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TURNPIKE PROPERTIES IN LINEAR QUADRATIC GAUSSIAN
N-PLAYER DIFFERENTIAL GAMES

ASAF COHEN® AND JIAMIN JIAN®

Abstract. We consider the long-time behavior of equilibrium strategies and state trajectories in a
linear quadratic N-player game with Gaussian initial data. By comparing the finite-horizon game with
its ergodic counterpart, we establish exponential convergence estimates between the solutions of the
finite-horizon generalized Riccati system and the associated algebraic system arising in the ergodic
setting. Building on these results, we prove the convergence of the time-averaged value function and
derive a turnpike property for the equilibrium pairs of each player. Importantly, our approach avoids
reliance on the mean field game limiting model, allowing for a fully uniform analysis with respect to the
number of players N. As a result, we further establish a uniform turnpike property for the equilibrium
pairs between the finite-horizon and ergodic games with N players. Numerical experiments are also
provided to illustrate and support the theoretical results.
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1. INTRODUCTION

This paper investigates turnpike properties in linear quadratic Gaussian (LQG) N-player differential games,
where the dynamics of players are modeled by a system of linear stochastic differential equations (SDEs). The
primary objective is to examine the long-time behavior of equilibrium strategies and state trajectories in the
finite-horizon game by analyzing their convergence toward those of the associated ergodic game. In the finite-
horizon game, each player seeks to minimize a quadratic cost functional, involving both control effort and
deviation from a reference state, over a given time interval. As the time horizon tends to infinity, the problem
naturally evolves into an ergodic game, where players aim to minimize the long-time-average cost.

A central focus of this work is the turnpike property, which characterize the convergence of equilibrium
pairs from the finite-horizon game to those of the corresponding ergodic game. Our main result shows that
the deviation between the equilibrium pairs of the finite-horizon game and those of the ergodic game decays
exponentially fast in time. Specifically, we prove that there exist some positive constants K¥) and AV,
independent of ¢ and 7', such that the following estimate holds for all 1 < i < N:

B[ Xp(5) = X (1) + afp(t) — o' (B)]] < KOV (e X1 4 07200

Keywords and phrases: Stochastic differential games, turnpike property, Riccati equations, forward—backward equations, mean
field games, ergodic games.

Department of Mathematics, University of Michigan, Ann Arbor, MI 48109, USA.

* Corresponding author: jiaminj@umich.edu

© The authors. Published by EDP Sciences, SMAI 2026

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/cocv/2026030
https://www.esaim-cocv.org
https://orcid.org/0000-0002-9211-7956
https://orcid.org/0000-0003-3263-6719
mailto:jiaminj@umich.edu
https://creativecommons.org/licenses/by/4.0

2 A. COHEN AND J. JIAN

for all T and t € [0,T], where (X%, a%.) denotes the equilibrium state-strategy pair for Player i in the finite-
horizon game, and (X? a') denotes the corresponding equilibrium pair for Player i in the ergodic game.
Furthermore, under stronger structural assumptions, specifically, by imposing uniformity of the data in the
problem with respect to the number of players IV, we establish a uniform turnpike property: the convergence
is not only exponential but also uniform with respect to the number of players. That is, there exist positive
constants K and A, independent of ¢,7, and N, such that

sup %]E“XT(t) ~XO) + |ar(t) - a(t)ﬂ < K (e e AT

for all T and t € [0,7], where Xr(t) := (XA(t),..., XN (), X(t) = (X'(t),...,XN (), and ar(t) =
(ak(t),...,a (1), a(t) := (a'(t),...,aN(t)) are all valued in RM?. These results highlight the persistence
of the ergodic equilibrium as a stable attractor for the finite-horizon game, providing new insights into the
structure and stability of multi-player stochastic differential games.

1.1. Relevant works

To contextualize our analysis, we review related literature in three key areas. First, we frame the problem
within stochastic differential games, as we consider Nash equilibria for N-player systems governed by stochastic
dynamics. Second, we discuss large population games and their limiting formulation via mean field games.
Although our results do not rely on a mean field limit, the coupled structure of the Hamilton-Jacobi-Bellman
and Fokker—Planck (HJB-FP) equations in the N-player setting parallels that of mean field game systems,
and several techniques in our analysis are inspired by this literature. We also position our work within the
growing line of research that analyzes large population games directly in the finite-N regime, without relying
on the limiting mean field game model. Finally, since a main contribution of this paper is the establishment of
a (uniform) turnpike property for the equilibrium pairs, we review existing results on turnpike phenomena in
optimal control and differential games, which provide both conceptual and technical foundations for our work.

1.1.1. Stochastic differential games

Stochastic differential games provide a fundamental framework for modeling and analyzing dynamic strategic
interactions under uncertainty among multiple rational players. These models have found broad applications in
diverse areas such as economics, finance, engineering, and biology. In an N-player setting, each player controls
a stochastic dynamic system and seeks to optimize an individual objective functional that typically depend
on the states and controls of all players. The interplay between stochastic effects and strategic competition
introduces significant analytical challenges and rich mathematical structures. Both finite-horizon and infinite-
horizon formulations of such games have been extensively investigated in the literature; see, for example, [1-5].

1.1.2. Large population games

Mean field game theory, introduced independently by Lasry and Lions [6], and Huang, Malhamé, and Caines
[7], provides a tractable framework for asymptotically analyzing N-player stochastic differential games. It
approximates Nash equilibria in large-population games by replacing individual interactions with a represen-
tative agent interacting with the aggregate population effect. As N grows large, the Nash equilibrium of the
N-player system converges to the mean field game equilibrium, which is characterized by a coupled system of
differential equations: a backward HJB equation for the equilibrium’s cost, and a forward FP equation for the
evolution of the state process distribution, capturing the flow of measures under equilibrium.

As the time horizon tends to infinity, ergodic mean field games arise naturally in the study of long-time
behavior. In continuous state spaces, ergodic/stationary mean field games with standard controls have been
studied in [8, 9], as well as with singular control and regime switching [10-14]. The finite-state counterparts
were explored in [15-17]. In the ergodic settings, the HJB and FP equations take a stationary form, capturing
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the long-term behavior of the system. For a comprehensive overview of recent advancements and relevant
applications of mean field game theory, we refer the reader to the monographs [18-20], and the references
therein.

Current research efforts have investigated high-dimensional stochastic control problems and large-population
games without relying on the mean field limiting framework, enabling the study of non-symmetric settings or
heterogeneous interactions; see, for example, [21-23]. Our work also follows the philosophy of avoiding the mean
field game limit, offering a uniform analysis of N-player games, and establishing a uniform turnpike property
for N-player games.

1.1.8. Turnpike property

Recent works have increasingly focused on the long-term behavior of multi-player differential games and mean
field games. A particularly notable phenomenon in this context is turnpike property—the tendency of optimal
trajectories and controls in dynamic optimization problems to remain close, over most of the time horizon, to
those of a corresponding steady-state or static optimization problem. Originating in economic growth theory
[24-26], the turnpike property has been extensively studied in both finite- and infinite-dimensional deterministic
control systems, encompassing both discrete-time and continuous-time formulations. For further background and
developments, we refer to [27-33], as well as the monographs [34] and [35]. More recently, Gugat, Herty, and
Segala [36] extended the turnpike property to optimal control problems governed by mean field dynamics,
which arise as the limit of systems involving a large number of interacting ordinary differential equations. A
comprehensive and up-to-date survey on turnpike theory and its various applications is presented in Trélat and
Zuazua [37].

The study of turnpike phenomena in stochastic optimal control problems is comparatively recent. A signif-
icant breakthrough was achieved by Sun, Wang, and Yong [38], which was the first to rigorously establish the
turnpike property for stochastic linear quadratic optimal control problems. This initiated a wave of systematic
investigations into turnpike behavior in continuous-time stochastic control systems, including further develop-
ments in [39-44]. Turnpike results for mean field control problems were subsequently obtained in [45, 46], while
long-term average impulse control problems with specific mean field interactions was studied in [47].

In parallel, driven by the growing interest in understanding long-term equilibrium behavior in large interacting
systems, the study of turnpike properties in multi-player differential games and mean field games has emerged
as a rapidly advancing field. Early contributions include the analysis of long-time behavior for mean field game
systems with local and nonlocal couplings [48, 49], with further developments addressing broader structural
settings in [50-53]. Notably, the long-time behavior of the master equation was studied in [54].

