), by considering the first hitting time of the market and agent state falling
below a default threshold. Next, we employ the forward explicit finite differences method to tackle
the probability of default concerning both the individual bank and the entire market. Then, we
examine the influence of parameter variations on the probabilities of default. Notably, we consider
the effects of the common factor p, risk-sensitivity, and liquidity parameters on the reserve of
the bank and of the market at equilibrium. In the end, a comprehensive analysis of the bank’s
conditional probability of default will follow, considering the presence of two distinct trajectories
of common noise.

The terminology employed in this section pertains to interbank transactions. Specifically, the
concepts of lending and borrowing from the central bank correspond to the acquisition and sale,
respectively, of government-issued bonds. Moreover, the transaction rate denotes the controlled
measures that a bank undertakes in this process to effectively manage reserve prerequisites, enhance
liquidity, and fulfill regulatory mandates.

Remark that despite our efforts to obtain data for parameter calibration, we were unable to
access the necessary information due to the confidentiality protocols regarding monetary reserves
held by various institutions. Consequently, we will assign values to parameters inspired from
Carmona et al.| (2015b) in the application sections.

5.1. Finite-Population Model

5.1.1. Dynamics
On the probability space (€2, F, (.E[N])teg, P), for bank 7,7 € 9, the finite population dynamics
is given as

drl = {a(@M — 20) + ul + b(t) Yt + o\/1 — p2dwi + opdu? (125)

where t € €. We denote the variable 2! € R as the log-reserve of the bank at the time ¢. The
transaction rate u € R represents the money that the bank lends to or borrows from the central
bank during the market activity at each time ¢. As in the general model, the market shock is
characterized by w? € R which is independent of the shock received by the bank w! € R through
t € T.The average log-reserve of all the banks in the market at the time ¢ represents the market
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state and is captured by xLN} € R with dynamics

N :
o™ = (™ 4 b))t + VS dwf -+ opdu (120
i€L
v _ 1 Sl Wl = izui_ (127)
PON&Tr T T N
icT €L

In addition, the parameter a € R is the mean reversion rate of the bank’s reserve towards the
market state. The liquidity of the bank before market activity at each time ¢ is represented by
b(t). The volatility of the log-reserve of the bank with respect to its own local shock (underlying
uncertainty source) is denoted by op € R. The volatility of the log-reserve with respect to the global
shock that affects the market (i.e. the macroeconomic factors), is characterized by o4/1 — p? € R.
As can be seen from above equation, an instantaneous coefficient 0 < p < 1 is a common multiplier
factor for the shock delivered by the bank itself and by the environment.

In addition, the equivalent assumptions and o-fields as for the general model in Section [2| are
considered.

5.1.2. Cost Functional
The operational cost of a representative bank to be minimized is modeled by the functional

| 1 ’ T ) )
TN — 2 log {eXp <;(g(I1T,x[1{V]) + / f(xZ,xENLu;)dt))} (128)
0

where )
9wy, 1) = S op = o) (129)
) ) 1 ) ) ) .
fat 2l ) = 2 { @ =) — 20l - aeul + (uf)?] (130)

with ¢, ¢, £ € R.
The costs specified for the bank are composed of the terminal g(z%., a;[TN }) and running f(z, xEN], ul)
costs. The degree of risk-sensitivity for bank-i is represented by % € (0,00) and models a risk-

averse behaviour. Specifically, the larger %, the more risk-averse is the bank. In the limit, where

% — 0, the cost functional reduces to a risk-neutral one. The terminal cost consists of only a

quadratic term associated with the risk undertaken in connection with the market state at the
time T'. There are three running cost components associated with the state of the bank and the
market state as well as the control action at time ¢. When the log-reserve of the bank significantly

differs from the market state, the penalty for deviation is conveyed through the quadratic cost

(:U,EN] — z1)?q. The bank’s incentive to borrow from or lend to the central bank in relation to the

market state is modeled by —Q(x,EN] — z!)éul. Remark that £ > 0 represents the bank’s borrowing
or lending fees for the adjustments in the monetary reserve, guided by the control u!. In other
words, if 2V > 2, the bank wishes to have ui > 0 (i.e. borrowing money). Then, the borrowing

cost will be added to the running cost (i.e. —2(zi™ — zi)¢ul > 0). If 21" < 2%, the bank wishes to
have ui < 0 (i.e. lending money). Subsequently, the gain from lending will be deduced from the
running cost (i.e. —2( EN] — 28)¢ul < 0). The transaction cost or market friction is modeled by

the quadratic term (u!)?.

