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Abstract

Recently, there have been numerous insightful applications of zero-sum stochastic
differential games in insurance, as discussed in Liu et al. (2014). While there could be
some practical situations under which nonzero-sum game approach is more appropriate,
the development of such approach within actuarial contexts remains rare in the exist-
ing literature. In this article, we study a class of nonzero-sum reinsurance-investment
stochastic differential games between two competitive insurers subject to systematic
risks described by a general compound Poisson risk model. Each insurer can purchase
the excess-of-loss reinsurance to mitigate both systematic and idiosyncratic jump risks
of the inter-arrival claims; and can invest in one risk-free asset and one risky asset
whose price dynamics follows the famous Heston (1993) stochastic volatility model.
The main objective of each insurer is to maximize the expected utility of his terminal
surplus relative to that of his competitor. Dynamic programming principle for this
class of nonzero-sum game problems leads to a non-canonical fixed-point problem of
coupled non-linear integral-typed equations. Despite the complex structure, we estab-
lish the unique existence of the Nash equilibrium reinsurance-investment strategies and
the corresponding value functions of the insurers in a representative example of the
CARA insurers under a mild, time-independent condition. Furthermore, Nash equi-
librium strategies and value functions admit closed forms. Numerical studies are also
provided to illustrate the impact of the systematic risks on the Nash equilibrium strate-
gies. Finally, we connect our results to that under the diffusion-approximated model by
proving explicitly that the Nash equilibrium under the diffusion-approximated model is
an e-Nash equilibrium under the general Poisson risk model, thereby establishing that
the analogous Nash equilibrium in Bensoussan et al. (2014) serves as an interesting
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complementary case of the present framework.

Keywords: Nonzero-sum stochastic differential game; Systematic risks; Compound Pois-
son risk model; Excess-of-loss reinsurance; Heston stochastic volatility model; Nash
equilibrium; Hamilton-Jacobi-Bellman (HJB) equation; Fixed-point problems; e-Nash
equilibrium

1 Introduction

The seminal works of Gerber (1974) and Biithlmann (1974) have initiated the adoption of
stochastic control techniques to study the optimal reinsurance, investment, and consumption
problems of an insurer maximizing his absolute terminal wealth under different stochastic
environments. Examples include Browne (1995) for establishing the equivalence between the
maximization of the exponential terminal utility and the minimization of the probability of
ruin in the absence of interest rate; Yang and Zhang (2005) for solving the explicit investment
strategies for the case of the jump-diffusion process, and Liu and Ma (2009) for solving the op-
timal reinsurance-investment-consumption problem under a general semi-martingale setting;
and Liu et al. (2013) for solving the optimal investment-reinsurance problem for an insurer
subject to a dynamic risk constraint under a Markovian regime-switching environment.

Yet, insurers often make decisions to best assess his performance against a relative benchmark
of his competitors, resulting in the study of the optimal strategy subject to the relative
performance concerns. In this aspect, Elliott (1976) pioneered the study of the zero-sum
stochastic differential game, in which one player selects a strategy to maximize the value
function whereas the other player minimizes it, by examining the solvability of the zero-sum
stochastic differential game with the establishment of the Isaac condition and its association
to the existence of a saddle point for the game. For the applications of the zero-sum games in
the contexts of the investment and reinsurance problems, see, for example, Browne (2000) on
the stochastic differential investment game between two players; Zeng (2010) on the stochastic
reinsurance game; Elliott and Siu (2011) on the zero-sum game formulation of a portfolio
selection problem subject to the convex risk measure; Liu et al. (2014) on solving the expected
exponential-utility maximization problem of an insurer subject to the worst-case probability
risk by formulating the original maximization problem into a zero-sum stochastic differential
game problem between an insurer and the market.

In reality, however, each insurer has different risk-tolerance, and the study of the relative
performance concern becomes a nonzero-sum game problem. Unlike the case of the zero-
sum games, finding the Nash equilibria in a nonzero-sum game proves to be significantly
challenging as it usually involves finding solutions to the coupled equations. Bensoussan
and Friedman (1977) showed that the Nash equilibrium of a nonzero-sum stopping game be-
tween two players can be reduced to finding a solution of the corresponding quasi-variational
inequality, which admits stationary solution. Bensoussan and Freshe (2000) employed the
dynamic programming principle to show that the existence of the non-stationary Nash equi-
libria in a nonzero-sum stochastic differential game is equivalent to solving the strongly
coupled system of partial differential equations (PDEs). For the applications of the nonzero-
sum games in economics, finance, and insurance, Hamadéne and Zhang (2009) established
the Nash equilibrium of a nonzero-sum Dynkin game between two players in continuous time



and adopted the approach to price American game contingent claims, and was later extended
to the multi-player setting in Hamadéne and Hassani (2014); Bensoussan et al. (2014) for the
establishment of the closed-form Nash equilibrium of the nonzero-sum reinsurance and invest-
ment game between two insurers under the mixed regime-switching framework by means of
the dynamic programming principle; and Espinosa and Touzi (2015) for the adoption of the
stochastic maximum principle to prove the existence of the non-stationary Nash equilibrium
in a N-person game within the Brownian motion framework with deterministic coefficients.

In this paper, we provide the first study on the impact of the systematic risks on a class of
nonzero-sum stochastic differential games subject to systematic risks under a general com-
pound Poisson risk model. We model the surplus process of each of the two insurance compa-
nies as a jump-diffusion process, consisting of an excess-of-loss reinsurance protection and of
an investment in risky and risk-free assets. Each insurance company chooses a reinsurance-
investment strategy pair to maximize his utility of the difference between his terminal surplus
and that of his competitor. Each insurer is exposed to two sources of systematic risks: 1)
claim risks and 2) investment risk. More specifically, each insurer’s surplus process is af-
fected by the systematic as well as idiosyncratic jump risks of inter-arrival claims, whereas
the systematic investment risk is derived from their investment on the same risky asset,
whose dynamics follows the famous Heston (1993) stochastic volatility model. Although the
most closely related work to ours is Bensoussan et al. (2014), the present paper substantially
differs from the aforementioned work in four main aspects.

1. We illustrate the impact of volatility risk of the risky asset on the equilibrium invest-
ment strategies of both insurers. In Bensoussan et al. (2014), the regime-switching
dynamics is independent of the dynamics of the risky asset. The direct consequence of
their result is that the frequency of the regime-switch has no impact on the equilibrium
strategies of both insurers, and hence the volatility (regime-dependent) process is al-
ways inversely proportional to the equilibrium investment strategy of each insurer. In
contrast, we explicitly model the correlation between the risky asset and its volatility
process by adopting the popular Heston (1993) stochastic volatility model, to quantify
the volatility risk to the investment strategies of the insurers when they both invest in
the same risky asset. We show that the sign of the correlation between the volatility and
risky asset processes proves to be pivotal to the directional changes of the investment
strategies of the insurers at equilibrium. In particular, when the correlation between
the risky asset and its volatility process is negative, increasing investment on the risky
asset can hedge against the surging volatility risk, and therefore both insurers would
then choose to increase investment when the volatility risk is high. However, when
the aforementioned correlation is positive, such hedging effect dissipates and therefore
both insures would decrease their investment on the risky assets when exposing to rising
volatility risk.

2. In addition to the consideration of the Cramer-Lundberg diffusion-approximated model,
we model the surplus process of each insurance company based on the compound Pois-
son risk model, which is more realistic as the arrivals of claims are usually modelled
as the Poisson processes. Moreover, we assume that the surplus process of each in-
surer has an idiosyncratic jump risk as well as the systematic jump risk. Instead of
the purchasing the proportional reinsurance protection, as the case in Bensoussan et
al. (2014), we consider the insurers choose to purchase the excess-of-loss reinsurance



protection, in which they choose the retention level so that any loss in excess of that
level would be covered by the reinsurance company. As discussed in Asmussen et al.
(2000), the excess-of-loss reinsurance protection yields higher profit to the insurers than
the proportional reinsurance protection, and thus are more popular to the insurance
companies. In this respect, our nonzero-sum game model in this article quantifies the
impact of competition to the optimal choice of the retention level of each insurer at
equilibrium. More importantly, we highlight the importance of the systematic jump
risk to the equilibrium reinsurance strategy by considering two extreme cases. In the
case when there is no systematic jump risk, we show that the equilibrium reinsurance
strategy of each insurer coincides with the classical optimal reinsurance strategy when
there is no competition. In other words, the concept of nonzero-sum game is irrelevant
to the insurers in the context of reinsurance when there is no systematic jump risk. On
the other hand, when the intensity of systematic jump risk increases, the equilibrium
reinsurance demand for each insurer decreases, i.e. their corresponding retention levels
at equilibrium increase. As the systematic jump risk affects both insurers, increasing
the purchase of the reinsurance protection would not improve the terminal relative
surplus of each insurer but would rather deteriorate it, and therefore increasing the
coverage of the reinsurance protection cannot be the best response to the strategy of
his competitor. This result highlights the fundamental nature of systematic risk to
the insurers subject to the relative performance concerns. Unlike the standard result
from the optimal strategy subject to the absolute performance concern in which in-
surer would increase the risk-mitigating strategy in face of higher risk, insurers with
the relative performance concern have different strategy for the idiosyncratic and the
systematic risks. As idiosyncratic risk only affects his surplus and not the surplus of
his competitor, an insurer would increase the risk-mitigation strategy to hedge against
such risk. On the other hand, systematic risk affects the wealth of both insurers and
hence each non-cooperative insurer would realize increasing the risk-mitigating measure
on the systematic risk would reduce his relative terminal surplus. Therefore, the best
response of each non-cooperative insurer would then reduce the coverage of the risk-
taking measure in face of surging systematic risk, and our result captures this important
feature.

. The realistic consideration of the excess-of-loss protection under the general compound
Poisson risk model makes the methodology established in Bensoussan et al. (2014) to
be non-implementable when establishing the Nash equilibrium reinsurance strategies
in this article. Specifically, we use the representative example of two CARA insurers
to show that the existence of the equilibrium excess-of-loss reinsurance strategies be-
comes the solution of the coupled non-linear integral-typed equations, as opposed to the
coupled linear equations in Bensoussan et al. (2014). In other words, the fixed-point
problem in this article proves to be non-trivial, and the solution of which has not been
found in the existing literature. Nonetheless, we show that the equilibrium reinsur-
ance strategies are unique under a mild, time-independent, condition. The condition
is mild because it can be satisfied when the intensity of the systematic jump risk is
small relative to the intensities of the idiosyncratic jump risks of the insurers. This
is in agreement with reality as the insurers would choose reinsurance protection and
investment strategies to diversify their risks so that the magnitude of the systematic
risks would be small relative to the magnitude of the idiosyncratic risks under normal



circumstances.

4. Finally, to best understand the connection between the compound Poisson risk model
and the diffusion-approximated model under a stochastic differential game framework,
which is the framework first adopted in Bensoussan et al. (2014) for the case of pro-
portional reinsurance, we prove that the stochastic differential game under a com-
pound Poisson risk process encompasses that under the diffusion-approximated process
in the following sense. We first provide the explicit equilibrium excess-of-loss rein-
surance/investment strategies under the diffusion-approximated model. Interestingly
enough, the existence of the Nash equilibrium reinsurance-investment strategies un-
der the diffusion model requires no additional condition, as opposed to the case of
the compound Poisson model. This shows that the high-tractability of the diffusion-
approximated model is maintained in the nonzero-sum game framework. In addition,
we show that the Nash equilibrium under the compound Poisson risk process converges
to that under its diffusion-approximated process; and the condition of existence of the
Nash equilibrium under the compound Poisson model is satisfied asymptotically. More
importantly, we show that the Nash equilibrium strategies, value functions, and the
objective functions under the diffusion-approximated process can be arbitrary close
to that under the compound Poisson under some appropriate technical condition. In
other words, the Nash equilibrium under the diffusion-approximated model is the e-
Nash equilibrium, of which the early notion can be found in the classical works such as
Tijs (1981) and the references therein, for the general compound Poisson risk model.
In other words, we provide the first theoretical justification for the adoption of the
diffusion-approximated model in the nonzero-sum game framework.