1.2. Contributions and organization of the paper

In this work, we establish turnpike properties for the equilibrium strategies and state trajectories in the
N-player game defined on a finite horizon by analyzing their convergence toward those of the associated ergodic
game. The main contributions of this paper are summarized as follows:

e We prove the unique solvability of the fully coupled forward-backward ODE system arising from the finite-
horizon game; see Proposition 2.10. This is achieved by first proving the solvability of the associated Riccati
system, and then applying Leray-Schauder fixed point theorem to the fully coupled forward-backward
subsystem.

e We derive exponential convergence estimates between the solution to the finite-horizon system and the
solution to the algebraic system arising from the ergodic game; see Proposition 2.25. The most technical
part lies in deriving precise estimates for the difference between the solution of fully coupled forward-
backward ODEs system and its ergodic counterpart. To address this, we draw on analytical tools developed
in [54] and [52], which were originally introduced in the study of the turnpike properties for mean field
games.
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e We establish a turnpike property for the equilibrium strategies and state trajectories in the finite-horizon
N-player game, showing that they remain exponentially close to their ergodic counterparts over majority
of the time horizon; see Theorem 2.28. We further prove the ergodicity of the time-averaged value function
(Cor. 2.27). A central contribution of our analysis is the derivation of estimates that are uniform with
respect to the number of players N. Unlike existing mean field game literature, our result does not rely
on the mean field limits, providing robust estimates for games with any finite number of players.

Here we compare our results with those of [54] and [52]. Their analyses rely crucially on duality arguments for
the HJB-FP systems and stability properties of the associated forward-backward PDE systems, which motivate
our treatment of the fully coupled system of linear forward-backward ODEs. Nevertheless, our analysis is carried
out directly at the level of finite N-player differential game, rather than within the mean field limit. This finite
N-perspective allows us to derive estimates that are uniform with respect to the number of players N, which
constitutes one of the central contributions of the paper and does not appear in [52, 54]. Moreover, while those
works address infinite-dimensional HJB-FP systems, our framework involves a coupled system of matrix Riccati
ODE:s together with fully coupled linear forward-backward ODEs. Despite being finite-dimensional, the strongly
coupled structure gives rise to distinct analytical challenges and requires different arguments.

The remainder of the paper is organized as follows: Section 2 presents the formulation of the finite-horizon
game and its ergodic counterpart, together with the statement of the main results. Specifically, the analysis of
the finite-horizon and ergodic games is carried out in Section 2.1 and Section 2.2, respectively. The convergence
of the associated systems of equations and the resulting turnpike properties are presented in Section 2.3. To
demonstrate the applicability and verification of the assumptions imposed throughout the paper, we provide two
illustrative examples in Section 2.4. The detailed proofs are distributed across Sections 3—-6. Section 3 collects
the proofs of several preliminary results. The proof of Proposition 2.10 is given in Section 4, while Section 5
is devoted to the proof of Proposition 2.25. Section 6 presents the proofs of Corollary 2.27 and Theorem 2.28.
Numerical experiments illustrating the theoretical results are contained in Section 7. Finally, Section 8 concludes
the paper and outlines some directions for future research.

We close this section by introducing some frequently used notation.

1.3. Notation

For given positive integers d, m € N, we use R? and R%*™ to denote the standard d-dimensional real Euclidean
space and the Euclidean space consisting of all d x m real matrices, respectively. Additionally, let ¢, S, and Si n
denote the sets of all d x d real symmetric matrices, symmetric positive semi-definite matrices, and symmetric
positive definite matrices, respectively. For matrices P,Q € S?, we write P > Q (respectively, P > Q) if and
only if the matrix P — @ is positive semi-definite (respectively, positive definite). We use I; to denote the d x d
identity matrix.

We denote by (-,-) the inner product of two vectors, and by |- | the Euclidean norm in the corresponding
Euclidean vector space. Moreover, we use the superscript T to indicate the transpose operation of matrices,
det(:) to represent the determinant of matrices, tr(-) to denote the trace operator, and ||A| for the spectral
norm of a matrix A. Let [N] := {1,...,N}. For a collection of vectors {z' € R? : i € [N]}, we denote by
x = (x',...,2") the concatenated column vector formed as ((x!)T,...,(zV)T)T € RN for simplicity. This
notation will be used for convenience when no confusion arises.

Moreover, for any metric space M, we write C([0,T]; M) for the space of continuous functions mapping from
[0,T] to M, equipped with the uniform norm. The collection of probability measures over R? is denoted by
P(RY).

Finally, we adopt the notation N(u, X7!) to represent the multivariate Gaussian distribution with mean
p € R% and covariance matrix =1 € Si 1, whose probability density function is given explicitly by

N

(271')_% (det (%)) exp{ - %(.T — ) S (x — ,u)}
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2. PROBLEM SETUP AND MAIN RESULTS

In this section, we study two types of open-loop games, where each player’s strategy depends only on their
own filtration. We start with the finite-horizon game in Section 2.1, where players minimize their expected total
cost over a fixed time interval. We establish solvability and related properties for the corresponding N-player
game by analyzing an associated system of coupled equations. Alongside, we summarize known results for the
ergodic game in Section 2.2, where players minimize long-run average costs, as presented in [4]. The centerpiece
of our contribution, turnpike properties for the finite-horizon games, are detailed in Section 2.3, and Section 2.4
provides examples of models that fit within our framework.

We start with the common ground for both games, which is the probability space and the dynamics of
the players. Consider a complete filtered probability space (92, F,P), which satisfies the usual conditions and
supports N independent d-dimensional standard Brownian motions {W?(t),..., W (#)};50. We denote the
expectation on this space by E. For each i € [N], denote by (F}):>0 the augmentation of the filtration generated
by W?. For technical reasons, which will become clearer later, we fix an arbitrary initial time to > 0. We consider
the following system of SDEs:

{dX’(t) = (i LX) — al(t)dt + ot dW(t), t > to, 1)
= Zo,

X" (to)

for i € [N], where A% o € R™4 with ¢ assumed to be invertible, and z} € R?. In the system of SDEs (2.1),
the process X® = (X*(t));>4, represents the state of Player i and the process o' = (a'(t));>4, denotes the
corresponding control process, also referred to as the strategy of Player 3.

2.1. The finite-horizon game

Beyond the obvious difference in cost criteria, a key distinction between the two games lies in the definitions
of the admissible controls. We denote the time horizon of the game by T' > t,.

Definition 2.1 (Admissible strategies in the finite-horizon game). A strategy o' for Player i € [N] is called
admissible in the finite-horizon game if it belongs to the set

Allto, T] := {a QX [to, T] — R : av is (F})>4,-progressively measurable, and

E[/tT ja(t)Pdt] < oo},

0

The cost functional is quadratic in both the control and state processes. Given the initial states @y =
(xd,... ,xév) € RN? at time ¢y from all the players, the objective of Player i is to choose a strategy o' that
minimizes the following expected total cost

T (to, To; 0x) 1= E[/tT (%ai(t)TRiai(t) F(X() - 2) QIX(t) — @-))dt’X(tO) - mo} , (2.2)

where (X (t))i>t, = (X1(t),..., XN (t))i>1, is the state-dynamics of all the players, given in (2.1), associated
with the strategy profile (e(t))i>t, == (@l(t),...,a™ (t))i>t,. In the above, for each i € [N], R' € R¥* is a
positive definite symmetric matrix, Q° is a symmetric Nd x Nd matrix, and &; = (z},...,zY) € RV is a given
reference position.

Note that we assume players only observe their own dynamics, hence, we adjust the cost to depend on their
private initial state and the distribution of the initial states of the other players. For this, we need a few more
notations. Denote by 1/, j € [N] a distribution on R? as well as a vector of distributions for all players except
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for 4:

and set the cost function for Player 4, given the initial state to Player i, x}, and the initial distribution vector
for the rest of the players ng* = (Po (X7 (t))™" : j € [N]\ {i}),

Th(to, zhimy ", @) ::/ Ti(to, €. €7 a6,V o) [T di (&)

(N—1)d vy
R j#i

In the above, the initial distributions of all players are assumed to be independent. We make this explicit in
Assumption 2.4.
For the simplicity of notation, we define the state-dependent cost function

N N
FUX (1) = (X () —2) QX () —2:) = . S (X (1) — ) T Qi (xXF(t) — 7),
k=1j=1
for all 7 € [N], where the matrices {Q}), : j,k € [N]} are d x d blocks of Q". Note that, each block Q7 captures
the sensitivity of Player i’s cost to the joint displacement of players j and k from their respective reference
positions z] and z¥ as perceived by Player i. In the following, we assume that Q; is positive definite for all
i € [N], which reflects the assumption that Player ¢ incurs a strictly positive cost for deviating from their own
preferred location Z.
We further define the function f?:R? x (P(R4))V~1 — R by

Ul py— ) o i (¢l i—1 i+1 N J (¢
f(.’L‘,’I] ) /R(Nil)dF(g a-'-ag 7xa§ a-'-ag )gdﬁ (5 )

Since f{(X(t);(Po (X7(t))~!:j € [N]\ {i})) = E[F{(X(t))|X*(t)], by the tower property, we can rewrite the
cost as

Jr(to, 37" )

— E[/tj (%ai(t)TRiai(t) +FXI(E); (Po (XI()™ 2 j € [N]\ {i})))dt‘Xi(t()) _ xé}.