In short, through the trading horizon ¥, a representative bank wants to minimize its expected
cost ((128]) while being risk-averse and its log-reserve is governed by ([125)).
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5.2. Infinite-Population Model

5.2.1. Dynamics
In the infinite population limit, where N — oo (see Section , the log-reserve of the bank
1 € N at the time ¢ satisfies

dzt = {a(z; — x}) + ul + b(t)}dt + o/ 1 — p2dw] + opdw} (131)
where the mean field, z7; = limy_,o % ZiGI a:i, represents the limiting market state satisfying
dz; = (i + b(t))dt + opdw) (132)

with
io= Jm 1>l (133)
1€l

From this point forward, we will refer the state z; as the market state. Other coefficients and
variables are the same as the ones defined in Section (.11l

Remark that for two banks in the market, bank-i and bank-j with 7, 7 € 91 such that i # j. As
the Brownian motions w!, w] and w? are independent of each other but the bank states zi and z7
are influenced by the same common noise w?, corr(xz?, z]) = (op)2. In other words, the banks are
correlated. In addition, for any bank-i, i € M, corr(zi, ;) = (op)>.

The same assumptions and o-fields as for the general model in Section [3|in dimension-reduced
form are considered.

5.2.2. Cost Functional

The operational cost of a representative bank that needs to be minimized is structured using
the identical parameters and variables as described in[5.1.2} The only alteration is the substitution
of the state xtN} with the market one Z; to account for the scenario involving an infinite population
of small banks. This cost is represented by the functional

4 1, v
Jv zylogE{exp<§(g(xT,xT)+/0 f(x,mt,ut)dt)>} (134)

where {
(e, 7r) = 5 (o — ) (135)
P = L, i - iNe, i i
[, 2y, uy) = B {(xt - It)Qq — 27y — xy)&uy + (Ut>2} . (136)

In order to ensure the convexity of the cost functional, we impose the equivalent conditions as
in Assumption [3] i.e.
§>0, q—¢2>0. (137)

5.3. Optimal Transaction Rate for Infinite- Population Model

From Theorem {4 and the model described by (125)), (132) and ((134)), the optimal transaction
rates {u**,i = 1,2,...} for individual banks achieving a Nash equilibrium are characterized by

upt == [+ &z + (A — T+ Ty, ieN (138)
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where

\

att, = { (1= 2) 1 + (20 +2¢ — 2(op)*As) I,
—Lop)P (A2 + € — g}t

HT = (j

ahy = {(1 = Lop)A7 + (o + 20, + € = 10, — L(op)A, ) Ay
—(€+at HopPA)T, + g - ¢ }dt

Ar =

AT = {(Th+ A +a+€ = 2T, = Lop)?A) Tu = (Hop)Te + )T,
~(L{p)PTy + bO)A, bt

Tr =0

dA, = {—%(Up)QAf = 2 + Ay + H(op) M)A+ (1= TN
~2(E+ @)y — g+ €t

Ap=—Ag

ary = { (T + A = 2(ep) (A + 80 Ty + (T4 = b(t) = ZT0) A,
+<_g A+ A — %(o—p)mt)n - b(t)At}dt

Ty =0

aw, = { (1= 2) T2 = Lop)’T? — 0*I, — 2(0p)A,
42 (rt ~ Lop)T — b(t)> T, — (0p)?Ay — 2b(t)Ft}dt

Wy =0.

The resulting market transaction rate @; in the infinite-population model is given by

Consequently, the following dynamics for individual banks and the market state emerge

uy = — [(II; + &)z + (A — 7 + T

drt ={(a — N+ &) T — (a+ T + &)zt — Ty + b(t) }dt + o+/1 — p2dw! + opdw?

where

dz; = (Ayzy + my)dt + opdw?

At - _Ht - At
mt = b(t) - Tt-

(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

(147)

(148)
(149)

We provide an example of a simplified optimization problem and provide analytically the op-
timal transaction rate of the bank and of the market.
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5.8.1. Analytical Solutions for a Specific Scenario

It is interesting to explore the analytical solution to a special case of the model under consid-
eration. We will give an example there. Consider the question with parameters of value 1 except
a = 10 and we are interested in the analytical solution of the optimal transaction rate of the bank
and of the market.