The rest of the paper is organized as follows. Section 2 introduces the model dynamics of the
two competing insurance companies. Section 3 presents the optimal reinsurance-investment
problem subject to the relative performance concern. We show that this problem is equivalent
to the nonzero-sum game between two insurers. Section 4 provides the characterization of
the Nash equilibrium under the general utility function. Section 5 shows that in the case
when both insurers have exponential utilities, the Nash equilibrium exists and admits closed-
form expression under a mild condition. Section 6 has two purposes: 1) we show that
the Nash equilibrium under the CARA insurers exists unconditionally under the diffusion-
approximated framework and that associated Nash equilibrium strategies and value functions
also admit closed-form solutions; 2) we establish the Nash equilibrium under the diffusion-
approximated model is an e-Nash equilibrium under the general compound Poisson model and
that the corresponding mild condition for the existence of Nash equilibrium under the general
Poisson model is satisfied asymptotically. Section 7 provides detailed numerical studies to
discuss the impact of competition on the equilibrium strategies. Section 8 concludes the paper
with some suggestions for future research. Appendix A contains the proof of the verification
theorem for the case of two competing CARA insurers.

2 Model formulation

Let (Q, F,P) be a complete probability space. Here, we shall assume that F = (F;)¢>0, where
Fi & FX, where the processes {X(t) = (X['(t), X5°(t)) }s>0 will be defined subsequently



below. Denote by || f|loo the uniform norm of the function f, i.e.

fllee 2 sup{|f(z)|:z €D}, for DCR.

2.1 Surplus process

We begin with the specifications of the surplus processes of two competing insurance com-
panies, having dependent lines of the insurance business. The surplus process of insurer k,
denoted by {R}(t)}i>0, for k = 1,2, is represented by the classical risk model, i.e.,

Ni(n%)+N(n%)
dRp(t) = cdt —d | C(n) > ZF|, k=12

i=1

where c¢; is the premium rate for £ = 1,2; a > 1 and C is a positive scaling function of
n € N such that C(1) = 1 and lim, .. (C(n))?n® exists; and {N;(¢)}i>0, {NVa(t) }+>0 and
{N(t)}+>0 are three mutually independent Poisson processes with intensities A\; > 0, Ay > 0,
and A > 0, respectively.! The surplus process { R} (¢)}:>0 in (1) indicates that each insurer
is subject to a common systematic insurance risk, represented as N(t), in addition to his
idiosyncratic insurance risk, represented as Ny (t), for k = 1,2, at any time ¢ > 0. The claim
sizes {ZF,i =1,2,..},k = 1,2 are independent and identically distributed positive random
variables with common distribution F(z), and we shall hereafter use Z* as the claim size
facec by insurer k, for k = 1,2, in place of ZF for more transparent presentation. Let
Dy = sup{z : Fy(z) < 1} and suppose that Fj,(0) = 0, 0 < Fy(z) < 1, for 0 < z < Dy, and
Fy(z) =1 for z > Dy. Denote by ji; = E [ZF]. In addition, we assume that {Z},i = 1,2, ...}
and {Z? i = 1,2,...} are mutually independent and that both of them are independent of
{Ng(t) }i>0, for k = 1,2 and { N () };>0. Suppose also that the premium is calculated according
to the expected value principle, i.e., ¢, = (C'(n)n® +ng ) (Ax + ) fig, where 7, > 0 is the safety
loading of insurer k, for £k = 1,2, used to cover his own costs of operations. With these
notations, the surplus process { R}(t) }+>0, for k = 1,2, can be rewritten as

AR} (t) = (M + N dt — d (C(n) [(Ni(n®t) + N(n%t)) Z% — n®(Ap + A)fixt] ). (1)

Remark 2.1. Note that the limit process of {Ry(t)}i>0, i-€. lmyyoo{ R}(t)}is0, is well-
defined by the virtue of the martingale central limit theorem (see, for example, Theorem 1.4

of Chapter 7 in Ethier and Kurtz (1986)). Same remarks apply to the processes {RZ2 (1) }e>o0
in (2) and { X, (t)}so in (4).

2.2 Reinsurance and investment opportunities

Suppose that each insurer can mitigate his insurance risks with a purchase of an excess-of-
loss reinsurance protection. More precisely, let {a}(t)}:>o be a F-progressively measurable
process representing a (fixed) excess-of-loss retention level for insurer k, for £ = 1,2. Note
that under the assumption on Fy, E [(ZF)?] < co and hence we have a} € L*(R), for k = 1,2.

!The same result applies if the claim size distributions are different for the idiosyncratic { Ny (t)}s>o, for
k =1,2, and systematic {N(¢)};>o shocks.



Let Ay, = {al(t) € L2(R),t > 0} be the set of excess-of-loss retention levels of insurer k. The

corresponding surplus process with the reinsurance protection, denoted by {RZZ (t) h>o0, for
k =1, 2, then becomes

ARG (1) = (A + N [Orpme(al) + (n — O0)fie] dt
—d (C(n) [(Ni(n®t) + N(n%t)) (Z" A af) = (v + An°ui(ap)t]),  (2)

where 2 Ay £ min(z, y), u(a}) =E [(Z" Aa})] = Oag Fi(x)dx, for Fi(z) 21 — Fy(r), and
0, denotes the safety loading of the reinsurer for insurer k. As it is more common in practice
that the reinsurer requests higher safety loading from the insurers, we shall hereafter assume
that 6, > n, for k£ = 1,2, namely non-cheap reinsurance protection. From the reinsurance-
protected surplus process of insurer k, {RZ2 (t) }+>0, in (2), insurer k selects the retention level
ay, such that he only needs to pay all claims up to the fixed amount a}, while all in excess of
a will be covered by the reinsurance company.

In addition to purchasing the reinsurance protection, the insurer can invest in a stock market.
More specifically, assume that each insurer can invest in a risk-free asset,and a risky asset.
The price process of the risk-free asset is given by

dSO(t) = T’S[)(t)dt,

where r > 0 is the risk-free interest rate. To capture the impact of the volatility risk to
the insurers’ strategies, we model the price process of the risky asset by the Heston (1993)
stochastic volatility model, i.e.

{dS(t) = S(t) [(r +mL(t))dt + \/L(t)dBS(t)} . S(0) = so, @)
dL(t) = a(6 — L(t))dt + o/TH)ABL(t), L(0) = o,

where m, a, d and o are all positive constants, {Bg(t)}+>0 and {BL(t) };>0 are two standard
Brownian motions with E[Bgs(t)By(t)] = pst. Moreover, we require that 2ad > o2 (see Cox
et al. (1985)).

Let {b}(t)}+>0 be the F-progressively measurable process representing the money amount
that insurer k invests in the risky asset S, for k = 1,2. Define B, = {b}(t),t > 0} as the
set of investment amounts of insurer k. A reinsurance-investment strategy of insurer k is
then denoted as {m(t)};50 = {(al(t),bE(t))}is0 € Ay X By,. Corresponding to a reinsurance-

investment strategy mi(t), the surplus process of insurer k, denoted by {X,j’2 (t)}e>0, for
k = 1,2, takes the form

(

AXTH () = { O+ ) (Bugae(al) + O — O] + X7 () + b (1) L(1) }
(1) /IdBs(t) — C(n)d [ (Np(n%) + N(n%)) (Z% A ab)
(O + N pu(ap)t]

XTH0) = .

\

We denote by II, £ A x By C A, x By, the set of convex strategies 7} = (af,b") € II,
of insurer k € {1,2} satisfying condition that a} € £*(R) and E [fOT(b‘,;(t))‘lLQ(t)dt} < 00,
for all " < co. We shall refer a strategy n} € II; to be an admissible strategy. From the

7



standard theory of Lévy processes, (see, for example, Sato (1999)), it is clear that for all
7 = (a},b}) € I, and for any initial condition (¢,z) € [0, 7] x R, the stochastic differential
equation {X,lTz (t)}+>0 in (4) admits a unique strong solution. In this case, for each n € N,
Doob’s LP-inequality also gives

E[sup IXTE()?] < 00, for k=1,2. (5)

0<t<T

3 Optimal strategy subject to the relative performance
concerns

Suppose that insurer k, for k = 1,2 has a utility function U* which is strictly concave and
continuously differentiable on (—oo,00). The optimization problem of each insurer is to
optimally choose a reinsurance-investment strategy, m; € I, for k£ = 1,2, that maximizes
the expected utility of his relative performance against that of his competitor at the terminal
time 7. More precisely, we have

Problem 3.1. The optimal reinsurance and investment problem subject to relative perfor-
mance concern between two insurance companies under the expected utility framework is a
coupled stochastic optimization problem such that:

Given the strategy of his competitor j € {1,2}, i.e. 7} = (a},b}), the objective function,
denote as J(t, vy, x5, mp(t), 73 (t)), of insurer k # j is to find an optimal strategy 7}, 2 (ar, )
such that

max Jlg(t’ Ly Ljs WZ(t)v W;(t» = Jl?(t» Tk, Ty, ﬁZ(t)a W;(t)),
mp=(ay,b}) €Ty

where

‘]Ig(ta Tk Ly, WZ(O? W;(t))

ﬂ.ﬂ

E [Uk ((1 — k)X + i (XTH(T) — X (T))) IXPHE) — m X () = o, L(t) = z]

lI>

J

- E [Uk (X;j2 (T) — X7 (T)) IXTR(E) = sk X7 (8) = 2, L(8) = 1] . (6)

The parameter x5 € [0,1] in (6), for k = 1,2, can be interpreted as the sensitivity parameter
of insurer k to his/her competitor’s performance. As different insurer generally has differ-
ent perception on the degree of influence of their competitor’s surplus on his strategy, i.e.
K1 # Ko, Problem 3.1 is a typical example of the nonzero-sum games between two insurers.
Consequently, the solution to Problem 3.1 is the Nash equilibrium of the nonzero-sum game
between two insurers, where the Nash equilibrium is the strategy 7" = (a;",b;") € Il such
that, for all 7 £ (a%,b") and 78 £ (a3, b}),

J{l(tvxlax%ﬁ]f(t)uW;m(t)) S
Jg(tvx27$177}§(t)77ﬁ’n(t)) < Jg(tvxQ’th;n(t)’W?n(t))'

(7)



4 Nash equilibrium for insurers in compound Poisson
risk model: General case

In this section, we solve for the Nash equilibrium of Problem 3.1 via the dynamic programming
principle. To this end, denote by X, *(t) £ X *(t) — /-@kX;-Tj (t) the relative surplus process of
insurer k, for k = 1, 2, hence it follows that

/

ax7h ) = {rfc,j%(t) 4 O WBgn(a(t)
+ (ke — Ok) k] — ke (Aj + N)[0;p(a}(t) + (n; — 0;)115]
mlBL(t) — b ()L (¢ )}dt () — mid(6)] /I dBs(t) (8)

—C(n)d [(Ne(n%t) + N (%)) (Z% A ap) — (e + Mg (af(t))t]
i +rrC(n)d [(N;(n) + N(n%)) (Z7 A al) — (Aj + M), (al(6))t]
lek (0) = ilk?