The optimality in the game is defined via Nash equilibria. For this, we need further notation. Given an admis-
sible strategy profile a = (a!,...,aV) € H;-V:l Allty, T] and an individual admissible strategy a € A[t, T], we

denote by [a™%; 4] := (al,..., a1 &, ot ... o) the strategy profile obtained from a by replacing o with @.

Definition 2.2 (Nash equilibrium in the finite-horizon game). Fix an initial time ¢y, an initial distribution
vector g = (n3,...,ndY), and initial state vector of private realizations o € RV, where each z, is sampled

independently from 7. We say that a strategy profile a = (a!,...,aV) € vazl Alltg, T] is a Nash equilibrium
in the finite-horizon game if for every i € [N] and every a € A'[ty, T,

T (to, zh;mo "y [~ a)) = Ti(to, wh;mg ', ).

For any Nash equilibrium c, we refer to the cost for Player i as the value function of the finite-horizon game,
associated with the initial time ¢, the initial private state zf, of Player 4, the initial distribution vector ng " and



TURNPIKE PROPERTIES IN LQG N-PLAYER DIFFERENTIAL GAMES 7

the Nash equilibrium . We note that the value function satisfies:

V%(to,xé; 77[;1) = j%(tovxé;n(;iva) = inf J%(t07xé;n(;iv [a_i; al])’ (23)
ateAifty,T)

where we omit the equilibrium profile @ from the value function when it is clear that we are referring to it.

2.1.1. System of equations in the finite-horizon game

In this section, we present the solvability results for the finite-horizon game (2.3). Specifically, the equilibrium
and its corresponding value for the game are characterized by a system of coupled Riccati-type equations, which
are derived from the HJB-FP system, as we will discuss. Define the Hamiltonian H® : R x R* — R by!

, , 1. 1 4
i _ . T [ — T pi — o At — T i\ —1
H'(z,p) = min {p (A'z —a)+3a Ra} p A —op (R)7p, (2.4)

and its minimizer, which due to the separability between z and a, can be expressed as a function of p alone:

, _ 1 , ,
a"*(p) = argmin {pT(AZz —a)+ faTRla} = (R") 'p. (2.5)
a€R? 2

Moreover, we adopt the notation
i L it d
§.=§U(U) €S ,.

Fix an initial distribution vector for the players mgy = (m}, ..., m{)) and recall that the terminal cost is 0. Then,
the system of HJB-FP equations for the finite-horizon game is given by, for i € [N],

Ol (t, ) + tr(c* D2k (t, ) + H' (x, Vol (t, ) + f* (x,m;z(t)) =0, (HJIB)
Oymin(t) = tr(¢" D*mib(t)) — div <m§p(t)88[f(x, Vuki(t, x))) , (FP) (2.6)

vp(T,2) =0, mz'(0) =myg".

A solution to this system is a couple vy = (vi, ..., v8) and mr = (mk, ..., m¥), where v : [0,T] x R — R
and mi, : [0,7] — P(RY) for all i € [N]. For each i, the two equations are coupled through a strategy profile
(ar(t))tcjo, 1), where the strategy of Player i is defined by

ap(t) = o™ (Vo (t, X1 (1)),

with X7, denoting the state process of Player i under the strategy profile arp. The first equation in (2.6) is the
HJB equation, derived from a dynamic programming principle. Its solution v%(¢, z) represents the value function
for Player i under the strategy profile ar, for a game starting at time? ¢ = t,, with initial condition X1.(t) = =,
while the other players j € [N]\ {i} are initially distributed according to m}(t). The second equation in (2.6)
is the FP equation, and m/.(t) represents the distribution of the state X%(t) for Player i under the strategy
profile ar. This is summarized in Proposition 2.10 below.

T IR o 1o . . oy . . . . .
We note that there are some typographical errors concerning the definition of the Hamiltonian H* in [4]. In their formulation,

the i-th Hamiltonian is written with a min, while it should be written with maz.
2This is the main reason we formulated the game with a general initial time to, rather than restricting it to to = 0.
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Remark 2.3. Recall that in our N-player game each player does not observe the states of the others and only
knows the initial distribution of the other players. In this context, the system of HIB-FP equations in (2.6)
can be interpreted as a finite-horizon mean field game involving N types of players. In this system, the FP
equations characterize the evolution of the distribution of each player type under equilibrium, while the HJB
equations represent the value functions for each type. The analysis of multi-population mean field games dates
back to Huang, Malhamé, and Caines [7]. Subsequent developments in multi-population mean field games can
be found in [55-57]. For studies focusing on the ergodic behavior in multi-population mean field games, we refer
the reader to [8, 58, 59]. Moreover, an intermediate setting between the single- and multi-population frameworks
is considered in [60-63], where a population of minor agents interacts with a single major agent.

Probabilistically, the mean field equilibrium is formulated as a fixed-point problem involving flows of prob-
ability measures. Specifically: (i) Fix a deterministic flow of probability measures {(m4(t))iecp, 7] : @ € [N]} on
R?, we solve the standard finite-horizon stochastic control problem (2.3); (ii) We then seek flows of probability
measures {(mk(t))sejo,r) : @ € [N]} such that Po (X4 (t; )~ = mik(t) for all t € [0,T] and i € [N], if X% (¢; )
is a solution of the control problem in (2.3). For a more detailed definition of mean field equilibrium, we refer
the reader to [18] and the references therein.

Having established the linear dynamics and quadratic cost structure, we now are ready to address the
Gaussian component, aside from the noise terms driven by Brownian motions. To proceed, we assume Gaussian
initial conditions, as stated in the following assumption.

Assumption 2.4. For each i € [N], the initial state 2 of Player i is sampled independently from a Gaussian
distribution A (ud, (2§)~1). That is, the initial density m} is Gaussian with mean pf € R¢ and covariance matrix
(Zh)test,.

Remark 2.5. In the finite-horizon game with linear dynamics and quadratic costs, Gaussian initial distributions
are preserved over time. Specifically, for each i € [N], if 2§ ~ N (ud, (X§)~1), then the state process X in (2.1)
remains Gaussian for all ¢ > 0, with its law characterized by the evolving mean and covariance. This reduces
the infinite-dimensional measure dynamics to a finite-dimensional system, greatly simplifying the problem.

We start with the ansatz (that will be established in Proposition 2.10) that the systems of HIB-FP equations
admit solutions { (v}, m4)}ie(n) of the following explicit form

Vh(t,2) = 5o A () + (P (1) T+ w1,
mip (1) = N (1), (1)),

(2.7)

for all (t,z) € [0,7T] x R with A% : [0,T] — S, % : [0,T] — S, pip, iy : [0,T) — R%, and &% : [0,T] — R.
Here, the density at time ¢, m¥(t), can be expressed as follows

(mip (1)) () = (2m)~ (det (1)) * exp { — S — (1) (D) — (1))} (2:8)

Then, applying standard techniques from linear quadratic Gaussian N-player differential games, where we plug
the ansatz in the HJB-FP system and separately compare polynomial terms of orders 0, 1, and 2, we derive the



TURNPIKE PROPERTIES IN LQG N-PLAYER DIFFERENTIAL GAMES 9

following system of ODEs for the unknowns {(A%, $i., ., ph., fiiT)}ie[ N, defined on the domain [0, T7:

SN + Np(DA + (A)TAR() — Ap()(R) A (1) + 2% =

S0 (1) + 240D (1) + 255(1) (A () 85(1)) =0,

U (6) — (A" = (R AL(0) p(6) + (R) ™ phe(1) =0, (29)
o) + (A~ (R) A5 (0)T pllt) + 2F iz (1) = 0,

(1) + (NG (0) — 2 (o) TOR) 0 (6) + F(paz' (1), B (1)) = 0

with the initial and terminal conditions

2r(0) =5 €844, pp(0) = pp € RY,
Np(T ):OEde PT(T):OGRd, KH(T) =0 €R,
for the solvability of finite-horizon game. In the above formulation, {F}, F} : i € [N]} arise from the running

cost functional f%(z; m;) upon substituting the candidate Gaussian form of m’.. These functions are explicitly
defined in terms of the means and covariance matrices of the distributions {m? }ic(n) as follows, i.e., Fg :

RW-Dd 5 §¢ | — R and Fj : RV=D4 5 R are given by

Ry~ 1) = (2)) " Qi — (@ (ZQ (v —x)>

J#i
‘(Z@j_fﬂ) Je 5 ) s
oy 4, kiz,]#k (2.10)
+3 (tr( YT + (yj —ff) 4 (yj —x§)> ’
i

where y=* = (y*, ...,y Lyt L yN) e RIV-1Dd,

2.1.2. Main results of the finite-horizon game for a given N

The details on the solvability of the finite-horizon HJB-FP system (2.6) and the associated system of ODEs
(2.9) are summarized in Proposition 2.10. To establish these results, we first impose the following structural
assumption and introduce some preparatory lemmas that are essential for the subsequent analysis.