Consider the dynamics of the bank as

dr) = {10(z; — z}) + u} + 1}dt + dw} (150)
dz, = (t; + 1)dt + dw) (151)

where ) .
ztzﬁgx;el& atzﬁgu;el& (152)

Moreover, consider the cost functional is given by

T
lim J*™ =logE {exp <(g(xiT,iT) +/ f(xi,ft,ui)dt)>} (153)
N—o00 0

where .
g(ah, Tr) = §(fT — z7)’ (154)

f(l‘iajt’ ut =5 { - xt (mt - :L‘;)ui + (ui)Q} : (155)

Proposition 6. The optimal control of the LQG risk-sensitive system with the dynamics (150))
and the cost functional (153|) is given by

v 22 exp (22t) _ ;
= (1 " exp (22t) — 23exp (22)) (2 —2). (156)

Proof. Considering the optimal control of the bank based on the equation (138]) with defined
parameters, namely

uyt = — [(M + )7t + (A, — D)7 + Y] - (157)

Based on the Section [4] and the parameters defined in this specific case, for the system of ordinary
differential equations (ODES) for control coefficients II;, Ay, Ty, Ay, Ty and ¥, we can see that
Ht = _At leading

dIl; = —dA; = 2211, + I12dt
' ! e (158)
HT = _AT =1.
By solving this ODE,
=22 22 22t
_CRep@a+2) g (159)
exp (22¢1 +22t) — 1’
We can then solve ¢; by considering the terminal condition
—22 22 22T
exp (221 + 227) _ (160)

T exp (220, +22T) — 1
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We obtain

"7 exp (;22152) eﬁfﬁﬁ (22)° (161)
For Ty,
{ A, = 117, dt (162)
Yr=0.
However, when solving the above ODE, we obtain
T, =coexp (11t), c; € R (163)
which at terminal time, 7', is equal to
Tr =cyexp (117T) = 0. (164)
Thus, co =0 and YT; = 0.
As a result, the optimal control is
ur* = (I, + 1) (2, — )
- (1 " exp (2222155}?2(5121@ (22)) (7 = 2t). (165)
O

The rest of the paper delves into the analysis of the likelihood of default concerning both the
bank’s and the market’s log-reserve in the equilibrium which we refer thereby as the individual
and systemic defaults. The interdependence of the banks is articulated in the Section [5.2.1] The
correlation between banks imposes a risk to the entire market, identified as the systemic risk.
Namely, the systemic risk refers to the probability of the market default given such relationship
between banks. This scrutiny is supplemented by analyzing the effects of various model parameters
on the default probability. Additionally, the influence of particular trajectories of common noise
on default is showcased.

5.4. Individual Default and Systemic Risk

In this section, we investigate the default probability of a representative bank i € 91 and the
systemic risk. We first define these notions by the likelihood of the respective states dipping below
a specific threshold based on |Carmona et al.| (2015b). We first derive the Fokker-Planck equation
that the respective probability density function satisfies in each case based on |E et al.| (2019)) and
Carmona et al.| (2015b). Then, to compute the default probabilities, we use the analysis of first
hitting time and the obtained Fokker-Planck equations. We refer to Ding and Rangarajan| (2004)
for the calculation of the default probability of a general diffusion process using this method.
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5.4.1. Definition of Default Probability and First Hitting Time

The default event can be interpreted as an occurrence wherein either the market or the agent
fails to fulfill the minimum reserve requirements stipulated by the regulator or the conditions
necessary to sustain the functionality of daily operations. As|Carmona et al.| (2015b)), we consider
the same constant default threshold for both the market and the agent. In this context, the market
default can also be seen as the default of a representative bank that holds the limiting average of
the log-reserves of all banks.

We define the probability of a systemic default event as the likelihood of the minimum market
state, governed by the dynamics described in equation , falling below the default threshold 6
over the time horizon ¥ as

]P(orgntlgnT T < 0). (166)
We define the probability of the default event of bank-i as the likelihood of the bank’s log-reserve,
governed by the dynamics described in equation , falling below the default threshold 6 over
the time horizon ¥ as

]P(orgntlgnT zy < 0). (167)
We define the conditional probability of the default event of bank-i as the likelihood of the bank’s
log-reserve, governed by the dynamics described in equation (146)), falling below the default thresh-
old @ over the time horizon T given (F?)ies as

o 0

P(oglgn:ﬁxt < O|F)). (168)

In this scenario, we will conduct an in-depth analysis of the individual default probability while

considering a specific trajectory of common noise. This probability provides a clearer insight into
the default event of bank-: within the context of observed market shocks.

Over the time horizon ¥, the event that the minimum of the set of states governed by the

corresponding dynamics falls below the threshold 6 is equivalent to the first hitting time of the

state when it reaches the predefined threshold 6 (Ding and Rangarajan, 2004). Let us define the

first hitting time for bank-i as ¢}, := min,;_gt. Then, we have
in o <) =P(t: <T).
P(oglgnT r, <0)=Pt:<T) (169)

* .
z -

Similarly, we define the first hitting time for the mean-field as ¢
probability for the systemic event is then given by

ming,—pt. The equivalent

n r, < = <L .
IP(ogltlgnT 2. <0)=P(; <T) (170)
The conditional default probability of a representative bank given (F?);es is equvalently expressed
as in