\

where k # j € {1,2}. Define V¥ (¢, 2,1), for k = 1,2, to be the value function as follows,

VES(t 2, 1) 2 sup E [Uk(ng(T)]ng(t) — 2, L(t) = z} : 9)

wzer

for k,j = 1,2 with k # j. In addition, let I' = [0,T) x R x R* and T' = [0, 7] x R x RF; for
Wk e €V2(T) N E°(T), where k # j € {1,2}, denote L™ to be the infinitesimal generator
of X;rk with an admissible strategy of insurer k, 7}, € Ilj.

LTEWE™Nt 2, l) & {m + (A + A) [(0°C(n) + 0p) pe(af) + 7* (nx — 61)]
—rr(Nj + A) [(n°C(0) + 0;)p5(a]") + i (n; — 6;)]

+ml [bj(t) — kb (1)) }Wf’“(t, z,1)

+% [(O1(1))? + KR (07" (1))? = 26xbR (£)05 " ()] Wit (t, 2, 1)

+ald — W/t x,1) + %oﬁzwﬁ’“(t, 1)

+psol [b(t) — kil ™ (8)] W™ (¢, 2,1)

+n\NE [WE (8 x — C(n)(ZF A ap(t)) — WE"(t, z,1)]

A NE (W (¢ 2+ meC(n)(Z7 A al™ (1)) — WL, 2, 1))

AR [WH (2 — C(n)(Z" A a(t) + kC(n)(Z7 A al"(1)))
—WErt, 2, 1)] . (10)

Analogous to Kraft (2005), Taskar and Zeng (2013), and Zhao et al. (2013), we begin with
the following verification theorem.



Theorem 4.1. Let W* € V4T N €°(T), for k = 1,2, be the solution of the following
Hamilton-Jacobi-Bellman (HJB) equation

{O = Wtk’"(t, z,l)+ SUP e, LTeWrEr(t 2, 1), for 0<t<T, (11)

WrNT, 2,1) = U*(z).

For the relative surplus process X;E associated with an admissible strategy m} € 11, = Ay x B,
we have

E {Uk(f(;?(n)yf(;?(z) — a2, L(t) = 1| < WE(t,2,1). (12)

Denote m = (a,",b."), where a;" € Ag,b." € By, are given as follows

a;"(t) & argmax {(Ak + A (0 C(n) + O pr(al ())YWE(t, 2,1) + A\en®E [W’“’“(t, T

aj} €A
(ZF NG (1)), 1) — WE (¢, z)}
FANE [WH(t, 2 — C(n)(Z" A aj(t))
+rC(R)(Z0 A ai™(1)),1) — W, 2, 1)] } (13)

[I>

*,n n n l n n *,n n
b," () arg max {mlbk(t)Wf’ (t,x,0) + 3 (DR ()% — 2k (£)D5" ()] Whr(t, 2,1)

b};EBk

+psolb (WS (b, 1) } (14)

and let X,:’“ be the corresponding relative surplus process of insurer k. If for all sequences of
stopping times {T; }ien, the sequence {Wk’“ (TZ’ AT, Xg*’"(Ti ANT), L(T; A\ T)> } is uniformly

1€
integrable, then we have

VES(t 2, ) = E [U’f()%;?"(T))\Xg?"(t) — 2, L(t) = z} — WE(, 2, D). (15)

In view of Theorem 4.1, the Nash equilibrium in (40) can now be formulated in terms the
partial differential equations (PDEs). More specifically, we have
Theorem 4.2. Let &, = xy — kxy, for k,j € {1,2} with k # j. The Nash equilibrium
strategy for insurer k, for k = 1,2, of Problem 3.1 is m;" = (a;",b,"), where a",by" admit
the forms in (13) and (14), respectively; and the corresponding equilibrium value function is
the solution to the following system of coupled PDEs:
0= W/ (t, &, 1) + L7 W (¢, dy, 1), (16)
0= W2"(t, &,1) + L™ W2, d9,1),

with the terminal conditions

—
~
=
I
d
~
=>



Due to the strongly coupling feature, the existence of solution to the PDE system in (16)
is difficult to establish in general, as it is closely related to the regularity conditions of the
system, see Bensoussan and Freshe (2000) for details. Since the compound Poisson risk
process in (4) possesses finite number of jumps with all finite moments on any compact time
interval [0, T, together with some implied scaling structures, we can follow similar ideas as
in the proof of the famous Cauchy-Kowalevski Theorem via the use of formal power series
expansion and analytic majorization, to especially deal with the expectation terms in (16),
and to establish the existence of its solution for very small 7. Nonetheless, we show that for
the representative case of the exponential utility function, we can establish uniquely existence
of the solution to the system (16).

5 Nash equilibrium for insurers in compound Poisson
risk model: Case of CARA insurers

For the rest of the paper, we shall focus on a representative case in which both insurers have
constant-absolute-risk-aversion (CARA) preferences, i.e.

1
UM(x) = ——e 97, (17)
4k
with ¢ > 0,k = 1,2. Denote

hi(a) £ —/ f@quer(T_t)C(n)e_”’“q’“er(T_t)C(“)ij(y)dy, (18)
0

for k # j € {1,2}. The following theorem provides the closed-form expressions for the Nash
equilibrium between two CARA insurers.

Theorem 5.1. Assume that kiks < 1, and suppose that insurer k, for k = 1,2 has an

exponential utility function (17) and the relative surplus process {X;’: (t) }i>0 in (8). Then,
for each n € N and a > 1, the solution to the coupled PDE system in (16) is V¥™(t,x,1), for
k = 1,2, which admits the following explicit form:

VR (L 3.1) = —qik exp {—qu [2e" T + PR(H)] — )] — B(1)} (19)

where

fon) = {()\k + )‘)S?k — ek)ﬂk AR );?(Uj - ej)ﬁj [1— 0]

— (A F A)(nC(n) + b) /t "= g (a;" (5))ds

J

k(A +A)(C(n) + 6;) /tT ") ui(ai"(s))ds

T aZ’"(s) o
+(A\ + )\)n“/ / C(n)eT(T—S)equ(n)yeT(T )Fk(y)dyds
t Jo

11



*,1

T pra;"(s) T
—(A\j + /\)n“/ / kxC (n)e" (T =) g mraxClmye Ry (y)dyds
t Jo

T az'“(s) T c (T— ) ==
An / / C(n)er T em @I, (1),
t 0

a’"(s) o
| [/ D kg C(n)er o)k "Fj(y>dy] ds, (20)
0
(v v_—v v,cf%(lfp%‘)”%“-&-*“—)(T*t)
+v —'Uie 2<1 Ps)a (vg—v_)(T—t) ? pS 7é :i:lu
(at+mo)(T—t o
Alt) = 9 2(0t+m0 p[1—e N, ps=1, (21)
2(a mo) [1_6 a-mo) (T t):| ) pS:_l, and&%ma,

B(t) = a5/TA(s)ds, (22)

with

—a — psom £ /a2 + 2apsom + o2m?
Vy — = ) B .
(1=p)o

For 0 <t <T, let (a},ay), if exists, be the unique solution of the following system

f
|

then the reinsurance retention levels (a7™,ay™) at equilibrium admit one of the following
forms, for k # j € {1,2},

An<t) e r(T-1) (>‘1+)‘)(1+n°g}(n)
— aCh) Ar+A(1+h8 (a5 (t))

(23)

\_/\_/ \_/\_/

~n . e—r(T—t) (A2+)‘)(1+n0902(n)
GQ(t) ) {,\2+>\(1+h3(d'{(t))

1. If@(t) < Dy and @(t) < Dy, then (af™(t), a3™(1)) = (@}(t), @%(1));

L) L)

0.
g Q o *on er(T-1) N+ (e
2. Ifap(t) > Dy and aj(t) < Dy, then (a,"(t),a;" (1)) = (Dk’ Wln{ /\jﬂ(ih?(g;)))) } A Dj);

8. If aj(t) > Dy and a}(t) > Dj, then (a,"(t),a;"(t)) = (Dy, D;);

14y
and the investment amount (b7",by") at equilibrium is
*,1 e—T(T—1) 1
b (6) = e | (£ +2) (m = pso A1)
ER e—r(T—t) 1
B (1) = Tt (L +2) (m— psoA®)]

Remark 5.2. A sufficient condition under which the equilibrium reinsurance strategies (a4, ay)
uniquely exist is given i Lemma 5.4.

(24)
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Proof. For the sake of transparent exposition, we shall suppress the arguments of the func-
tions. Consider the following Ansatz:

1
Wh(t x,1) £ TP {=ar [we™™0 + f50(8) + g" (1. D)] } (25)
k

with f5(T) =0, ¢*(T,1) = 0, for all | € R. We shall verify that V*" = W*" in Appendix A.
Since we have the following expressions:

(1) Wtk,n _ (quxer(T—t)_qkftk,n_qu;c)wk,n’ W;f’n — _qker(T—t)Wk‘,n’ W;f no_ quer (T—1) Wkn
(2) I/Vlkm = —aqrg W, VvlllCn = — g W qi (g1 )P W, Wflu = qi e"l ka“

(3) E[Wh(t, 2 — C(a)(Z* Aa(t),1) — WH(t, 2, 1)]
:{ oaz(t) gre" D0 (n)en"" T COWVE (y )dy} whe,

(4) B [WhS(t, 2 + mpC(n) (27 A an(t)), 1) — Who(t, 2, 1)]
- {foaf © Qkﬁker(T_t)C( Je” aurre”TOCMY ( )dy} whe,

(5) E [Wrn(t,x — C(n)(ZF A a(t)) + sxC(n)(Z7 A ad(t)), 1) — WE(t, z,1)]

) { S e O e I COE )y +1]
[ 5 s 0 e O CONT )y 1}Ww,

for k,j = 1,2, with k # j, it implies that® minimizer al(¢) in (13) satisfies

0 = —(Me+ N0 +nCn)Fr(al)gre™ T OWhn(t, 2, 1)
A @O0 () exp (gee’ @ IC(m)al) Fulal) W (t, 2, 1)
+n°Agre"TC (n) exp (qkeT(T_t)C'(n)ak) Fi(a}) [1 + hy(aj )| Wht, 2, 1)
= —(\ +A) (0 +1n°C(n)) + n°C(n) Agexp (qre” T C(n)a})
+n°C(n)Aexp (gre” T C(n)a}) [1+ hi(ah)]
le.
o—r(T—1) (A +A) (1 + cfﬁ)
= e M e )

(26)

2To be more rigorous, we can first assume that ay € [0, Dx), where Dy = sup{z : Fi(z) < 1} < oo.
Then, the possibility that F(ax) = 0 can then be excluded and that (26) remains in force for al € [0, Dy).
Following this argument, we then arrive with Lemma 5.3 that, for each n € N and a > 1, aj, is uniformly
bounded, in which the upper bound is independent of Dj. As the upper bound of &} is independent of Dy,
Lemma 5.3 remains valid, and therefore the existence of equilibrium reinsurance strategies aj, for k = 1, 2,
are guaranteed by Lemma 5.4, even when we let D, approach to oo.

13



The unique existence of the reinsurance pair (G}, a}) is equivalent to the existence of solution
to non-linear integral-typed system in (23), which will be established in Lemma 5.4; in accor-
dance of this result, the desired existence of the equilibrium reinsurance strategies (a1 ,as")
follows.