Assumption 2.6. For all i € [N], ¢% is an invertible matrix in R**?, R’ belongs to S%,, and Q" is in SV
Moreover, the block matrix )%, belongs to Sle_

Assumption 2.6 ensures the unique solvability of two key equations: the first Riccati equation in the finite-
horizon system (2.9), denoted by A%(-), and the corresponding algebraic Riccati equation A’, which arises in
the ergodic game and will be introduced with more details in a later section. This assumption requires that Q"
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is symmetric, and Q! is positive definite . However, to guarantee the unique solvability of the entire finite-
horizon coupled system (2.9), a stronger condition on the positive definiteness of Q' is needed. This condition
depends on certain constants associated with A% () and A’. The following lemma introduces these constants,
and Assumption 2.8 subsequently provides the required conditions on Q!. The proof follows directly from
Theorem 7.2 in Chapter 6 of [64], and Lemma 2.2 and Lemma 2.3 in [45].

Lemma 2.7. Let Assumption 2.6 hold. Then, for each N > 2 and i € [N], the following statements hold:

(i) (Finite-horizon Riccati equation) There exists a unique solution A, € C([0,T];S%) to the terminal value
problem

%A%(t) + N (8) A" + (AT TAL () — Ap(8)(R)TTAL (1) +2Q3; = 0,

. (2.11)
AN(T) =0 € s%

(ii) (Algebraic Riccati equation) There exists a unique positive definite solution A* € ST to the algebraic
Riccati equation

AA+ (AHTAT — AY(RHTIA 4 2Q%, = 0. (2.12)
Moreover, the matriz (RY)~1A* stabilizes the system

d iy i i
pred (t) = A'z'(t) — (1), (2.13)

in the sense that all eigenvalues of A* — (RY)™*A® have negative real parts. Consequently, there exist
constants K;, \; > 0, independent of t and T, such that

e =EOTAN < KNt vt > 0. (2.14)
(iii) (Exzponential convergence) There exist constants Kpi, Ayi > 0, independent of t and T, such that
| A% (t) = AP|| < Kpie™ 2 T70 0 vt e [0, 7). (2.15)

To obtain the results of the finite horizon game, as summarized in Proposition 2.10 below, we define the
constants

K\i i —
AL(RDTY|

KW) .= max {Kie Api 1€ [N}} and AWY) .= min{)\; : i € [N]}, (2.16)

where K; and \; are given in (2.14), and K,: and Ai are from (2.15). Moreover, we denote the matrices
R € RV4XNd and Q € RNV 55 follows:

(Rl)fl 0 0 0 Q%g Q%N
o ®)" - 0 Q3 0 - Qiy
R := : : : : , Q= . . (2.17)
0 0 e (RM)T QN1 QN2 - 0

‘37 . . . . ; . . . . . ; . .

For the well-posedness of the Riccati equation satisfied by A%, and the associated algebraic Riccati equation for A*, it is suffices
to assume that Q;Z is positive semi-definite. However, to establish the exponential convergence between Agw and A’, we require the
stronger condition that Qzl is positive definite.
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Recall that ng € R4¥4 represents the interaction weight associated with the joint displacement of players i and
j in the cost functional of Player .

Assumption 2.8. There exists a constant

(AN)?

! memwmw

AR,min) )

where K and A are constants defined in (2.16), and AR min denotes the smallest eigenvalue of R (which
also depends on N), such that

(N)
Q + ,YTINd S Sfjl_

Remark 2.9. Note that the diagonal blocks of Q are all zero matrices in R**?, which implies that Q is an

indefinite matrix. Let AgQ min denote the smallest eigenvalue of Q. Then7 Assumption 2.8 is equivalent to the
(N)y2

existence of a vV ¢ (0, WAR min) such that Ag min > —~( )/2. In other words, the assumption

ensures that the spectrum of @ is bounded away from —oo, and in particular, that the smallest eigenvalue of

Q@ cannot be too negative. This assumption is motivated by standard duality arguments commonly employed

in the analysis of HIB-FP system arising in mean field games; see, for instance, [54] and [52].

We now are ready to present the main results concerning the finite-horizon game in the context of N-player
interactions. The following proposition establishes the equilibrium strategy and the corresponding equilibrium
state trajectory for each player in the finite-horizon game. Furthermore, it characterizes the value function of each
player via the solution to the coupled system (2.9). This result constitutes a foundational step in establishing
the turnpike properties developed in this work. It is also worth emphasizing that the unique solvability of
the coupled system (2.9) is nontrivial, as it involves a subsystem of fully coupled forward-backward ordinary
differential equations. The proof of Proposition 2.10 is provided in Section 4.

Proposition 2.10. Given N > 2. Suppose that the finite-horizon game having dynamics (2.1) and cost
functionals (2.2) satisfies Assumptions 2.4, 2.6, and 2.8, then the following hold:

1} admits

(i) (Riccati-type system) The system of equations (2.9) for unknowns {A%, X5, ph, pb, k5 [N 1)
€S9 for all

i
a unique solution. Moreover, the solution components are continuous on [0,T], and A w(t
t€10,7] and i € [N].
(i) (HIB-FP and Nash equilibrium) There exists a unique solution to the system of finite-horizon HJB-FP
equation (2.6) in the form of (2.7). Moreover, the strategy profile

€
)

ap(t) = a"* (9avr(t, Xr(1)) = (B') ™ 00 (t, X1 (1)

1 )= _ (2.18)
= (R)T'Ap(O)XT(t) + (R) " 'pp(t),  te[0,T], i€ [N],

is a Nash equilibrium with open-loop feedback strategies, where a®* is defined in (2.5), and (X%(t))te[o”f]
is the corresponding state trajectory governed by the SDE

fmw:«m—mvmamﬂw>ww pr() di +0"dW' (1), ¢ €[0.7), (2.19)

X5(0) = zf.
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This SDE admits an explicit solution:
X3 (0) = 03(0) (5~ [ O () o) s+ [ (@) e a(s).  @20)
where
Oi(1) = exp (/ (AT — (R)"AL(s)) ds). (2.21)
0
Furthermore, the marginal law of the state, m(t), satisfies
mp(t) =Po (Xp(t) ™!, Vte[0,T],

where m’ solves the Fokker—Planck equation in (2.6).
(iii) (Value function) For each i € [N], the value function of the i-th player in the finite-horizon game is given
by

Vi (0,25mg") = vp(0,2) = %xTAiT(O)x +(p7(0)) "z + K7(0). (2.22)

Remark 2.11. The most technical part of the proof of Proposition 2.10 lies in establishing the existence and
uniqueness of the solution {A%, 3% ub., ph, k% 1 i € [N]} to the system of ODEs (2.9). Here we briefly outline
the main idea of the proof.

First, the equations for {A% : i € [N]} are decoupled both from each other and from the other unknowns, and
their unique solvability of {A% : i € [N]} are already established in Lemma 2.7. Next, given A%, we derive the
unique solvability for $% by the standard results from the theory of Riccati equations (e.g., see [64] and [65])
for each i € [N]. Following this, we examine the equations for {u%, p% : i € [N]}, which form a system of fully
coupled forward-backward ordinary differential equations. To prove the existence of a solution, we employ the
Leray—Schauder fixed point theorem. The critical part of the proof lies in demonstrating the boundedness of the
solutions to u% and p¥, for which we utilize techniques inspired by [54] and [52]. Finally, using the preceding
results, we can straightforwardly establish the unique solvability of {x% : i € [N]}.