P(Ogngxt < 0|F7) IP(%; < T|Fp). (171)

5.4.2. Fokker-Planck Equation for Systemic Risk
The probability of market default is considered first, and then a similar approach is applied to
analyze the probability of default for the individual bank. The analysis begins by investigating
through the time horizon ¥ the event of the minimum market state reaching a certain value at a
specific time to determine the probability of the first hitting time. If the minimum market state
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reaches the predetermined threshold, the default event occurs. The probability of the default may
be computed from the survival probability density function p(z,¢) which captures the event in
which the market default is not occurred through out the time horizon ¥. In order to find p(z,t),
as T; is stochastic we employ the Fokker-Planck method based on [Ding and Rangarajan (2004]),
where this method is used to calculate the probability of default of a diffusion process.

We solve first the Fokker-Planck partial differential equation (PDE) with respective boundaries
for the probability of the systemic survival described as

PO — D (A +of0) — Y@, 1) + D THED
42 - 0 (00)* *9(2.1)
0 IR SRTORS AN R/ Vi1 S

We consider the absorbing boundaries allowing p(Z,t) to vanish if it breaks the threshold.
Moreover, we impose P(z = oo) = 0 almost surely. In addition, we define the boundary condition
at initial time ¢ = 0 according to a standard normal distribution, denoted as N'(0,1). Hence, the
boundaries are

p(0,t) =0, (oo, t) =0, p(Z,0) ~ N(0,1) with T € (0, 00). (173)

It should be noted that the existence of the probability density function p(Z;,t) assumes that
the market state does not break the threshold at time ¢. Therefore, the probability of the event
that the first hitting time is beyond T" can be determined by integrating p(z;, T') over all possible
Z within the boundary of existence. Hence,

Pt > T) = / " o, T)d. (174)

Hence, the probability of the event that the first hitting time is within the time interval ¥ is
given by

Pt:<T)=1- /oop(x,T)d:E. (175)

5.4.3. Fokker-Planck Equation for Individual Default Probability

The probability of default of a representative bank can be solved in a similar way. We consider
the event of the bank’s state reaching a certain value at a specific time to determine the probability
of the first hitting time. To keep notation concise, we adopt a matrix representation. The joint

dynamics of bank 7, (146[)-(147)), and the market state (147)) is given by

dXi = {”1} + SdW (176)
Vo
where - ¢ A ¢ . bty T
v —II, —a — -\ +a+ x t) -7,
o R e [ g e o
_|ov(=p*)  op i |w
R a9

The analysis begins by examining the joint state of bank-i and the market, denoted by X*,
reaching a certain set of values at a specific time to determine the probability of the first hitting
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time. The distribution of this state is described by the survival probability density function p(X*,t)
satisfying the Fokker-Planck equation

op(X',t)  Ouip(X',t)  Ouap(X',1)
or oo 07
1 282p(Xi,t) 2 282p(Xi,t) 2 282P(Xi7t) 2 zaQP(Xiat)
+5{ @2 TP 8em T am@) T o }

(179)

subject to the boundary conditions

ORISR

p(X,O)wN({g},E) ?D with (z, ) € (6, 00) x (—00, 00). (180)

We consider the absorbing boundaries make p(X*, t) vanish if it breaks the threshold. Moreover,
we impose P(X® = co) = 0 almost surely. The boundary condition at initial time, ¢t = 0, is defined
according to a bivariate standard normal distribution with a zero correlation matrix.

We note that the existence of the probability density function p(X? ¢) assumes that X* does
not break the threshold at time ¢. Therefore, the probability of the bank’s survival given a specific
market state at time 7' can be determined by integrating p(X*, T') over all possible z within the
boundary of existence. Hence,

(@i, T) = /_ (X T (181)

o0

Following a similar procedure as used for determining the market default probability, we can
determine the probability of the bank experiencing default within the time interval 7 as

P(t, g'r)::1-—t/‘ p(z', T)dx". (182)

5.4.4. Stochastic Fokker-Planck Equation for Individual Default Probability under Specific Com-
mon Shock

The conditional probability of default of a representative bank consists of analyzing the default
event given the common noise. The distribution of the conditional default of the bank may
be calculated using the survival probability density function p(z°,t|w?), which, in turn, can be
computed using the Fokker-Planck method as in the previous section. However, rather than
examining a classical PDE as discussed in the previous section, our focus now shifts to solving a
stochastic PDE to take the filtration (F?);es into consideration.