On other hand, the minimizer b;" in (14) is

bt (t) = Lemr@-) )+ kg b;" — pgoe "I gk 27
k 0 I

yielding (24), where A(t) shall be determined below.
Applying (11) to W*™ in (25) with (26), and (27) yields

0 = " +g5+ M+ 0T [(Cn® + 0 p(ay™(8) + (mx — Ox) fir]
_ . ‘n B m2l 1
—ki(Aj XTI [(C(n)n® + 0;) i (a;™ (1)) + (0 — 0;)15) + o + §P§02qkl(gf)2

1 1
+a(6 = U)gf — §U2qkl(gf)2 — psomlgl + 502195

a;(t) o .
— (k4 A)ne / ¢ T=OC (n)ete OOV, (y)dy
0

aj"(t) b
+(A + An’ / L el TOC (e OO, () dy
0

+An®

a;" (1) Tt (T8 ()5
. / //b'quer( - )C(n)e_"ique (n)yF](y>dy ,
0

for j = 1,2 with j # k, which can be decomposed into two equations

mil 1 1
0=gf+ 2 5 (1= p8)*ail(gf)* + adgl — (a + psom)lg; + 50°lgj, (28)
and
0 = + (A + )\) “D(CM® + 04 (@™ (1) + (s — Or) ]
—%k()\ + A)et [(C(“)“a +0;) i (ai" (t) + (n; — 6;) ;]

az n(t) r —t —_—
O [ o T )y
0

*,n

i@ - _
+(Aj + A / pre” DO (e e ICOWE (y)dy
0

+An®

ay"(t) o .
[ e ement ”C“wmy)dyl
0

*,n
a; (t)

0

rrgre’ 7O (n)e e TICOVE >dy] (29)
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To solve (28), we assume that ¢g*(t,1) admits the following affine form:

g (t,1) = qi (A()L+ B(1)).

when substituting A and B into (28), we have
m2l 1

Al + By + - = 5(1 — p3)1(A®#)* + a6 — 1) A(t) — psomlA(t) = 0.

Matching coefficients yields

and

B; + adA(t) =0,
B(T)=0.

in which the solutions, A and B, admit the forms in (21) and (22), respectively.

Finally, from (29), it is clear that f*" is a solution of the linear ordinary differential equations,

which admits the form in (20). O

We now proceed on proving the existence of the solution to the system in (23). First, we

show that aj(t),k = 1,2 is uniformly bounded, for ¢ € [0, 77, in the following lemma.
Lemma 5.3. Let a}(t) defined in (23), for k =1,2. Then, for eachn € N and a > 1,

e_T(T_t) s ) e_"(T_t) |:)\k + A ( 0 ):|
In{1+ <ap(t) < In 14 .
aC(n) ( Cn)ne ) — k() = aC(n) Ak C(n)ne
Proof. Note that

Oh:
da"

_ _qukeT(T—t)C(n)e—ﬁque’r‘(Tft)C(n)(l;‘(t) Fj (&;(t)) < 0.

Thus hg(aj) decreases in G}, and hence
teo T r(T—t) =
_/ rigre’ IO (n)e ke WVF;(y)dy < hi(af) < 0.
0
Furthermore, 0 < Fj(y) <1 leads to
Foo (T —t) — too (T —t)
_/ mqueT(T_t)C(n)e_“que C(“)ij(y)dy > _/ /{quer(T_t)C(n)e_”que C(n)ydy - 1.
0 0
Hence —1 < hj(a}) < 0. Then it follows that
—r(T—t) 0 —r(T—t) Ao -\ 0
e k . e k k
In{1+ <ap(t) < In [ (1 + )]
qC(n) < C(n)nu) e(?) qC(n) Y C(n)ne

immediately. [
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Next lemma provides the sufficient condition for the unique existence of the couple system
of non-linear integral-typed equations in (23).

Lemma 5.4. If

A + A) (1 + ﬁ) A2+ A) (1 + %)
A2 %

R1k2

<1, (31)

the coupled system of non-linear integral-typed equations (23) admits a unique solution (a},ay),
where @} and a% € C[0,T).

Remark 5.5. Note that condition (31) is rather mild as it is satisfied when the intensity of
the systematic jump risk X is small relative to the intensities of the idiosyncratic jump risks
Ak, for k= 1,2. This is in line with reality as insurers choose their reinsurance-investment
strategies to diversify their risks, and therefore the magnitude of the systematic risk in their
surpluses should be small relative to their idiosyncratic risks.

Proof. Consider the following sequence {ay, , }i<,, for k = 1,2, where

(ano(t) & <t m {1+ s},
a30(t) £ <o 0\ aprsggr @ (32)
afi(t) & <o {m;%ﬁh*f@;,l_l(t)nu } for 1 >1,
@5,(1) o In {mg%;[hgia‘;,l(t))m } for — I>1,
where
p £ o 5y 2 4 (33)

(Ak+A)(1+%>’ (Ak+>\)(1+%)’

for & = 1,2. It suffices to show that {a},}%, is a Cauchy sequence with respect to the

uniform norm.

Firstly, the uniform boundedness of the sequence {aj,} is established via Lemma 5.3, which
readily implies that, for each n € N and a > 1,

1

0 < RAp < RAp + Bylhy(aj,(t) + 1] <Az + By = a— <L, (34)

L+ C(n)n®

and so by definition,

Qké(“) n (1 * C(ik)n“> < @) < qk(/}(n) In Pk/\j: - (1 . C(ik)naﬂ , (35)

forall k =1,2,1 €N, and t € [0,T].

16



Note that

) — a0 < <o :
a at,(t)] < n ~
L b — @C(n) AT + B[k (as, () + 1]
1
—In -
{avf F B, (1) + 1) }
- e—r(T—t) 1 1
— @C(n) |AY +BY[hi(as, () + 1] A+ BY[AL (a3, ,(t) + 1]
o r(T-1) BT (hi(as,(t) — hilag, ()
B @Cn) [ R 11 . ]
AY + Bi[ht(as, (1) + 1] | (AT + Bi[Af (a5, (1) + 1]
or(T—t) _%f? ]
B ¢:1C(n) [ R 1T R ]
AT + Bi[At(as, (1) + 1] | | A + Bi[hi (a5, (1)) + 1]
a3 l(t _ T_(T_ t) _
‘/ /i G eT(T t)e K1q1e C(n )yF dy‘
azz 1 (
—T‘(T t) s:Blll
@ C(n)

Ay + Bi[hi(ag, (1) + 11| |27 + Bi[ri(az, (1) +1]

.‘e—mq1er<T’t)C(ﬂ)dS,l(t) _ e—mq1er<T’t)C(u)dS,171(t)

e—r(T—t) %1’11
@1C(n)

Ay + Bifhn(az, (1) + 1| |27 + Bi[hiaz, (1)) +1]

AR T C () mae TV

n
51%1

5,(t) — 3, (1)

3, (t) = a3, (1)

A+ By (az, (1) + 1| |27 + Bi[hiag, (1)) +1]

lil%lll . An KIA()\I + )\) (1 + C(n)n“)
< gy () — 8 (0)] = w

agl(t) - d;,zq(t) )

where the second inequality follows from (34); the fourth equality follows from the definition
of h} in (18), for k£ = 1,2; the sixth equality follows from the mean-value theorem that there
exists ag € [a5, ,(t),a3,(t)] such that

e e TIOmag (1) _ —miareT-CMmas, (1) k1 g T (m)emne TICwa

) dg,l(t) - dg,z—1(t) ;

17



and the eighth inequality follows from the fact that

—1 < hj(a) <0.

This implies that

KA+ A) (1 n %) |

||&r11,z+1 - &tll,lHOO < N2 |a21 az,z—1||ooa
1

and by symmetry, we also have

R+ A) (1+ o55)
Hdg,l - &2,171Hoo < \2 Hau(t) - dl,lﬂ“ooa
2

which implies that

163,141 = @7l

A ) (T4 8 ) (A0 +0) (1+ o) -

< KiKg N 22 a1 loo
!
A+ ) (14 585 )\ (A0 + ) (14 o)
< | Rike 2 \2 a7, — a¥ olloo-

This shows that, given a large integer n, for any m > n, we have

6, (t) = a%,(B)]loe < Z”CLIHI — a1y (t) ]l

< (T” )l 6) = (ol

AN+ A) (1 + %) AAz +A) (1 + (J(n)na>
A2 A3

where

A
T = KR1K9

(36)

Based on the uniform boundedness of sequence {a},} and the assumption that T < 1, we
can henceforth conclude that {a},} is Cauchy sequence with respect to uniform norm. This
means that the left and right-hand sides of system (32) converge uniformly to a limit aj,
for k = 1,2, when [ approaches to co. To show uniqueness of the limit a}, for £k = 1,2,
assume that there exist more than one limits, i.e. a} and aj. We can then follow the similar

arguments above leading to (36) to arrive with the desired contradiction.
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6 Nash equilibrium for insurers in diffusion-approximated
model: Case of CARA insurers

Having established the Nash equilibrium for the case of general compound Poisson risk model,
we shall consider finding the Nash equilibrium of Problem 3.1 for the diffusion approximated
model (see, for example, Rolski et al. (1999)).

Consider the process {X™ (t)}is0, for {7 }is0 = {(@r(t), br(t)) }is0 € I, Where

(27 (8) = {rA7(6) + (v + ) Brson(@(6)) + O — 0]

—k(Aj + AN)[05(a;(t)) + (n; — 6;) ]

4 mnlb(t) — rid; ()] L(t )}dt + [B(t) — ki (1)) /I DA Bs(t) (37)
N —YedB?" (t) 4 kpy;dBZ (1)

A (0) = 2y,

where { BZ"},~¢ denotes the standard Brownian motion and that

Y 2 VO ME[(ZF Aa)Y,

d(B?',B?) = pdt, where p 2 %E[(Zl A @) |E[(Z% N as)),
172

and d(B%" Bg) = 0, for k # j € {1,2}.

To study the Nash equilibrium between two insurers with the surplus difference process
{5 (t) }izo in (37), for k = 1,2, consider the corresponding objective function of insurer ,
for k = 1,2, denoted as .Ji, where

Jolt, zp, 2, 7(t), 75(8) 2 E [Uk (xk (T)) () = 2, L(t) = 1, (38)
Given the strategy of his competitor j € {1,2}, ie. T; = (&j,gj), the objective function
Ji(t, wp, 5, 71 (t), 7;(t)) of insurer k # j is to find an optimal strategy 7z = (ay, by) such that

max jk<t, Tk, Xy, ﬁ'k(t), ﬁu(t)) = jk(t, Lk, L, %k(t), ﬁ'j(t)),
7 =(ax,br) €1k

Denote V¥ to be the corresponding value function of insurer k, i.e.