2.1.3. Main results of the finite-horizon game uniformly in N

Recall the estimates for the norm of (A" =(B)"A0t apng AL(t) — A? given in (2.14) and (2.15), respectively.
It is important to note that these estimates are not necessarily uniform in the population size N. As a result,
Assumption 2.8 may fail to hold for all V.

A natural question is whether Assumption 2.8 can be strengthened so that it holds uniformly in N. To explore
this, we divide the conditions into two categories in the following assumption. While the conditions on R and Q
can often be verified explicitly, the constants A™) and K (V) are more difficult to characterize, as they depend
not only on ||(R*)~!||, but also on the constants K \!, K, A\y:, which are defined implicitly in Lemma 2.7.
We now present a set of sufficient conditions under which these constants can be chosen independently of N.

Assumption 2.12. Assume that either one of the following assumptions holds:

(i) The family of matrices {A® : i € [N]} is uniformly Hurwitz, namely, there exists a constant ¢ > 0 such
that for every ¢ € [N], the real part of every eigenvalue \; of A* satisfies ®(\;) < —¢. Moreover, there exist
positive constants (., 8* and ¢* such that

By < R < B*ly, N <y
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for all i € [N] and N > 2, where A’ is the unique positive definite solution to the algebraic Riccati
equation (2.12).
(ii) There exist positive constants 81, Bs, 8%, cx, and ¢* such that for all i € [N] and N > 2,

Bely < R' < B*1q, 2QY = Pily, clg <A < ¥y,

where A’ denotes the unique positive definite solution to the algebraic Riccati equation (2.12).

There are several sufficient conditions that ensure the eigenvalues of A’ are uniformly bounded above
and below, as required in Assumption 2.12. A standard approach is to construct matrix-valued sub- and
supersolutions for the algebraic Riccati equation (2.12). The following lemma formalizes such a condition.

Lemma 2.13. Let Assumption 2.6 hold. Suppose there exist constants 0 < ¢, < ¢* such that
(e)? (R = (A + (A1) <2Q4 < () (R) ! =" (A" +(4))
for alli € [N] and N > 2. Then, the unique solution A* to equation (2.12) satisfies
ey <A < 'y

for alli € [N] and N > 2.

In the following lemma, we provide the corresponding uniform estimates for (2.14) and (2.15) in Lemma 2.7. In
addition, we show that the inferior limit of the right endpoint of the admissible interval for v in Assumption 2.8
is strictly positive.

Lemma 2.14. Suppose Assumptions 2.6 and 2.12 hold. Then, the constants K* X', Kxi, Api, defined implicitly
in Lemma 2.7, can be chosen independently of i and N. Moreover,

7 := liminf ()2

L WAR’H&H > O, (223)

where KN) and \IN) are constants defined in (2.16), R is given in (2.17), and AR min denotes the smallest
eigenvalue of R.

The proofs of Lemmas 2.13 and 2.14 are presented in Section 3. The next assumption strengthens
Assumption 2.8 to ensure it holds uniformly in N.

Assumption 2.15. Let @ and ¥ be defined as in (2.17) and (2.23), respectively. Assume that there exists a
constant v € (0,%), such that for all N > 2,
v Nd
Q-+ 5 Ing € S-‘r-i—'
Moreover, suppose that the matrix @ is uniformly bounded above for all N > 2; that is, there exists a positive
constant (B2 such that | Q] < B2 for all N > 2.
Corollary 2.16. Under Assumptions 2.4, 2.6, and 2.15, Proposition 2.10 holds for all N > 2.

2.2. The ergodic game

In this section, we build on the setting of the finite-horizon game and present the setup and the equivalent
results for the ergodic game, which was studied in [4]. In this setting, each player i € [N] aims to minimize a
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long-time average cost functional over the infinite time horizon [0, c0). Before introducing it, we set up the set
of admissible strategies in the ergodic game.

Definition 2.17 (Admissible strategies in the ergodic game). A strategy o' is called an admissible strategy in
the ergodic game if:

e It is adapted to (F})i>o;

e For any ¢ > 0, the expectations E[|a’(¢)|?] and E[|X(¢)|?] are finite, where (X?(t));>0 is the corresponding
state dynamics in (2.1);

e (XU(t))i>0 is ergodic in the following sense: there exists a probability measure 7* on R? such that
Jga lz|?dm(2) < oo and

lim ;E{/OT h(Xg’)dt} - /Rdh(x)dwi(x), (2.24)

T—o00

locally uniformly with respect to the initial state x}) for all polynomial functions h of degree at most 2.
We denote by A?[0, 00) the set of all admissible strategies for Player i in the ergodic game.

In the ergodic case, the initial state is irrelevant. However, for consistency with the finite-horizon formulation,
we present only the cost version that depends on the initial private state and the initial distributions of the
other players. The cost function for Player i € [N] is given by:

T
T (ahime ' a) = lijminf%]E[/o <1ai(t)TRio¢i(t) F(X() - 2) QIX(t) - @))dt}. (2.25)

—00 2

The associated ergodic value (function) of the ergodic game is defined as

Vi(@hing ') = Jh@hing ', a) = inf  JL(xh;my ", [a 5 ar). (2.26)
ateAi0,00)

The definition of Nash equilibrium in the ergodic game is equivalent to the one in the finite-horizon case, yet
for the completeness of presentation, we provide it here.

Definition 2.18 (Nash equilibrium in the ergodic game). Fix an initial distribution vector g = (73, ..., nd")
and initial state vector of private realizations zq € RV?, where each z¥ is sampled independently from n}. We
say that a strategy profile a = (a!,...,a) € vazl A’[0,00) is a Nash equilibrium in the ergodic game if for
every i € [N] and every a € A%[0, 00),

Tao(agsmy s [@™%:a]) > T (ahsmy s @)
The stationary HIB-FP equations are given by, for i € [N],

(' D2 (@) + H(2, Vo' (2) + fi(asm™) = ¢, (HIB)

, . M . (2.27)
tr(s"D?*m?) — div(mla—(x, Vv”(x))) =0. (FP)
p
A solution to this system is a triplet ¢ = (c!,....cV) € RN, v = (v!,...,oY) : R = RN, and m =
(mt,...,m") € P(R?). For each i, the two equations are coupled through a strategy profile (c(t));>0, where

the strategy of Player ¢ is defined by

al(t) == a"™* (Vo'(t, X'(1))),



TURNPIKE PROPERTIES IN LQG N-PLAYER DIFFERENTIAL GAMES 15

with X* denoting the state process of Player i under the strategy profile av. The first equation is the ergodic
HJB equation, derived from a dynamic programming principle. Its solution is the couple ¢! and vi(x), where the
former stands for the value for Player i under the strategy profile a and is equal to Vi (z; ng l) and, as expected
in ergodic problems, it is independent of the initial positions of the players. The relative value v* encodes the
“cost-to-go” from each state, reflecting both immediate costs and the asymptotic behavior of the system. While
it plays a role similar to the value function in the finite-horizon case, it is more accurately characterized as the
limit of value function differences in the discounted game as the discount rate approaches zero. The solution for
the second equation m? is the stationary distribution of Player i’s state under the strategy profile c.

Similarly to the finite-horizon case, we consider the system of stationary HJB-FP equations (2.27), which
admits solutions with {(v’,m")};c[n; of the following explicit form

) 1o+, T
% _ = Al i
vi(a) = 3o Nz + (), 22

where A" € S¢, Y € SEIH_, and p?, p* € R? for all i € [N]. Consequently, the system of HJB-FP equations (2.27)
is linked to the following system of equations, which, in this case, are algebraic:

APAT 4+ (ADTAT = N(R) ™M +2Q); = 0,

SIS+ X (AT = (RY)TIAY) =0,

(A" = (R)'A) p' — (RN ' =0, (2.29)
(A" = (R)TIA)Tp" + 2F{ (™) =0,

iniy L iN—1 i i, —i s i
tr(s'A") = 5 (o) T (BTt + Fy(p ', 27 = o

The solution to the above system is {A?, ¥ u’, p*,¢' : i € [N]} with ¢ € R for all i € [N]. In the system of
equations (2.29), the coefficients {F}, F} : i € [N]} are also derived from the running cost functional and are
explicitly given in (2.10).