For the agent’s dynamics with the optimal control , the stochastic Fokker-Planck

equation generating p(x, t|w?) is given by

(= —a—T)a" + (a = A+ Ty +b(t) = Tip(a’, tF)
ot

o*(1 = p?) Pp(a, t|F) 2 20p(2', | F7)

e e U

Op(a, f| D) — {

du? (183)
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with the boundary conditions
p(0,t|F)) =0, ploo,t|F)) =0, p(z' 0F) ~N(0,1) with z € (4, 00). (184)

Following a similar procedure as in previous sections, the conditional probability of the bank
being defaulted within the time interval T is computed via

P, g’TLF?)——]—l/Q p(at, T|FO)dar (185)

5.5. Numerical Experiments

Given the complexity inherent in specifying the probability of default based on the Fokker-
Plack equations, we employ numerical techniques to adeptly tackle various aspects. Thisincludes
solving the system of ODEs that the coefficients of optimal control satisfy and discerning both
systemic and bank-specific conditional and unconditional defaults. We use numerical solutions to
find the probability of default using the Fokker-Planck equations. Additionally, we carry out a
sensitivity analysis by integrating coefficient values into the equation.

5.5.1. Numerical Method for Control Coefficients
To achive this goal, we utilize the discretization of the time interval 7 into smaller segments
At. Then, for each coefficient of the optimal control (i.e. IT;, Ay, Ty, Ay, Ty and ¥y), we discretize

the respective ODE (i.e. ({139)-(144))). For example, the discretization of the ODE that II; satisfy
is given by

I —11 -
{ Rawrpliat — (1- 2 ) 113, + (20426 — 20t Tae — 2(op)2(hae)? + € — g
Ty = §.

(186)

As the six ODEs, that the control coefficients satisfy, are coupled with each other, we solve a
system of six ODEs to II;, Ay, Ty, Ay, Iy, W,.  Specifically, we use backward differentiation with
Python library solve_ivp in scipy.integrate.

5.5.2. Numerical Method for Fokker-Planck Equations

In order to solve the partial differential equations , and , we need to first
discretize them. To this purpose, we employ the forward explicit finite differences method. The
probability of default is then calculated using numerical methods for integration.

1. Systemic Risk

To solve for the probability of the market default using the finite differences method, we
employ a two-dimensional grid defined over the underlying variables time ¢ and market state
z. We discretize these variables within ranges [to = 0, At,2A¢, ... . T| and [0,0 + AZ, ..., 0+
MAZ], respectively, where M € N is chosen to be sufficiently large and the discretization of
the variables t and Z are sufficiently small. At each grid point, we denote the probability as
17;, where i € N indicates the time position ¢At and j € N denotes the market state position
jAZ. Consider the Fokker-Planck equation for the systemic survival , its respective
discretization is

o1 i1
G i1 Tie1 - i1 i—1y [ Pi+1 — Pj—1

—i—1 —i—1 —3—1

2 Az?
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where A* = —II* — A*. Remark that A depends only on time. The forward method begins
with the initial point p§ which follows a standard normal distribution A(0,1) restricted on
the space generated by the market state (6,0 + MAZ]. Remark that in order to satisfy the
absorbing condition at the threshold, we consider p% = 0 for all 4, representing condition
p(0,t) = 0. Then, the probability p is incremented at each time and market state step up to
the end of the time horizon T'.

. Default Probability of Bank-i

To simplify the notation, the individual bank state will be denoted as z. To solve for the
probability of the individual bank default using the finite differences method, we employ
a three-dimensional grid defined over the underlying variables time ¢, bank state x and market
state z. We discretize these variables within their respective as [t = 0,At, 2At, ..., T,
[0,0+Az, ..., 0+N,Ax] and the last one [-MAZ, (—(M + 1)AZ, ..., MAZ), where N, M ¢
N are chosen to be sufficiently large the discretization of the variables ¢, x and z are sufficiently
small. At each grid point, we denote the probability as p§-7m, where %2 indicates the time
position ¢At, j € N denotes the bank state position jJAz and m denotes the market state
position mAZ. Subsequently, the discretization of the Fokker-Planck equation that the
default probability of an individual bank satisfies is given by

Pim = Vi + At{ ((HH ta+&)A+a)+ (A" —a—&)Tm—b"+ T"*)

i1 i1 i1 i1
x (pj“’m _ pjl’"‘) + (AT (1 4 T) — B+ T (pj’m“ _ pj”“)

2AT 2AT
- - - - . -
i 1 o2 Pitim — 20im + P 1m + 0% Pimi1 ~ 205m + Djm—1
2 Az? Az?
i—1 i1 i1 i1
n 202p2 <p;'+1,m+l - p:;‘+1,m71 - pj;'fl,erl +p;'1,m1> }} (188)
4ATAx

where A% = —II¢ — A*. The forward method begins with the initial point p;)’m which follows a

standard bivariate normal distribution N/ ( {8} , {(1) ﬂ ) restricted on space generated by the

market and bank’s state, namely (0, 0+Ax, ..., 0+NAz|x[-MAZ, (—M + 1)AZ, ..., MAZ).
Remark that in order to satisfy the absorbing condition at the threshold, we consider pﬁ)m =0

for all 2 and m, representing condition p( L] ,t) = 0. Then, the probability p is incremented

at each time, bank state and market state step up to the end of the time horizon 7.