VE(t,x,1) 2 sup E [Uk (/f:k(T)> |)E';fk(t) =z, L(t) = l] ’ (39)

T €y
and the corresponding Nash equilibrium is
jl (tv L1, T2, 7%-1 (t)a ﬁ-;(t)) < jl <t7 Ty, L2, ﬁ'i‘@)a 7}5 (t))a (40)
J2(t7 L2, 21, ﬁQ(t)J ﬁﬁ(t)) < J2<t7 T2, X1, ﬁ-;(t)7 ﬁ—i((t))
The following theorem provides the Nash equilibrium for the case of the diffusion-approximated
process {f,f’“ (1)

>0
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Theorem 6.1. Assume that ri1ky < 1. Suppose that insurer k, for k = 1,2, has an expo-
nential utility function U* in (17) and the relative wealth process {X*(t)}i>0 in (37). The
value function VE(t,z,1) of insurer k, for k = 1,2, at equilibrium is

VE(ta,1) = —qik exp { ~qu [0 4 FH(1)] — A@1 - B®) |, (41)
where A(t), B(t) are given in (21), (22) and
{(Ak + A) (e — ek)ﬂk k(A 4+ A)(

fi) =

_ Hj)lu]} [1 _ er(T—t)}
T T
—(A\p + )\)Gk/ " T=9) (@i (s))ds + me(N; + N)6; / eT(T_S),uj(Ei;(s))ds
t t
T ap(s)
0wt N [T [T F ) dyds
¢ 0

T at(s)
+rp (N + )\)qk/ e (T=9) yF;(y)dyds
t 0

T ay(s) ai(s)
— ARk / ?r(T=s) ( / F k(y)dy> ( / Fj(y)dy> ds, (42)
t 0 0

for k,j = 1,2 with k # j. Let ag, for k = 1,2, be the solutions to the following system of
equations,

ai(t) = )\/}’11)\ 0a2( Fa(y)dy + ele_r(T 9,

(43)

ia(t) = 22 [P Ty (y)dy + Lo T,

then the equilibrium reinsurance strategies a ak, for k =1,2, for Problem 3.1 admit one of the
following forms: for k # j € {1,2},

1. If ax(t) < Dy and a;(t) < Dj, then (aj(t), @ (t)) = (ax(t), a;(t));
2. If ay(t) > Dy, and a;(t) < Dj, then (aj(t), ai(t)) = ( Dy, [;_H Ok Frly)dy + z—jefr(T—t)} A Dj>;.
3. If ax(t) > Dy and a;(t) > D, then (aj(t),a:(t)) = (Dy, D;);

and the investment strategies l;z, for k=1,2, are given by (24).

Proof. Following the notations and assumptions in Theorem 4.1, let W¥(¢,z,1) € C*2(I') N

CO(T), for k = 1,2, be a solution of the following HJB equation,

T €1l

0 = Wkt,z,1)+ sup { [m + (Mg + N)[Orper(ar) + (e — Or) i)

—rik(Nj + N [051(@5) + (0 — 0;) 1] + mby, — 'fki?j]l} Wi (t,@,1)
1

5|+ ) (/Oak 2y?k(y)dy) + g+ ) (/Oéj 2yF; (y)d?J)
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ak _ a; — ~ 2 ~ 2 ~
— 2K\ (/ Fk(y)dy> </ F; (y)dy) + bl + Kbl — kabkbjl] WE (t,z,1)
0 0

~ 1 ~ ~ I
+a(§ — Wt 2, 1) + §a2lVVl]f(t, z,1) + psallby — kb WE(t, z, l)}. (44)
Consider the following Ansatz Wk(t, z, 1),
. 1 _
Wt 1) = —— exp {—qp |20+ FH(6) + 6", 1) } (45)
dk

We shall prove the verification theorem for V¥ = W* in Appendix A. Since
W = (e T — quff — gV, W = —quer T-OT%, T, = 2o 0N,
Wl = —augfW*, Wi = gi(gr?W*, Wi = g gk,

the corresponding HIJB equation in (44) becomes

0 = (rguee™ ™Y —quff — qugf)W*

+ sup { [m + (M + N [Owr(@n) + (e — O] — k(N + N [0505(a5) + (n; — 0,) 7]

T €y
1 L
Fy o ([T 2F)
0

SACYRDY ( /0 ’ 2yF; (y)dy> — 2%k ( /0 " E(y)dy) ( /0 " Fj(y)dy>

<q2827‘ (T—1) Wk’)

m[lN)k — I{/j)j]l] (—qkeT(T_t)VNVk>

+Bil + Kigjz — QHklN)kl:)jl

+a(d —1) ( qr 9, Wk> ; 2] (q,f(glk)QWk) + szl[l;k - nkzj] <q,€er (T—1) Wk> }

= (quaﬁe’"(T’t) S quf) - (m: + (A + A) (1 — Or) i
— k() + N[0;1(a5) + (n; — 0;) ]

Ki(Aj+A) (/Odj 2:F;(y )dy) + /fkbz

2 1
—mlﬁkbjl>ler(T_t) +3 (gie® 1)

1 2 _ ~ (T—
—a(§ — Dgrgl + EZJQq,%(gl’“)Q — psolrgbqigier ™=V ¢ sup { — Ak + N (a@r) gre” ™Y

ak

1

+5 (A + ) </0ak Qsz(y)dy) — 2K\ </Oak Fk(y)dy) (/Oéj Fi(y )dy) ] 2,2r(T— t)}

1 -
+sup { mbglge” "™ [le — 2/€kbkb l} q;%ez’" T 4 psalbkqﬁgke’"(T t)}

by

As it is easy to see that the investment strategy of insurer £k at equilibrium l;",;, for k =1,2,
admits the form in (24), i.e by = b,", where b," is given in Theorem 5.1, we shall hereafter
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focus exclusively on the reinsurance strategies, aj, for £ = 1,2. By the first order condition
for ax, we have

0 = —(M\+N0Fr(ag) +

<)\k + A)ﬁkﬁk(ak) — /ﬂk)\Fk(dk) (/Oaj Fj (y)d:l/) ] qkeT(Tﬂ‘/)7

which gives

. K a5 _ f (T
= F.(y)dy | + —.

Hence, it follows that the desired equilibrium reinsurance strategy (af,a;) can be obtained
when we can show that of the system of equations in (43) admits unique solution (ap, as).
To solve for (ai, as), consider the following sequence {ay,;}72,:

2 o r(T—t)
{al,o(t> = elq%, (47)
2 K a 1—1(t) = e—(T—1)
a(t) = AllJ;\A 0! 10 Fy(y)dy + 91(1—1, for [>1,
where
N Ko ar(t) 92e—r(T—t)
az(t) = F dy + —-—,
) = 325 [ R+ 2
for [ € N.

Next, we show that {(zzl,l}fio is a Cauchy sequence with respect to the uniform norm; indeed,
note that

(:12,1(75)

2 S /‘il>\ —
t) — t = F d
v i@l = 725 [ P
'Lil)\ /a2,l (t) ‘ Hl)\ ~ ~
< dy| = a9 1(t) — ao—1(t)].
= Nt _— Yy A+ A\ 2,z( ) 2,1 1( )

From (47), it is easy to see that a(t) is uniformly bounded for k = 1,2, and [ € N, and
henceforth we have

a a a Qo — .
1,0+1 Lilloo = )\1 \ 2,1 2,l—1|loco
By symmetry, we also have,
|| Q Q || < /QQ)\ || G G ||
a Ao j— a aj— .
2,1 2,l—1llcc = )\2 \ 1, 1,l—-1]|co

This readily implies that

IN

lari1(t) = aralloc

Kjl)\ /ig)\ 2 2
— a17-1|00 48
(5225) | (52225, Vs = el (a9

A A l||3 2 ||
K1k 11— a1.0|loo
12 )\1+>\ )\24‘)\ 1.1 1,0

< TlH&l,l — él,oHoo-

IN
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This shows that, given a large integer n, for any m > n, we have

|y m — Grnlloe < Z @ a1(t) = a10(t) [l

Tn
1-7

PN A A
B UV A S

Based on the uniform boundedness of sequence {c:zu} and T < 1 under the assumption
K1ks < 1, we can henceforth conclude that {él 1} is Cauchy sequence with respect to uniform
norm. ThlS means that the left and right-hand sides of system (47) converge uniformly to
a limit ay, for k¥ = 1,2, when [ approaches to co. To show uniqueness of the limit a, for
k = 1,2, assume that there exist more than one limits, i.e. a; and a;. We can then follow
the similar arguments above leading to (48) to arrive with the desired contradiction.

IN

11,1 () — G1,0(t)]]oos

where

Finally, substituting (46) and the expressions of @} and b} into (44) gives

0 = fi+ (()‘k + MOk (ar) + (e — Ox) i) — we(Nj + N)[0j5(a7) + (n; — 9j)ﬂj]>eT(T_t)

*

—5 |k ( /0 K QZFk(y)dy) — 2\ ( /0 5 E;(y)dy)
+ ( /0 K E(y)dy) L{OYEDY ( /0 K 2:F; (y)dy) ] gre® T,

of which (42) follows readily. O

Different from Theorem 5.1, Theorem 6.1 does not require additional assumption as to guar-
antee the reinsurance strategies, ajy, for £k = 1,2, to uniquely exist. This indicates the high
analytical tractability of the diffusion-approximated process {/ﬁj *}i>0 is maintained in the
context of the nonzero-sum game framework. We now establish the connection between
Nash equilibria under the general compound Poisson process {X;rg t>0 and and the asso-
ciated diffusion-approximated process as n — oo. More specifically, the following theorem
shows that the Nash equilibrium under the diffusion-approximated process is the e-Nash
equilibrium for the general compound Poisson process.

Theorem 6.2. Assume that C'(n) = O(n_%). Under the condition that

lim sup (max {[|ay"|oc, [la5" [ }) < 00, (49)

n—oo

then

1. Fork=1,2,
lay" = dille = O(n7%), (50)

where a;" and @, are the equilibrium reinsurance strategies of insurer k in Theorem 5.1
and Theorem 6.1, respectively;
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2. For each 1,1 € R,
||Vk7”(.,i",l)—f/k(.,i",l)Hoo = O(n2), (51)

where the value functions V¥ and V¥ are the value functions of insurer k, for k = 1,2,
in (19) and (41), respectively.;

3. For each x,x; € R, for k=1,2 and k # j € {1,2},
12y, ™) = i s s 7)o = O (n7F). (52)

i.e. Nash equilibrium under the diffusion-approximated process (71, 7T3) serves as an e-Nash
equilibriuvm under the general Poisson process (m™", wy").

Proof. Without any loss of generality, we let K < co to be some constant such that

lim sup (max {[|a," |, [|a5" | }) < K. (53)

n—oo

From (53), it follows that there exists an n* € N, such that for all n > n*,

@ (1) e
[ C(n)Re (as"(1)] = n°C(n) / krgre” T C (n)e e TICWUE (4)dy
0

a;’“(t) T (T o
< n'C(n) / /@quer( _t)C(n) Hkdke )y Ydy
0

= 0°C(n)rpgre” T (n)e e ICM gm0 )
< n"(C(n))? kagre™ K = O(1), (54)
where the second equality follows from the mean-value theorem for some aq € [0, a;fm(t)].