Remark 2.19. It is worth noting that the system of algebraic equations (2.29) is equivalent to the one obtained
in the work of Bardi and Priuli [4], namely:

pi _ —RigiZi i7

EzngzgzZz _ (AZ)TRzAz _ QQ;’“
_Zi<iRigiziui _ QF{,(H—Z)’

1

§(Mi)TEi§iRi§iZi/J,i 7tr(§iRi§iZi +§iRiAi) + Ci _ Fg(ufz’zz)

We begin with the equation for %7 in (2.29). Since %7 is positive definite, we readily obtain A® = R*(¢'X¢ + A?).
Next, from the third equation for x? in (2.29) and using the identity

Al (RHTIAT = iy,
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we derive p! = —Ri¢'¥iyt. Substituting the identity A" = R(¢*>% + A?) into the first equation for A® in (2.29),
and applying the symmetry relation
RIS 4+ A1) = (Si¢h + (AN )R,
we obtain the equation
SICRIGY — (A)TRIA? = 20

Similarly, by plugging p’ = —R Y%y’ into the fourth equation of (2.29) and using the identity (A® —
(R)™'AH)T = —Xi¢" again, we deduce

Finally, using the previously established expressions for A? and p?, it is immediate that the last equation in
(2.29) is equivalent to

§(MZ)TZZ§1RZ§ZZZ,U1—tr(ngICZEI—I—CZRZAZ)—‘rCZ :FS(H_Z,Ez).

In order to obtain the unique solvability of the algebraic system (2.29) and to derive the corresponding
results for the ergodic game in N-player games, we introduce the following assumption. To proceed, we define
the matrix M € RNIXNd a4

) 1 . o
M = (Mij)ijev),  Mij = Qi + 5035 (A) T R'A" € R, (2.30)

where §;; is the Kronecker delta.
Assumption 2.20. For each i € [N], every symmetric and positive definite solution ¥ of the algebraic Riccati
equation
EgiRigiE o (AZ)TRzAz _ ZQ:Z
is also a solution to the Sylvester equation
S¢'R' — R'S = R'A — (AY) TR

Moreover, the block matrix M in (2.30) is invertible.

Remark 2.21. Assumption 2.20 is adopted from [4] to guarantee the solvability of the algebraic system (2.29).
The condition on the solution to the algebraic Riccati equation for ¥ is imposed to ensure that A? is symmetric
for each i € [N]. In addition, the condition on the matrix M is required to guarantee the unique solvability of
{u i € [N]}.

Based on the assumptions introduced above, we now establish the following results concerning the ergodic
game in the context of N-player interactions. These results were originally proved in [4], Theorem 3.1.

Proposition 2.22. Suppose that the N-player game with dynamics given by (2.1) and cost functionals defined
in (2.25) satisfies Assumptions 2.6 and 2.20, then the following facts hold:

(i) (System of algebraic equations) There exists a unique solution {AES0 1l pt et o i € [N]} to the system of
algebraic equations (2.29). In addition, A* € S¢ for all i € [N].
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(i) (HJB-FP and Nash equilibrium) The system of stationary HJB-FP equations (2.27) admits a unique
solution {(v',m*,c?) : i € [N]} in the form of (2.28). Moreover, the strategy profile

o' (t) = a"* (90" (X'(1))) = (R') ™ 00" (X' (1))

N - . (2.31)
= (R)T'A'XU(t) + (R)p!, t20,i€[N],

*

is a Nash equilibrium with open-loop feedback strategies in the ergodic game, where a®* is given in (2.5),

and (X'(t))i=0 is the corresponding equilibrium state path governed by the SDE

{dXZ(w = (A" = (BR)T'ANXT (1) = (R) ™' )de + o'dWi(), >0, (2.32)

X40) = zb.

This SDE admits an explicit solution:

) ) ) t ) _ A
Xz(t) — e(Alf(Rl)_lAl)txé - / e(Alf(Rl)_lAl)(tfs) (Ri)*lpids
0

+/ A =(B)TIAN (=9 siqyyi(s), Wt > 0.
0

Furthermore, for each i € [N], the equilibrium state process X* of Player i in (2.32) satisfies
m'(t) =Po (X'(t)"", Vt=0,

where m® is the solution to the FP equation in (2.27), i.e., the invariant measure of X* coincides with the
measure m?’.

(iii) (Value and relative value) For each i € [N], the relative value function of Player i in the ergodic game is
given explicitly by

v'(z) = §xTA’x +(pH) ",

and the value of Player i is
Vio(zymg') =c = tr(¢'A") — i(pl)T(RZ)flpZ + Fi(n™ %Y, VoeRY

where {A*, 3%, pt, ut i € [N]} is the solution to the system (2.29).

Remark 2.23. The solvability of the algebraic system (2.29), as well as the characterization of the value V! _
for the i-th player in the N-player game over infinite-horizon, were established in [4] under Assumptions 2.6
and 2.20. In Proposition 2.22, we present and summarize the equilibrium strategy and equilibrium path for each
player in the ergodic game. These results will serve as fundamental building blocks in the proof of turnpike
properties in this paper.

2.3. The turnpike results

This section includes the main results of this work. To establish the desired turnpike properties for the pairs of
equilibrium strategies and equilibrium state trajectories arising from the finite-horizon and ergodic formulations
of the N-player differential game, it is crucial to analyze the convergence of the solutions to the systems (2.9)
and (2.29).
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To this end, we begin by establishing the convergence results between the solutions to the systems (2.9)
and (2.29) in the following proposition. Specifically, we provide essential estimates for the parameter functions
A%, 25 pk and pl. encountered in the finite-horizon game (2.3), as well as the corresponding constant matrices
and vectors A%, X% uf and p' arising in the ergodic game (2.26). We anticipate a natural convergence between
these quantities. Moreover, these estimates constitute the principal technical challenge for proving the turnpike
properties. The detailed and rigorous proof is deferred to Section 5.

To proceed, we denote vectors p(t) € RV9 and pi(t) € RV4

pr(t) = p' pp(t) — '

pr(t) = p° pip(t) — p®
plt) = L) =

pr (t) = pN i (t) —

for all ¢ € [0,T], and introduce the following assumption, which is required for uniform-in-N results.

Assumption 2.24. There exists a constant S5 > 0 such that for all ¢ € [N] and N > 2, the quantities

max |25, (<", 1CEO) 7, (mol, IED)THL el 16
JE[N]

and

N N

N N
STsuwp QL1 SN sup 14N, ST sup 1Q% . STIQLI S sup QY|
i=1 J#i k#7,1 i P G#i

i=1 j£i i=1 ki IR i

are all bounded above by B33, where {%%, u?, p* : i € [N]} is the solution to the corresponding subsystem in the
algebraic system (2.29).

Proposition 2.25. Fiz N > 2, and suppose that Assumptions 2.6, 2.8, and 2.20 hold. Let {AiT,Z%,/ﬂT,p% :
i € [N]} denote the solution to the system of equations (2.9), and let {A*, 3¢ 1, p* i € [N]} be the solution to
the algebraic system (2.29). Then, there exist some constants KM >0 and A\ > 0, independent of t and T,
such that the following exponential convergence estimates hold:

sup | Aln(t) — A[| < RV XY (T=0), (2.33)
1€E[N]
i _ i\ — = _N(NV) _(V) _
sup [|(Z5h(1) ™" = (E) 7 S KM (et e T, (2.34)
i€[N]
and
i i 3 i = _XN(V) _N(N)
Sl[ljlv)](luT(t)—qupT(t)—p ) S KM (enr e T (2.35)
S

for allT and t € [0,T.
__ Moreover, if in addition, Assumptions 2.12, 2.15, and 2.24 hold, then we get the existence of constants
K >0 and X > 0, independent of t, T, and N, such that the following exponential convergence estimates hold
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uniformly in N :

sup sup ||A%(t) — A¥]| < Ke T, (2.36)
N {€[N]
sup sup [[(S (1))~ — (5) 7 < K (e 4 e M), (237)
N 4€[N]
and
1

sup —— (IA()] + A1) < K (e +e7XT0) (2:38)

for all T and t € [0,T).

Remark 2.26. The most technical part of the proof of Proposition 2.25 involves deriving estimates between
the solution to subsystems {u%, p : i € [N]} and {u?, p : i € [N]}. In this proof, we utilize techniques inspired
by the works of [54] and [52]. The detailed steps of the proof are provided in Section 5.

The convergence results established in Proposition 2.25 reveal the following interesting connection between
the value function Vi associated with the finite-horizon game and the value ¢’ arising in the ergodic game for
each player i € [N].

Corollary 2.27. Fiz N > 2 and suppose that Assumptions 2.4, 2.6, 2.8, and 2.20 hold. Then, for all x € R?
and i € [N],

N N —i i
Tlgnw TVT(O,x;mO )=¢, (2.39)
where Vi(0,z;my"), given explicitly in (2.22), denotes the value function of Player i for the finite-horizon game,
and c* represents the value of the i-th player obtained from the solution to the system of algebraic equations
(2.29).