. Conditional Default Probability of Bank-i given a Specific Common Shock

To solve the probability of conditional bank default using the finite differences method,
we employ a two-dimensional grid defined over the underlying variables time ¢ and bank
state x under the filtration (F})ies. We discretize these variables within ranges [t, =
0,At,2At,...,T] and [0,0 + Az, ...,0 + Ny Az] respectively, where N, € N is chosen to
be sufficiently large and the discretization of the variables ¢t and z are sufficiently small. At
each grid point, we denote the probability as (p 7O );, where ¢ indicates the time position 1At
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and j denotes the bank state position jAz. In this specific case, as the common noise w},

namely w%#¢ in the discretization, is known at time iAt, we consider the market state at
each time iAt for all %A from the discretization of its dynamics.

At — pE-DAt L (fG-DALZE-DAL | (-DAYAL 4 5Bt for all 4 (189)

where
JG-DAE _ _-1DAEt _ p (-1AE (190)
F-DAE _ p(i—DAE _ y(i-1)At (191)

with starting point Z°. For simplicity, we denote Z*A? as #* in the following text. Consider the
Fokker-Planck equation for the conditional bank’s survival ((183)), its respective discretization
is

i—1

(p\]-'io ); = (p\]-"io_l )j

—i—At{((]‘[il + a—i—f) (1+z5) + (Ai—1 - f) Bl Tifl)

i—1 i—1 i—1 i—1
o (p|fi0_1)§+1 - (p\fg_l)§_1 LY (Pm?_l);ﬂ - (P|fg_1)§_1w0,m (192)
2Ax 2Ax

+

(193)

o*(1= ) (bir )i = 20017 )5+ (01 i)
2AF? '

The forward method begins with the initial point (p|zg )2 which follows a standard normal
distribution N(0,1) restricted on the space generated by bank’s state (0,60 + Az,...,0 +
N,Az|. Remark that in order to satisfy the absorbing condition at the threshold, we consider
(p‘;io)ﬁ) = 0 for all ¢, representing condition p(6,|F) = 0. Then, the probability (pz0) is
incremented at each time and each bank’s state step up to the end of the time horizon 7.

Note that the forward explicit finite differences method represents a straightforward yet in-
herently unstable approach for discretizing and solving PDEs. This instability arises from its
tendency to amplify small discretization errors as they propagate across the grid. Achieving reli-
able outcomes necessitates employing a finer grid. Especially, a more refined time discretization
is crucial. Consequently, emphasizing the significance of adopting a meticulously crafted grid
becomes paramount. Alternative numerical techniques, such as implicit finite differences or the
alternating directions implicit method, may be useful for enhancing the stability and accuracy of
implementations (Pichler et al., 2013).

The default probability for the three cases is calculated by evaluating the incremented prob-
ability at time T and employing the trapezoidal rule across the generated grid with respect to
the relevant variables with the use of numpy.trapz. The trapezoidal rule is a numerical method
to approximate the integral using left and right Riemann sums over the probability curve. The
default probability is retrieved at the end by performing a subtraction as described in equations

(7). (152) and (155
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5.5.3. Results and Interpretations: Systemic and Individual Default Probability

In this section, we conduct a comprehensive analysis on the impact of various parameters on
systemic and individual default probabilities based on the outcomes generated by numerical meth-
ods. These tests specifically pertain to unconditional default probabilities defined in Section [5.4.1|
The baseline scenario is defined by the parameter values 0 = 0.3, p = 04, ¢ =1, 9 = 10, v =
0.2,a = 2.5, b(t) = 1, for all t, ¢ = 0, the default threshold § = —0.7, and the time horizon
T = 0.25. Remark that due to the requirement of the appropriate grid as mentioned in Section
[.5.2] finding the probability given an extended time horizon requires a finer grid and thus higher
computational time. We choose this restrained time horizon to reduce the processing time. The
results presented in this subsection and the next one have been carefully selected through rigorous
testing of various parameters and grid settings, identifying the appropriate grid configuration for
the given parameters, and thereby ensuring the attainment of stable outputs. We present three
cases using the parameters of the baseline scenario in which we change one of the parameters for
the numerical analysis unless otherwise mentioned.