Since —1 < h}(a) <0, for all @ > 0, together with (54), it follows readily that

(e + N0y, — )m“C’(n)h‘,;(a;’”(t))]
A + /\[h‘;(a;’”(t)) +1]

=0(1),

for all n > n*. Therefore, for all n > n*, a;""(¢) can be rewritten as follows, by first expanding
it as a Taylor series,

o—r(T—1) (A +A) <1 + %’@)
20w ") A A @ () + 1]

e (=1 1 (Ax + M) — An*C(n)hi(a;" (1))
- o { wew) [~ w1

() =

qC(n) neC(n) Ak 4 Alhg(a}" 1
1 ()\k + )\)Ok )\n“C(n)h‘,;(a] ,n(
- <2n2a<c<n>>2) { Ak M (a3

1
L e T [+ N — A C(n)R(al"(t) .
4t (C(m))? [ N+ ARE(@ (1) + 1] ] o
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Let K £ max{||@}||oo, ||d5]loc}. Combining (55) with a*(t) in (43), we have, for all n > n*,

o= r(T=1) [ (A1 + )0y } 6 (T
@ (C(n)n® [ A+ AR (e (8) +1]] @

e (=) A (ay" (¢ K az(t) _
B 1n( 2*711( ) R / Foly)dy
@ C(n) A+ ARi(a"(8) +1] A+ A Jy

e T00;, (A + A) |1 — (C(n))*n?]
@ (Cm)Pn (3, 4 Aha(a3" (1)) + 1))

o™ (t) —ai(t)] <

+O(n—%>

foa;m(t) K11 er(T—t) O(n)e—nlqler(Tft)C(n)yFZ (y)dy ‘

e—r(T—t) )\61
+ *

a (M + Ak (az" (1) + 1))

A

efr(Tft) |:
+
aC(n) | AL+ AR (a

2" (1) + 1]}

ay"(t) ) .
: / /‘61Q1€T(T—t)0(“)e_mqle C(n)yF2(y)dy

{Al + A[h“?s’él“( t) + 1]} /ow

e TICW | Ty (y)ay
AK1 AK1

as(t) B
N AR (@ () + 1] _)\1+)\/0 Faly)dy +0(n?)
e "9, (M + A1 = (C(n))*n]]

<
@ (Cm)Pn (3, 4 Aha(a3" (1)) + 1))
e (M=) \0, foa;m(t) /€1Q1€T(T_t)C(ﬂ)e_mqler(ﬁt)c(n)ydy‘
_I_
a (Al AR a5 (1) + 11)
o r(T—1) (1) (T —t)
n K er(T—t)Cf n)e Fae C(”)yd
¢C(n) {)\1 + )\[h“( (t)) + J / 1 W ’
)\lil a2(t) —k1qrem(T— t)c
Kiie 1( d
{)\1 + )\[h” ] 0 !
A2ky ’fo ﬁlQler(Tft)C(@efmqle a
X _ ax(t) + O(n"2
(A1 + AR (ag™ (1)) +1]) (A + A) 20 ( >
o e (N[ (Cw)Peel r1A01ay" (1) C(n)

0 (COIP (3 4 Ah(e3"(0) +1]) (M + (3" (1) + 1])
MKy o B 2Ak2qie" T (n) a2(t)
@) r e W a0l ey / ydy

Nr2qrerTDa)" (t)ay(t) s
o A (@ @)+ 1) e T o(v*)

_|_
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e I00 (+N) L= (C)Pne| KINGL K
w(CPN (X 4 ey (1) +11) - (M + A" (1)) + 1))
k1 on A2grerT-O 2

/\1+>\[h"( ") + 1" (t)_d2<t)|+A1+A[h‘f( M(t)) + 1

N k2qerT—t) KK s
T A (0) ]><A1+A>C(“>+O(“ )

Aﬁl
where the third inequality follows from the fact that 0 < Fy(y) < 1, for y > 0; the fourth

_ L SN — an(t)] + 0(
Ao+ 1] 1 )

inequality follows from the mean-value theorem, i.e., for any a,b > 0, there exists ¢ €
[a A'b,a V b such that

C(n)

C(n)

1\3\9

B (@) — h(b)| = e T DC (n)e 1T TCMey _ gl < ke TDCMm)b—al; (56
1 1

the fifth inequality follows from the definitions of the upper bounds K and K; and the sixth
equality follows from the assumption that C(n) = O (n_%> and the fact that —1 < hf(a) <0,
for all @ > 0.

By symmetry, the above inequality becomes

*n ~ Aﬁl wn ~ .
k) S < ; B
ot il = ’M—I—A[h‘f(a;’“)—i—l]‘ooHa? sl +0(n%)
A2k ko H o .
= > wn ay” —all, +O(n"2
B H(A1+>\[h‘1‘(a2’ )+ 1]) (Ag + A[RE(a}™) + 1]) OOH 1 1 ( >
= Nl ~ il +0(nE). o)
A2K1ko

where Y, £

(AHARE (a3 ™) +1]) (A2 +A[RS (ay™)+1]) L’ From (36), for a > 0, there exists a & [0, a]

such that, for n > n*,
13 (a))| = kigre T=IC (m)e ne™TICME| | < g TO (MK = O (C(n))

where the last inequality follows from condition (53). Therefore, for n > n*,

A25152 A25152
H M AT T 1) e T ATB@™ T 1) Ot N0 7 Hoo
/\1 + )\ hi a; n) + )x()\g + )\)h“( ) A2h0 ( *’n)h“(ai’n) B
H Xt N0 ) O AT + 1) O + ARS@™ + 1) Hm =0(CW). ()

ie. limsup,_ . Vo= (/\1}:\’;% < 1. Therefore, (57) becomes, for all n > n*,
) = O(n‘%>.

1
1 _’)%

nla

O(n-

lar” = aillee <
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In view of V*" in (19) and V* in (39), to show (51), it suffices to show that

/5" = ol = O(n™2), for k=1,2.

For n > n*, ||a;" || < K, for k = 1,2, and hence we have, for 0 < s < T,

Oy = 1 4 g, Cn)ye" ™= + O (n7), for 0<y<ay™(s),
e*ﬁkaC(n)yeT(T_s) =1 ﬁquC(n)yer(Tfs) + 0 (l’lia) , for 0<y< a;m(s)'

Substituting (59) into f*" in (20), we then have:

Fen(gy = {()\k: +A) (s — 9k)ﬂk ARV 9]')”]} [1— ]

r r

T T
—(A\p + )\)ek/t " T g (a2 (s))ds + k(N + N)0; /t eT(T_S)uj(a;’“

T ay"(s) o
+(Ak + A% (C(n))qn / er(=9) [/ yFk(y)dy] ds
¢ 0

T a;’"(s)
+(\; + /\)n“(C(n))%iqk/ e2r(T—s) [/ yF; (y)dy} ds
¢ 0
) T (T [ a;;’n(s)_ - a;’n(s)_
—An*(C(n))*Krqx e?r(T=s) / Fk(y)dy] / Fj(y)dy] ds
- Jo - Jo

+An?(C(n)) gy

eBr(T—s)

—n*(C(w) iy} [
T (T - orag () -

pir(T—s) / yF(y)dy [
L/ _

+An*(C(n)) kg
+0 <n_%>.
Combining (60) with f* in (42), direct calculation yields that, for n > n*,
5 T
[fo) = 0] < (>\k+>\)9k/ T (ag(s)) — pn(ay"(s))] ds
t
T
(N0 [Ty @55 — e} (5Dl
¢

ap(s)
/ yFi(y)dy

K (s)

IO
/ yF;(y)dy

)

T
O+ N / (T ds
t

T
+/<ci()\j + )\)qk/ e2r(T=s) ds
t
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T 3r(T—s) - aZ’"(s)_ - a;’“(s) .
e / Fk(y)dy} / ij(y)dy] ds
-J0 -J0

N

R‘@;)%

=

O
<
Bl
x>
S
o,
Neg

c\g c\g

K):‘

O
-9
S
o,
=
o,
Vo)

(59)



3 T s a;"(s) a;"(s) _
()t [ [ Rl [ [T Fima)ds
¢ 0 0
s23 1 4 Wt a3"(e)
+An*(C(n)) Hqu/ e _s)[/ yFk.(y)dy] [/ yF](y)dy} ds
¢ 0 0

+0 <n‘5>
fro which the desired result (51) follows from the condition (53), together with the assumption
that C(n) = O (n"2) and that ||a} — a"[c = O(n"2), for k =1,2.

Finally, from the definitions of the objection function of insurer k, for &k = 1,2, Ji in (~6)
(respectively, J, in (38)) and the corresponding value function V%" in (9) (respectively, V*
in (39)), we see that (51) is equivalent to

]|J2(.,xk,xj,7r,?“,7r;’“) — jk(.,xk,xj,%z,ﬁ;)\]oo =0(n"2).

By similar arguments, we can also deduce that

a

ij("xhxj?ﬁzaﬁ;) - ‘]I‘cl(ka’xjﬂ?z’ﬁ;)“oo = O(n7§)7
from which (52) follows by observing that

HJIS(-axkamjaﬂi?naﬂ;m) - Jllcl(vmkvmjaﬁltaﬁj)uoo < HJ;;(ka?xj:WZ’n’W;’n) - jk("xhxj’ﬁ-;ﬁ;)”oo
+||Jk(-7mk7xj7ﬁ-27ﬁ-f) - ‘]I:(uxkux]?ﬁ;;?ﬁ;)”oo
= O(n72).
O

Remark 6.3. For the case when a =1 and C'(n) = n"2, we can recover the weak convergence
result in Theorem 2.1 of Bai et al. (2013) that

)A(,:,rz — ?E,f’c, as n— Q.
Remark 6.4. In the proof of Theorem 6.2, under condition (49), (58) shows explicitly that

the condition of Nash equilibrium under the general Poisson process, i.e. YV, < 1, is satisfied
automatically for sufficiently large n.
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7 Numerical studies

Base parameters
m r |al| 0 |o Jor T | A
1.51005(2|03|1|-0.3/0.3|10]0.5
Insurer 1 Insurer 2

01 | M| @1 | K1 || 02 | Ao | q2 | Ko
0.1 1 10.2710.3 0.8 4 [09] 0.7

Table 1: Model parameters

In this section, we shall illustrate the Nash equilibrium reinsurance and investment strategies
under the CARA insurers in Sections 5 and 6. In addition, we assume that Fi(y) = 1— m

and Fy(y) = 1—e~% for y > 0. Unless otherwise stated, the following numerical illustrations
are based on the model parameters as specified in Table 1.

7.1 Equilibrium reinsurance strategies

Equilibrium reinsurance strategy of insurer 1 (K,2:0.3) Equilibrium reinsurance strategy of insurer 2 (K,l:O.S)

K, =0 K, =0
055 ‘1_0 3 1 0.65 2 Z
- —-K=0 77—,&2—0.3
05 1,707 Pr

Figure 1: Effect of k; on the equilibrium reinsurance strategy of insurer k, a,:’l, for k=1,2

Figure 1 displays the effect of competition on the equilibrium reinsurance strategies under the
Poisson model in Section 5 when n = 1 and C'(n) = 1. Observe first that both insurers increase
their respective retention levels aZ’l, for £ = 1,2, at equilibrium as t approaches to T'. As the
main objective of each insurer is to maximize the expected relative wealth at the terminal
time T, each insurer wants to minimize the expenditure on the reinsurance protection by
increasing his own retention level. The effect of competition is illustrated via the sensitivity
parameter ki, for k = 1,2. In Figure 1, we see that the equilibrium retention level az,’l, for
k = 1,2, increases as kj increases, with the absence of competition represented by the case
when x; = 0. This can be explained by the fact that the relative performance concern makes
each insurer to be more risk-taking by increasing his respective retention levels as they are
more concern with his expected terminal wealth relative to that of his competitors. This is
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also consistent with the proportional reinsurance protection game considered in Bensoussan
et al. (2014). Finally, note that although both insurers increase their respective retention
levels as each of their own kj increases, increment in insurer 2’s retention level is relatively
small compared with that of insurer 1. This is due to the fact that insurer 2 is more risk-
averse than insurer 1, ceteris paribus, i.e. ¢ = 0.9 > 0.2 = ¢;. Hence, even if insurer 2 is
more concerned with his relative performance against that of insurer 1 (kg = 0.7 > 0.3 = K1),
insurer 2 is relatively risk-averse that he refrains himself from aggressively minimizing the
reinsurance protection by increasing the retention level dramatically.