Moreover, if in addition, Assumptions 2.12, 2.15, and 2.24 hold, then the following limit holds in a uniform
way:

N
1 1. ) )
I — ‘— (0, 2:mg") — | = 0. 2.40
Tl_rgos%pN; 7 Vr(0,zmy") —¢ (2.40)
We now present the main result of this paper: a turnpike property that characterizes the relationship between

the pairs of equilibrium strategies and equilibrium states of the finite-horizon game (2.3) and those of the ergodic
game (2.26).

Theorem 2.28. Fiz N > 2 and suppose that Assumptions 2.4, 2.6, 2.8, and 2.20 hold. For each i € [N], let
(X%, o) denote the equilibrium pair for the finite-horizon game given in (2.18)—~(2.19), and let (X*,at) be the
equilibrium pair for the ergodic game defined in (2.31)—(2.32) . Both processes X% and X' are defined on the

same probability space and are driven by the same Brownian motion. Then, there exist some constants KM >0
and \Y) > 0, independent of t and T, such that

sup E[\X;(t) — X1 + |ade(t) — o/(t)ﬂ < KM (e AVt o A1) (2.41)
i€[N]

for all T and t € [0,T].
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Moreover, if in addition, Assumptions 2.12, 2.15, and 2.24 hold, then we get the existence of constants K >0
and A > 0, independent of t, T, and N, such that the following exponential convergence estimate holds uniformly
m N:

swy%EﬂXf@)—X10f+¢aTu)—a@ﬂﬂs;R@f*+«f“T%U (2.42)

for all T and t € [0,T], where Xp(t) = (Xh(#),...,XN(®), X(@t) = (X'(t),..., XN (1), ar(t) =
(@k(t),...,ad (1), and a(t) == (al(t),...,a™N (t)) are all valued in RNY.

The proofs of Corollary 2.27 and Theorem 2.28 are presented in Section 6.

2.4. Examples

So far we have used some abstract conditions in Assumptions 2.8, 2.12, 2.15, 2.20, and 2.24 to ensure
the solvability of the systems of equations (2.9) and (2.29), and to establish the turnpike results presented in
Section 2.3. In this section, we borrow examples from [4] and demonstrate that these assumptions can be readily
verified in certain settings.

2.4.1. Fxample 1: Symmetric system

Consider an N-player game with dynamics (2.1) and cost functional (2.2) and suppose that Assumptions 2.4
and 2.6 hold. Moreover, we assume the players are nearly identical in the sense of [4], Definition 4.2. Specifically,
for all ¢ € [N], the following conditions are satisfied:

e Al =A¢cS? o' =0 =al; with a; € R\ {0};
e R‘"R=R= asly with ag > 0;
e Q' is given as following: Q!, = @ > 0, and

y=B20, Q,=Ci Vji#i,
The players are not fully identical, as the secondary displacement cost terms C; and D; may differ across
individuals.
Under this setting, we can verify that Assumption 2.20 is satisfied. In particular, the algebraic Riccati equation
can be reduced to

»? = (2Q + azA?),

ajaz
and it is straightforward to verify that the Sylvester equation

SCR — RiciS = RIAT — (A)T R
is always satisfied. Moreover, from the definition of M and M;; in (2.30), we have

A 1B if j # i,
Y+ 2A% ifj=i

which implies that the block matrix M is invertible.
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To verify the condition c, Iy < A* < ¢*I; in Assumption 2.12, it suffices to require that

2 *\2
@Id — 2C*A g 2Q g Qfd —2c*A
as a2

as shown in Lemma 2.13.
We now check Assumptions 2.8 and 2.15. Under the structure specified above, and using the definition of @
in (2.17), we obtain that

O B --- B 0 I - Iy 0 1 --- 1
0 ... B I, 0 - I, 10 - 1

Q=1. . 3 B |eB=1. . | ®la®B,
B B 0 Iy Ig --- 0 1 1 --- 0

where ® denotes the Kronecker product. Therefore, by assuming that the largest eigenvalue of the matrix B is
sufficiently small and of order O(N~!), we ensure that Assumptions 2.8 and 2.15 are satisfied.
To further ensure that the condition on Q’ in Assumption 2.24 holds, we require that

N N
NIBl, (N =DICll, Y ICH, (N=1)> D]
=1 =1

are all uniformly bounded with respect to N for all ¢ € [N]. This implies that the largest eigenvalues of the
matrices B and {C; : i € [N]} must be of order O(N~1).

2.4.2. Example 2: Consensus models

As in Example 1, we assume that Assumptions 2.4 and 2.6 are satisfied. In this section, we consider a class
of simple consensus models in multi-player systems, where each player aims to minimize their deviation from
the rest of the group. Specifically, the cost function F* is defined as

FIX (1) = 51 S2X(0) — X9(0) QX (1) — XP(1)), i € [N],
J#i

where @) € Si 4~ Under this formulation, each player seeks a position as close as possible to the positions of the
other players. In this case, the corresponding matrix Q" for each ¢ € [N] is specified by Q) = @ and

i 1 i1 L,
ij__ﬁQ7 jj_ﬁQa Vj # 1,

=0, jk#ij#k

Moreover, the reference states are set to zero, i.e., jz =0 for all 4,j € [N].
We also assume that the dynamics and cost structure are identical for all players, so that the players are
identical. For simplicity, for all ¢ € [N], we still consider the following conditions are satisfied:

e Ai=AcS? o' =0 =aly with a; € R\ {0};
(] Ri:R:(IQId with as > 0.
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Under this setting, Assumption 2.20 can be verified in the same manner. By the definition of M and M;; in
(2.30), we obtain

M — 3@, ifj#4
T+ %A% ifj=i,

thus M is a strictly diagonally dominant block matrix, which implies that M is invertible. Consequently, by
the result of Remark 2.19, the equation for p = (!, ..., ) in system (2.29) admits a unique solution, which
satisfies ' = 0 € R? for all i € [N].

Similarly to Example 1, by the result in Lemma 2.13, to verify the condition c,Jy < A* < ¢*I; in
Assumption 2.12, it suffices to require that

2 *)2
ﬂfd - QC*A § 2Q g Qfd —2c*A.
as a2

Moreover, in this consensus setting, the block matrix @ in (2.17) can be simplified to

0 1 1
1ot o 1
Q=-§y_71 Do ©liwQ.
11 0

Hence, by assuming that the eigenvalues of @) are sufficiently small, Assumptions 2.8 and 2.15 can be ensured.
Finally, based on the definition of Q? in the consensus models, it is straightforward to verify that the following
quantities

N
> sup Q1 Zzsup\|QJk|| Zzsupnczkn, S 1Q3 Zsupnc;
i=1J7"

i=1 j#i © i=1 ki j#i i—1 97

are all uniform bounded with respect to N, which is required in Assumption 2.24.

3. PROOF OF PRELIMINARY RESULTS

In this section, we provide the proofs of several preliminary results, including Lemma 2.13 and Lemma 2.14.
Moreover, building upon Lemma 2.7 and these results, we derive both non-uniform and uniform estimates for
the norm of the matrix exponential elo (A'=(R) T Az (s ))dg in Lemma 3.1 below. The non-uniform and uniform
bounds are used in the proofs of Proposition 2.10 and Proposition 2.25, respectively.

First, we present the proof of Lemma 2.13.