Case 1 Impact of Correlation Coefficient p

The magnitude of the shocks that affect both the reserve of the market and bank-i, ¢+ € N,
is expressed by o. For the market reserve, this magnitude is multiplied by a factor of p. For
the bank-i reserve, the magnitude is multiplied by p for the common shocks and /1 — p?
for the idiosyncratic shocks. As p increases, the impact of the common noise on the overall
market increases, leading to a higher probability of the market default. While this effect
on the market is present, the impact of the idiosyncratic shock on the bank decreases as
the associated multiplier of this shock is /1 — p?. Thus, the common and the idiosyncratic
shocks affect the probability of individual default simultaneously and differently. In addition,
as demonstrated in Section [5.2.1], the correlation between banks is quantified by the factor
(op)?. On the one hand, as the parameter p is increasing while maintaining other parameters
constant, banks exhibit higher degrees of correlation among themselves. In consequence, the
default of one individual bank will lead to a more probable market default. On the other
hand, when p is large, the bank is subject to a lower individual risk but a higher systemic
risk. However, because of the strong correlation, this common market risk is shared more
extensively among banks. The current question revolves around determining the extent of
systemic risk that individual banks are exposed to after sharing. The key consideration is
whether the benefits of risk sharing outweigh the challenges posed by a potentially more
volatile market environment on banks. Based on the numerical analysis, we observe that
given other parameters as in the baseline scenario but with ¢ = 0.2, as p increases, the
probability of the systemic default increases while the bank’s default probability decreases
as shown in Figure[I] In this scenario, effective sharing of systemic risk among agents occurs
when the correlation coefficient p is high. Moreover, along with reduced individual risk, there
is a decrease in the likelihood of individual default. Finally, we observe that a higher risk-
aversion degree, i.e. % = 80, reduces the systemic risk for any correlation strength among
agents.

Case 2 Impact of Risk-Sensitivity Degree %

The degree of risk sensitivity of a representative bank is expressed by % When *lr > 0, the
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Figure 1: The 1mpact of correlation coefficient p on individual and systemic default probabilities for two degrees of
risk senmtlva = = 0.2, 80, with the parameter values 0 = 0.2, p =04, =1,¢=10,7 = 0.2, a = 2.5, b(t) =
for all t, ¢ =0, the default threshold 8 = —0.7, and the time hOI‘lZOH T =0.25.

bank is risk-averse. In addition, the value of %y expresses the magnitude of the risk aversion.
Thus, a large % characterizes the behavior of the bank as excessively risk averse. As shown

in Figure simulated from the baseline scenario but with changing %, the probability of
individual default diminishes when the bank exhibits a higher risk-aversion. As a result,
for the market setup under study, where the banks share the same risk-aversion degree, the
probability of systemic default follows a similar pattern and decreases by risk-aversion.

Case 3 Impact of Liquidity b(t)

We consider the case where the liquidity process, b(t) = b, is constant throughout time. As
all banks are homogeneous, by increasing b, both the bank and the system enhance their
liquidity positions, thereby reducing the level of risk they undertake. Conversely, reducing b
signifies a decrease in liquidity, introducing additional risk for both the bank and the market.
From Figure [3| generated from the baseline scenario but with changing b, we observe that
as b increases, the probabilities of both the individual bank and the market state decrease.
Furthermore, the effect of liquidity infusions on the systemic risk and individual default
probability becomes more pronounced with a higher level of risk aversion (e.g. % = 80) in

the market.

5.5.4. Results and Interpretation: Conditional Default Probability under Specific Common Shocks

In this section, we analyze the conditional probability of default of a representative bank given
specific trajectories of the common noise (w?);ex as defined in section . The baseline scenario
is defined by the parameter values 7o = 0,0 = 1,p = 0.5,{ = 1,¢ = 1,7 = 1,a = 1,b(t) = 1,
for all t,q = 1, the default threshold # = —0.7 and the time horizon T" = 0.25. We consider two
trajectories for the common shock, respectively, denoted by (P!);cx and (P?)ies. Under trajectory
P? the market state experiences a larger number of negative shocks compared to P*.

The equilibrium market state under trajectories P' and P? is depicted in Figure [ From
(187), the time evolution of the conditional density function of the bank p(z?,¢|F}) within the
survival set (6,00) is illustrated in Figure In other words, the figure depicts the conditional
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Figure 2: The impact of risk-aversion degree £ on individual and systemic default probabilities with the parameter
values 0 = 0.3, p =04, =1, ¢=10,v = 0.2, a = 2.5, b(t) = 1, for all t, § = 0, the default threshold § = —0.7,
and the time horizon 7" = 0.25.

probability density of the bank that has not defaulted up to time t. We observe that as time
goes by, the respective cumulative distribution function decreases, indicating an increase in the
conditional probability of default. This observation is further demonstrated in Table [2| where we
present the associated conditional probability of individual default under trajectory P! over time.
We observe that for the baseline setting, the conditional probability of individual default escalates
over the course of time. Furthermore, in Figure [d] we observe that a critical event happens around
t € [0.05,0.1], leading to the market state being closer to the default threshold. As the bank
aims to track the market state, this negative impact is also translated into the bank’s conditional
probability of default. This event is demonstrated in Table [2] where the conditional probability of
the bank’s default increases sharply around the same time.