Equilibrium reinsurance strategy of insurer 1 (n1:0.3, »{2:0.7)

Equilibrium reinsurance strategy of insurer 2 (n120.3, n220.7)
0.55 T T T T T T T T T T T

0.7 T

— =0 — =0
o5k | =05 - 0.65F | — — — =05
A=1 P A=1

0.25

10

Figure 2: Effect of A on the equilibrium reinsurance strategy of insurer k, a;;’l, for k=1,2

Figure 2 studies the effect of the systematic risk generated from the common intensity A of
the Poisson risk model in (4) on the equilibrium reinsurance strategy a;'(t), for k = 1,2
and ¢t € [0,T]. The case when both insurers have independent claim processes is represented
by A = 0, under which we recover the classical optimal excess-of-loss retention level in the
absence of competition. Indeed, when A = 0, the coupling effect in the integral-typed system

—r(T—t) 0
“wom B <1 + Wk(n))’ for k=1,2,n € N, and

a > 1. In other words, when A = 0, the relative performance concern of each insurer becomes
irrelevant in the context of reinsurance protection, as he would simply choose his optimal
reinsurance protection as if there were no competition.

(23) disappears, and we then have a;"(t) =

On the other hand, as A increases, the correlation between both insurers’ claim risks increases.
The prime objective of each insurer is to maximize his relative surplus relative to that of his
competitor, and hence an increase in correlation of their claim risks minimizes the relative
difference of their surpluses. As the arrival of common claim, measured by the intensity A,
affects both of them, there is certainly no reason to increase his excess-of-loss reinsurance
expenditure with an increasing A, for it would do nothing or even negatively to maximize his
relative terminal surplus against his competitor. Instead, the best response of each insurer
to the increase of A is then to decrease the corresponding expenditure on their excess-of-loss
reinsurance, i.e. by increasing his retention level a;;’l(t), for k = 1,2, so as to limit the
potential of common loss. This effect is summarized in Figure 2.
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Equilibrium reinsurance strategy of insurer 1 (HZ:O.S)

Equilibrium reinsurance strategy of insurer 2 (fc1:0.3)

0.6 T T T : : : : : T 0.95 T T T : : : : : :
}\Zl:O ool h’2=0 ]
— — —£,=03 . — — —k.=0.3 Z
0.55 [ o 4 2 -
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T - 0.85 =0 7
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Z
0.55 | 1
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Figure 3: Effect of s on the equilibrium reinsurance strategy of insurer k, a; (Diffusion-

approximated model), for k = 1,2

Comparison of a;™" and a; with respect to n (t=0) Comparison of ay™* and aj with respect to n (t=0)
0.3405 . : . : . : : . : 0.568 : : : : : : : : :
*,n,1 *,1,1
0.34 ar | s
1,2 0.566 1,2 | 4
s )
0.3395 - *n,3 | 1 *,1,3
ay )
~ 0.564 - ~ 1
L * *
0339 —ay 1 — Qo
—
o
= 0562
* QN
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0.3365 ) ) ) ) ) ) ) ) ) 0.556 n n n n n : ; n ;
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n n

Figure 4: Convergence of a,""(0) to a;(0) with respect to n (k; = 0.3, k9 = 0.7), for k = 1,2
and a=1,2,3, at t =0.

Figure 3 captures the same effects of Figure 1 under the corresponding diffusion-approximated
model in (37) with the model parameters in Table 1. Note that the patterns of the equilibrium
retention levels, aj, for k = 1,2, are same as those in Figure 1, albeit with difference values.
To understand the connection between Figures 1 and 3, we now turn to Figure 4. Figure 4
provides the graphical representation of the e-Nash equilibrium for the general Compound
Poisson process in Theorem 6.2. More specifically, Figure 4 illustrates the convergence of Nash
equilibrium under the compound Poisson model in (8) to that under the associated diffusion-
approximated process in (37) with respect to n under the case when k; = 0.3, k; = 0.7 and
t =0, for a = 1,2,3. Denote by a,;"™", for k = 1,2, the corresponding equilibrium reinsurance
strategy of insurer k& under the compound Poisson model in (8). As n increases, we see that
each equilibrium strategy a;™*, for a = 1,2, 3, converges to the equilibrium strategy a}, under
the diffusion-approximated model in (37) with different rates. In this respect, parameter a
controls the speed of a;™* converging to aj with the increasing value of a speeds up the
corresponding convergence. More importantly, Figure 4 shows graphically that the Nash
equilibrium strategies under the diffusion-approximated model, which admits high degree of
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tractability, can provide an accurate approximation to the Nash equilibrium strategies under
the general Poisson model when the condition (49) in Theorem 6.2 is satisfied.

7.2 Equilibrium investment strategies

Equilibrium investment strateg

y of insurer 1 (x,=0.3, ps=-0.3)

Equilibrium investment strateg

y of insurer 2 (x,=0.3, ps=—0.3)
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Equilibrium investment strategy of insurer 1 (x,=0.3, ps:0.3)

Equilibrium investment strategy of insurer 2 (x,=0.3, pS:—0.3)
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Figure 5: Effect of ki on the equilibrium investment strategy of insurer k, b,:’l, for k =1,2

We now proceed to investigate the equilibrium investment strategies, b,", for k = 1,2, of the
two CARA insurers in Figure 5 when n = 1 and C(n) = 1. In contrast with the equilibrium
strategies a;", for k = 1,2, which are monotonically increasing with respect to ¢, the change
of the equilibrium investment strategy bZ’l with respect to t depends on the sign of the
correlation of between the risky asset S and its volatility process L, i.e. pg. When pg < 0,
be' in (24) shows that the term e (T~ is an increasing function of ¢, whereas A(t) is a
decreasing function of ¢t. The resolution of this opposite effect is captured in the first row of
Figure 5. On the other hand, when pg > 0, this opposite effect in (24) disappears and bZ’l
becomes monotonically increasing with respect to ¢, as appeared in the second row of Figure
5. Since both insurers share the same investment risk by investing in the same risky asset
S, the sign of the correlation effect of the systematic risk from the investment can have a
profound effect on the equilibrium investment of the insurers.
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In addition, Figure 5 also captures the effect of competition on the equilibrium investment
strategies. Contrary to the case of the reinsurance protection, which is an expenditure,
investment into the risky asset S has a possibility of generating income and hence CARA
insurers would increase their exposure to the risky asset S as the time approaches to the
maturity 7. Moreover, the presence of competition, which is captured by the sensitivity
parameter ky, for k = 1,2, induces both CARA insurers to increase their exposure on the
risky asset S. This is true for both cases when pg is positive or negative. This is also consistent
with the equilibrium investment strategy under the regime-switching case in Bensoussan et
al. (2014).

Equilibrium investment strategy of insurer 1 (pS:-0.3, 51:0.3, n220.7)

Equilibrium investment strategy of insurer 2 (pS:-O.3 ,n1:0.3, n220.7)
11 T T T T T T T
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Figure 6: Effects of ¢ and pg on the equilibrium investment strategy of insurer k, b;;’l, for
k=12

Figure 6 studies the impact of the volatility of the volatility process L, i.e. ¢, on the equi-
librium investment strategies with respect to the correlation ps. When pg < 0, increase in
o results in an increase in investment b,:’l at equilibrium, as shown in the first row of Figure
6. On the other hand, when pg > 0, increase in ¢ leads to a decrease in the investment bZ’l
at equilibrium, as appeared in the second row of Figure 6. This can be explained by the
fact that when pg < 0, the risky asset S and its volatility process L move in the opposite
directions, implying that there is a compensating effect brought by the volatility process L
to the dynamics of the risky asset S. This in turn leads to a higher expected return of the
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risky asset S, see (3), and hence higher a o would result in an insurer investing more into
the risky asset S, when pg < 0. On the other hand, when pgs > 0, the risky asset S and its
volatility process move in the same direction, and the aforementioned compensating effect
from the volatility process L disappears. This means that, any adverse movement in the
volatility process would lead to the erosion in the value of the risky asset, with the resulting
effect being further pronounced by the increasing value of . This certainly leads to the
reduction in investment into the risky asset S as o increases, when pg > 0. It is worthy
to mention that the effects in Figure 6 are strikingly different from the corresponding result
in Bensoussan et al. (2014). In Bensoussan et al. (2014), the stochastic volatility effect is
modeled by the regime-switching process that is independent of the process of the risky asset.
Hence, as discussed in Bensoussan et al. (2014), increase in o would always lead to decrease
in investment into the risky asset when L; = o, for all £ > 0. In other words, the specification
of the correlation factor plays a critical role in quantifying the systematic investment risks of
two competing insurers in equilibrium.

Finally, note that the equilibrium investment strategies b,:’l for different o converge to a
common value as t approaches to T'. To understand this, we revisit b,:’l in (24). When

t =T, A(T) = 0. Hence, b;"(T) = —2 [m + M} for k # j € {1,2}, which is clearly

I—k1k2 | ax g |’
independent of ¢ and is the common value to which the equilibrium investment strategies

by under different values of o converge when t = 7.

8 Conclusion

In this paper, we study the impact of common systematic risks on the nonzero-sum rein-
surance and investment game between two insurance companies under a general compound
Poisson risk model. The first source of common systematic risks derives from the mutual de-
pendency between two insurers, by modeling the surplus process of each insurance company
with the correlated compound Poisson risk model. In addition, we consider the excess-of-loss
reinsurance protection, instead of the proportional reinsurance protection, as the excess-of-
loss reinsurance protection is of higher demand in reality. The consideration of the excess-
of-loss reinsurance proves to be more technically demanding to establish the resulting Nash
equilibrium than the case of the proportional reinsurance protection, making the methodology
employed in Bensoussan et al. (2014) not directly applicable in the present context. More
specifically, the existence of the equilibrium excess-of-loss reinsurance strategies is equiva-
lent to the solvability of the coupled non-linear integral-typed equations, as opposed to the
solution of the system of linear equations in Bensoussan et al. (2014). Under some mild con-
dition, we show that the equilibrium reinsurance and investment strategies uniquely exist,
and that we show that this mild condition can be satisfied when the intensity of the sys-
tematic jump risk is relatively small in comparison with the intensities of the idiosyncratic
jump risks of the insurers. Moreover, our numerical example illustrates that increasing the
intensity of the systematic jump risks would lead to an increase the equilibrium retention
level for each insurer, indicating the reduction in the demand of the reinsurance protection at
equilibrium. This fits logically with our understanding on that systematic jump risk affects
both insurers and hence increasing reinsurance protection would only lead to the erosion of
the terminal relative surplus, and hence does not constitute the best response to each insurer.
Finally, to connect the equilibrium results under the compound Poisson risk model to that
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under the diffusion-approximated model, we also provide the explicit equilibrium reinsurance-
investment strategies under the diffusion-approximated model. More importantly, we show
that the Nash equilibrium under the diffusion-approximated process is the e-Nash equilibrium
for the general compound Poisson process.

The second source of systematic risk comes from investment on the same risky asset by the
two insurers. We quantify the impact of volatility risk of the risky asset on the insurers’ equi-
librium investment strategies by modeling the risky asset with the popular Heston (1993)
stochastic volatility model. We show that the correlation between the risky asset and its
volatility process determines the directional behaviors of the investment strategies of the
insurers at equilibrium with respect to the parameters of the volatility process. More specif-
ically, we show that when the correlation between the risky asset and its volatility process
is negative (respectively, positive), increasing the level of the volatility process would lead
to an increase (respectively, decrease) in investment on that risky asset in equilibrium. This
enriches the conclusion in Bensoussan et al. (2014) in which the equilibrium investment strat-
egy of each insurer is always inversely proportional to the volatility, i.e. when the volatility
process collapses into a constant. Our result also implies that modeling the correlation factor
can have a significant impact on the dynamics of the equilibrium investment strategies.

There are several extensions of the present work that can be considered. First extension is
to enrich the nonzero-sum game framework to other utility functions. We choose to study
the exponential utility for the sake of tractability and comparative static analyses. For
other utility functions, closed-form solution to the Nash equilibrium may not be available
and reliable numerical scheme is necessary to solve the coupled system of PDEs in Theorem
4.2. Secondly, a consideration of the consumption strategies, in addition to the investment
and reinsurance strategies, can also be interesting as it allows us to investigate intertemporal
consumption behaviors of the insurers under competition. Finally, this paper shows explicitly
the nature of the convergence of the Nash equilibrium under the compound Poisson model to
that under the diffusion-approximated analogue. In this respect, it is also well-known that
a compound Poisson process can be used to approximate wide class of Lévy processes, e.g.
a-stable process, (see, for example, Corollary 8.8 of Sato (1999)) in addition to the diffusion
process. Since we show that the Nash equilibrium under the general compound Poisson model
uniquely exists with a closed-form expression, it is interesting to see if this result can be used
to study the Nash equilibrium under other Lévy processes that lacks analytical tractability.
We leave these suggestions for future research.
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A Proof of the Verification Theorem for V*" in Theo-
rems 5.1 and V* in 6.1

Since the proof of the verification for Theorem 6.1 is analogous to that of Theorem 5.1, we
shall only provide the verification proof for Theorem 5.1 below. In light of Kraft (2005),
Taskar and Zeng (2013), and Zhao et al. (2013), we begin with the following lemma.

Lemma A.1. Let Q = [0,00) X [0,00). Take a sequence of bounded open sets, Q1,Q2,Qs, ...
with Q; C Qi1 C Q, fori € N, and Q = U;en@;. Denote the exit time of (X,:k (t),L(t)),
for k=1,2, from Q; by ;.

Let
ANt 2,1 £ ——exp {—gi [T + (0] - A0 - BO)}. (61)

where ", A, and B, are of the forms in (20), (21), and (22), respectively. Then

0 <E [ka“ (Ti AT, X (r; AT), Lt A T)) X7 (8) = @, L(t) = z} <0,

for all i € N.

*,m

Proof. From (8), X, 5 at equilibrium admits the following form:

*,1 t
Xk () = e’“t{;;:ﬁ / e
0

— k(N + N[0 + 0 C(n))p(a;"(s) + (n; — Hj)ﬁj]] ds

(A + N[0k + n°C(n) (" (5)) + (ke — Or) i)

—l—/() e " mlb"(s) — kb " (s)]L(s)ds + /0 e "oy (s) — kib;"(s)]\/ L(s)dBs(s
- /Ot e " C(n)(Z* A a;"(s))d (Np(n®s) + N(n%s))
—|—/<;k/0 e " C(n)(Z7 Nai"(s))d (Nj(n®s) + N(n“s))} : (62)

Since dBg(s) = psdBr(s) ++/1 — p3dB(s), where d(Br(s), B(s)) = 0, substituting (62) into
the equilibrium value function in (19), we have

o 1 rT 2 n
Pk <t, X7, L(t)) = o { — e Ty — qufE (1) — B(1)

t
_Qk/ e7"(T—5)
0

(A + N[O +0°C(n)) " (s)) + (mk — Or) i)
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—rik(Aj + A)[(0; +n°C(n))u(as"(s)) + (n; — 9]')/%]] dS}

t
-exp { — qk/ e’"(T’S)m[bZ’"(s) — /ikb;’n(s)]L(s)ds
0

+

2(1 — 2 t
i ( . Ps) / XTI (5) — kb ()] L(s)ds
0

t
—qkpg/ e’"(T_S)[bk“( —Kkb )]\/L(s)dBg(s L(t)}
0

2

2 1 — 2 t
. exp{ . Qk< pS) / e2r(T—s) [bz,n(s) o /{kb;’n(s)]QL(S)dS
0

—a/1— 7% / T r"(s) — b3 (s)] L<s>dB<s>}

exp {qkan) / TD(Z5 A () d (Ny(as) + N (1))

—krqrC(n) /Ot "= (73 A a;’”(s))d (N;(n%s) + N(ns)) }

£ Gi(t)G5(1)G5(1)Gh(1),

where, for k =1, 2,

Gi(t) =

)
s
—~

~
S~—

[1>

Gi(t)

1 - n
q_ exp { — que’ T iy — g f* (t) — B(t)
k

t
_Qk/ er(T s)
0

—kk(Aj + N[O + n°C(n))u(a;"(s)) + (n; — 6;)1]

(A 4+ N[Ok + n°C(n)) (" (5)) + (e — b))

ds},

—exp { /0 t f*(s)L(s)ds + /0 t f%(s)\/L(s)dBy(s) + f§(t)L(t)} :

2

¢
—qry/1 — p%/ ¢"(T=5) [0, (s) — Kby (s)]\/ L s)dB(s }
0

2 exp {qu(n) / t T (728 A a7 (s))d (Ni(n®s) + N (n%s))

0

2 1 — 2 t
A exp { i Qk( pS) / le(T—s) [bz,n(s) . mkb;’“(s)PL(s)ds
0

—reqrC(n) /Ot " T=(Z7 N a}"(s))d (Nj(n's) + N(n's)) }
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r(T—t) *,1 *,1 ql?;<1 — P2s) 2r(T—t) [3,%,0 *,1 2
=g’ Umlb" () — raby T ()] + T e (6" (2) — b ()],

f5(t) £ —qrpse” OB (L) — mebI(L)],
() & —A(t),

Observe first that due to the uniform-boundedness of a;", for k& = 1,2.Gf(t) is uniformly
bounded and therefore it follows that 0 < sup,c(o 7 Gf(t) < oo.

Applying It0’s lemma to G5(t), together with the dynamics of L in (3), gives
dG5(t) = Gh(¢ ){aéf’f(t) L(t) [ (t) + f5(t) — afb () + 5 (ofk(t) +f§(t))2”dt
+GE(t)/L(t) [ofb(t) + f5(t)] dBL(1), (64)
G5(0) = —exp (f5(0)L(0)) .

Since b;" admits the form in (24) and A satisfies the ODE in (30), direct calculation shows
that

F(s) + F(s) — aff(s) + % (off(s) + ()" = 0; (65)

and hence (64) now becomes

Gh(t) = —exp (féf(())L(O) +/Ot adf:’f(s)ds)
-exp{—%/ot(afk()—i—fk( ds—l—/ \/_ off(s) +f5(s)] dB.(s )}

> —exp {féf(O)L(O) — %/0 (of5(s) + 1‘5(5))2 L(s)ds

¢
+/ VL(s) [of5(s) + f5(s)] dBL(s)},
0
where second inequality A(t) > 0, for all ¢t € [0, 7] and «, § > 0, which implies that adfy(¢) <
0, for all ¢ € [0, 7.

Finally, from Lemma 5.3, for each n € N and a > 1, a;", for k = 1,2, is uniformly bounded.
Together with the well-known fact that Poisson process has almost-surely finite number of
jumps for ¢ € [0, T}, it follows readily that for k = 1,2, n € N, and a > 1,

0<E[G(t)] < sup E[G(t)] < o0. (66)
te[0,7

Denote

LFt) £ —exp {fé“(O)L(O)—% /0 (ofk(s) + 5 (s))” L(s)ds

+ /O VL(s) [ofk(s) + f5(s)] dBL(s)}Gg’f(t),
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and note that since IL*(t) < 0, for all ¢ € [0, 7], the local martingale ¥ is a submartingale,
Le

E[L(t)] > L4(0) = — exp {f£(0)L(0)}, (67)
for all ¢ € [0, T]. Therefore, taking expectation on (63) yields

0 > E|[Wh (LX), L0)) | = E[GHOGA G 0E] ()]

> < sup G'f(t)) E [Lk(t)Gi(t)]

te€[0,7

= ( sup G'f(t)) E [Lk(tﬂ E [Gi(tﬂ

te[0,7

> ( . @f<t>> exp (£(O)L(0)) E [G4(0)

te[0,7]

V

> — ( sup Gf(t)) exp (f5(0)L(0)) ( sup E [GZ(t)}) > —00, (68)

te[0,7T) t€[0,T

where third inequality follows from sup,c( 1y G}(t) < co; the fourth equality follows from the
fact that L* and G% are mutually independent; the fifth inequality follows from (67); and
the sixth inequality follows from (66). Since (68) is independent of ¢ € [0, 7], the result now
readily follows. O

Proof. (Proof of the verification theorem in Theorem 5.1)

To verify that W*™ in (61) is the optimal value function of insurer k, for k = 1,2, we need
to establish (12) and (15) in Theorem 4.1. (12) follows from the arguments in the proof of
Theorem 4.1 in Taskar and Zeng (2013) and the proof of Theorem 3.2 in Zhao et al. (2013),
and we shall omit it here for brevity®. It remains to establish (15).

Denote @ = [0,00) x [0,00). Take a sequence of bounded open sets, Q1,Qs,Qs,... with
Q; C Qiy1 C Q, for i € N) and Q = U;en@;. Denote the exit time of (X;k (t),L(t)), for
k=1,2, from Q; by 7;. Then, it follows readily that 7, AT — T, as i — oc.

3 Alternatively, for the case of CARA insurers, one can first construct a sequence of bounded controls
T £ (aP ALV (=1),bY ALV (=), for k=1,2, | € N, such that T — T pointwisely, as I — oco. Secondly,
for an arbitrary family of stopping times {7; };en, by invoking Lemma 4.3 in Taskar and Zeng (2013), one can
follow the proof of Lemma A.1 to establish that, for each [ € N, Wkn (’7’1' AT, X" (1 NT), L(7; /\T))
is uniformly integrable. Thirdly, using the Burkholder-Davis-Gundy inequalities along with some al-
gebraic manipulations, as in the case of Ren (2008), one can show that a priori estimate for the

~ 7‘_“ ~ ‘n_n 2 . .
error term E [(Wk’“ (Ti AT, X" (1 NT'), L(7; A T)) — Wk (7'1- AT, X" (ri NT), L(; A T))) ] is quite
independent of [ and 7;. Combining these aforementioned results, one can readily deduce that
Whon (Ti AT, X,:’“ (s ANT), L(7; A T)) is also uniformly integrable. With this uniform integrability condi-
tion established for 7}, (12) readily follows by interchanging the limit with the expectation operator, as in
the case of proving (15).
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Since m" = (a;",b;") € IIi, which is admissible, applying It6’s Lemma on W*" and taking

conditional expectation on {X;’:’n (t) ==z, L(t) = l} yields

E (W (2 AT X7 (1 AT), Lm AT)) 1K () = 2, L(t) =1

N—

TNT o PR} A pon
= W*t,2,l)+ E U (vaum’ whe (S,Xk’“ (s), L(s) )dSIXk’“ () =, L(t) = l}
t

= Wkt 2,1), (69)

where the second equality follows from the fact that W*" satisfies the HJB equation in (11)

and a;", by" are the solutions to (13) and (14), respectively.

Applying Lemma A.1, it follows that W*" (Ti AT, )A(;T’:Y"(Ti ANT), L(T; A\ T)), for i € N, is

uniformly integrable. Hence, taking limit with respect to ¢ € N on both sides of (69), we
then have

E [Uk (X;Z’"(T)) X7 (8) = 2, L(t) = z}

~ E {wk’“ <T, X501, L(T)) X7 () = 2, L(t) = z]

— lmE [W’f’" (n AT, X7

1—00

(7; AT), L7 A T)) X7 () =2, L(t) = 1| = Wh (¢, 2,1),

establishing (15).
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