Consider the economic environment under the common shock P? characterized by a greater
magnitude of negative shocks at certain times, for which the market state is depicted in [ We
observe that the market state under P? moves more closely to the default threshold compared
to Pl, capturing the amplified negative shocks in the market. From , the respective time
evolution of the conditional density function of the bank p(x, ¢|F?) within the survival set (6, 00)
is presented in Figure [f] According to Table [2, we observe that as the bank is experiencing more
adversity under P2, the probability of default increases compared to P!. We also remark that in
both cases, from Figure [d] the market has not defaulted.

6. Conclusion

This paper delves into the exploration of LQG risk-sensitive MFGs where agents are influenced
by a common noise in their dynamics and wish to minimize an exponential cost functional. We
focus on a scenario where the number of agents approaches infinity. The optimal strategies of
agents, leading to a Nash equilibrium for the system, admit a linear feedback representation in
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Figure 3: The 1mpact of liquidity parameter b on the individual and systemic default probabilities for two degrees
of risk bensn:wlty = = 0.2, 80, with the parameter values o = 0.3, p = 0.4, £ =1, ¢ = 10, a = 2.5, b(t) = 1, for all
t, ¢ = 0, the default threshold 8 = —0.7, and the time horizon T' = 0.25.

Time Conditional Probability of Conditional Probability of

Individual Default under P! | Individual Default under P2
0 0.2578 0.2578
0.05 0.6599 0.6610
0.1 0.8634 0.8675
0.15 0.9545 0.9588
0.2 0.9854 0.9883
0.25 0.9957 0.9971

Table 2: Probability of individual default over time with parameter values o = 0,0 = 1,p=0.5,£ =1,q=1,v =
1,a=1,b(t) = 1, for all t,§ = 1, the default threshold § = —0.7 subject to the trajectories P! and P? described in
Section [5.5.4]

terms of the state and the mean field. Moreover, risk sensitivity degree, the covariance of the
common shock and the covariance of the idiosyncratic shock explicitly affect the coefficients of the
optimal strategy.

Applying this framework, we extend our investigation to an interbank transaction context. Our
study encompasses the analysis of individual and market default scenarios across various parameter
settings. Furthermore, an examination of individual default is conducted under specific trajectories
of the common market noise. Our investigation reveals insightful outcomes in the context of
interbank transactions, where agents, in this case banks, exhibit homogeneity and correlation,
as specified in Section [f] We observe that high correlation among these banks contributes to
diminished probability of individual default due to the benefits of risk-sharing yet heightened
market default probability as the default of one bank leads to a higher chance of the market
default. Additionally, banks with lower risk aversion are prone to experience an elevated individual
default risk. As a consequence in this homogeneous setting, the systemic risk increases as well.
However, higher degrees of risk-aversion shared by all banks, improve the systemic risk. Moreover,
introducing liquidity infusions within the institutions helps to mitigate systemic and individual
default risks, a factor that becomes more influential in the presence of higher levels of risk aversion.
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Figure 4: Market state over time under the trajectories P! and P? described in Section with parameter values
To=0,0=1,p=05¢=1,g=1,y=1,a=1,b(t) = 1, for all t,§ = 1, the default threshold § = —0.7.

Finally, upon investigating the conditional probability of an individual bank default under the
influence of specific economic shocks, greater negative shocks exerted upon banks correspond to
elevated probabilities of default.

The significance of this research lies in its contribution to comprehending risk-sensitive decision-
making amid the presence of common noise. Through our analysis, we provide insights that
enhance the understanding of how agents’ optimal strategies adapt to a dynamic environment
characterized by risk aversion and interconnectedness.

Future studies can build upon the presented LQG risk-sensitive MFG model with common
noise, considering its limitations. Due to the variational approach taken for the analysis of the
optimal control, the considered cost functional needs to be convex with respect to its variables. This
characteristic is ensured by the imposed assumptions (i.e. Assumption 3| and the nonnegativity
of 1/4; implying the risk aversion of the agents). Further research could be valuable in exploring
conditions when agents exhibit risk-seeking behavior, that is, when 1/, is negative. Additionally,
it could be intriguing to investigate the existence of an approximate Nash (e-Nash) equilibrium in
the finite-population system in subsequent research.
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