Proof of Lemma 2.13. We begin by considering the candidate A, = c,I4, and evaluate it through the algebraic
Riccati equation (2.12). A straightforward computation yields

AT+ (ANTA, = AL(R) A, +20Q); = 20% + e (AT + (A)T) = ()’ (R) " > 0,

which implies that A, = ¢, serves as a subsolution to the equation (2.12). By the comparison theorem for
algebraic Riccati equations, see [66], Theorem 9.1.1, we deduce that

colyg=A, <A, Vic[N]Jand N >2
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Analogously, we examine the upper bound candidate A* = ¢*I, for which
ARAT 4 (AN TAS — AS(R) T +2Q; = 2Q) + ¢ (A + (A)T) — (¢)*(R) ! <0,

establishing that A* = ¢*I; is a supersolution to the equation (2.12). By the comparison theorem for algebraic
Riccati equations again, we derive that

AN <A=c*l;, Yi€[N]and N > 2.
Therefore, the solution A’ to (2.12) satisfies the uniform bounds
colg <A <ty Vi€ [N]and N > 2.
O

Next, we prove Lemma 2.14, which provides uniform-in-N estimates for the norm of the matrix exponential
3 iy—1 A2 . .
(A =(F) A and the deviation A% (t) — A

Proof of Lemma 2.14. First, we establish the uniform estimate for the norm of the matrix exponential
(A =(R)TIANE ynder Assumption 2.6 and Assumption 2.12 (i). Since R' and A’ are positive definite matri-
ces, by Assumption 2.12 (i), the matrix A* — (R*)~'A? is uniform Hurwitz, i.e., the real part of every eigenvalue
Ai of A" — (RY)7IA® satisfies R(\;) < —¢. Let \* = ¢. It follows that there exists K; > 0, independent of ¢, T
and N, such that

sup sup He(Al*(Ri)_lAi)tH < Ki"e*)‘*t, vt > 0. (3.1)
N i€[N]

Next, we recover the uniform estimate (3.1), with potentially different constants K; and A*, under
Assumption 2.6 and Assumption 2.12 (ii). From equation (2.12), we have

Az(Az o (Rz)flAz) + (A’L o (Ri)flAi)TAi _ 7Al(RZ)71A’L o 2@21 g *BlId

for all i € [N] and N > 2, since R is positive definite and 2Q¢, > 11, by Assumption 2.6 and Assumption 2.12
(ii). Consider the following ODE which is valued in R%:

(A" = (R)TTADa' (1),

(oW
~
R@
—~
~+
~—
Il

Then, the derivative of the quadratic form (A'z?(t),x%(t)) satisfies
d i i
< (a0, 240)
= (N (RN, 2 (0) + (N (0), (A (R (1)
< =Bl @)1, Ve 0,

for all ¢ € [N] and N > 2. From Assumption 2.12 (ii), it is clear that

el (P < () A ) < O, v

WV
o
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Combining these inequalities, we obtain

B

C*

—Bilat (O < == (2'(t) TA (1),

which implies that

Hence, we derive the following inequalities
ezt (1)]? < (2%(t) TATZ () < (28(0)) T ATz (0)e” =, V> 0.

Let &% denote the fundamental solution to the matrix ODE

%@i(t) = (A" — (RH)T'AHD(t), @(0) = I,. (3.2)

Then we obtain the uniform exponential estimate

(D) = [l A < LAt <

*

c
e ' Vt=0,
Cx

for all ¢ € [N] and N > 2. By choosing K} = ﬁ—* and \* = f—i, we arrive at the uniform estimate (3.1).

Then, following the approach of [38], we establish a uniform estimate for the norm of A%.(t) — A? by using
the exponential estimate (3.1). Define the deviation

Ai(t) = Ain(t) — A*, Yt e [0,T), i € [N].
Then, from the equations (2.11) and (2.12), we deduce that
d ~. N . . . . _ L N o
TN O+ AT = (BT 4 (AT = (B TIAY) TAY(E) = AT (R) () = 0,
AN(T) = —A".
Let Ai(t) = A(T —t) for all £ € [0,T] and i € [N]. It follows that
d ~. . A . , , . R . o
MO = N (OAT = (R) AT + (AT = (RY)TIA) TAYE) = A1) (RY) TA(®),
A (0) = —A%
Then, using the chain rule and the ODE (3.2), we compute

(@) TR~ 9)2(5)) = (@) TR — ) (R R — 5)()
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for all 0 < s <t < T. Consequently, integrating the above identity from s to ¢,
Ki ' i)y =1\ T Ré i i ())—
A'(t—s) = (D'(t)('(s)) ") A (0)2'()(2(s)™"
t
—/ (@7 (r)(@7(s)) 1) TN — ) (R 7MY (t — 1)@ (1) (4 (5))
Taking s = 0 yields
t
A'(t) = (2(1) TAY(0)2' (t) —/ (@*(r)) TA*(t — r)(R)) M ANt — 1)@ (r)dr
0
< (@) TA(0)® (1)
as R' is positive definite. Using the estimate (3.1), we conclude that

sup sup A (1) < sup sup (Kje ")’ [R(0)]] < ¢ (K7) e " < Ko 2
N i€[N] N 4g[N]

for all ¢ € [0,T], where we set K3 := ¢*(K7)2. Hence, by the definition of A?, we obtain the desired estimate
that

sup sup ||[A%(t) — Af|| < Kje 2T o<t < T. (3.3)
N i€[N]

Finally, we show that the inferior limit of the right endpoint of the admissible interval for v in Assumption 2.8

is strictly positive. By the definition of K(™) and A(™) in (2.16), and using the uniform lower bound R’ > B,1,
for all 4 € [N] and N > 2 from Assumption 2.12, we have

KW = Kremde, A — y»

in this case, which are both independent of N. In addition, by the uniform boundedness of R? in Assumption 2.12
again, it is clear that

7 := lim inf ()2

it S Ry e Rmin > O

Moreover, we obtain the inequality

~ ()\*)2
¥ < s ms ee A Romin-
2(K7)?| R|?
O
To proceed, for any ¢ € [0, 7], we define the block-diagonal matrix A (t) € RN4*Nd by
AL(t) 0 e 0
) 0 AZ(t) - 0

Ap(t) = | . : : o (3.4)
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where Ak (t) := (A* — (R)7IAL(#))" for all i € [N] and t € [0,T], with A% being the solutions to (2.11). We
now establish both non-uniform and uniform estimates for the norm of the matrix exponential els AT (9)ds ip the
following lemma. The uniform bound plays a crucial role in the subsequent analysis of the unique solvability of
the subsystem in (2.9) governing {pk, - : i € [N]}.

Lemma 3.1. Fiz N > 2. Under Assumption 2.6, the following estimate holds for all i € [N]:
[l Ar(idr|| < KN A 601 o <t < s < T, (3.5)

where KN) and X(N) are defined in (2.16). As a consequence, we obtain the corresponding estimate for the
block-diagonal matrixz exponential:

[efd ATdr|| < KM AT =0 yo <t < s < T (3.6)

If in addition, Assumption 2.12 holds, then there exists a positive constant K5, independent of t,s,T, and
N, such that

sup sup ||efts AiT(T)dTH S Kie M6 o<t <s<T, (3.7)
N i€[N]

where \* is from the estimate (3.1). Consequently, the corresponding estimate for the block-diagonal matriz
exponential holds:

lef ArCI| < Kze™ 70, Wo<t<s<T (3.8)

for all N > 2.

Proof. From the estimate (2.15) in Lemma 2.7, for each i € [N], there exist positive constants K and Ay,
independent of ¢ and 7', such that

[AL(t) — AT < Kpoe T8 w0 <t < T
Thus, applying the estimate (2.14), for each 7 € [N], we derive that
Heff(Ai*(Ri)_lAiT(T))dr|| — Hefts(Ri’)_l(AifAli,w(r))dre(Aif(Ri)—1A73)(S,t)||
< Kiefxi(sft)||ef:(Ri)‘1<A"'fA7"T<r))dr||
< Ko N0l (RO 7 Kyie 4y

KAi

< Ko n E i)

for all 0 < t < s < T. By the definition of K™) and AV) in (2.16), we conclude the estimate (3.5). Recalling
the definition of A7 in (3.4) and A%(t) = (A* — (R)"*A%L(¢))T for all i € [N] and t € [0, 7], the proof of the
desired estimate (3.6) is thus completed.

Using a similar argument as above, together with the results from* Lemma, 2.14, and noting that R > 8,1y

K
for all i € [N] and N > 2, we may choose the constant Kj =: Kje 255" such that

sup sup ’|efzS(Ai—(Ri)71AiT(T))dr|| < K;e—)\*(s—t)
N 4€[N]
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for all 0 <t < s < T. This completes the proof of estimate (3.7). Then, the estimate (3.8) follows directly from
the definition of Az in (3.4) and A% (¢) = (A* — (RY)~1A%(¢)) " for all i € [N] and t € [0, T]. O

4. PROOF OF PROPOSITION 2.10: SOLVABILITY OF THE
FINITE-HORIZON GAME

In this section, we provide a step-by-step proof of Proposition 2.10. We begin in Section 4.1 by establishing
the unique solvability of the coupled system (2.9), thereby proving part (i) of the proposition. Building on
this result, Section 4.2 addresses the unique solvability of the finite-horizon HJIB-FP system (2.6) in the form
of (2.7). We then derive the equilibrium strategy and the corresponding equilibrium state trajectory for each
player, thus completing the proof of part (ii). Finally, in Section 4.3, we characterize the value function for each
player in the finite-horizon game, which concludes the proof of part (iii).

4.1. Proof of part (i) of Proposition 2.10

We now establish the solvability of the system of equations (2.9), which arises in the analysis of the
finite-horizon game (2.3), under Assumptions 2.6 and 2.8. Our analysis follows the approach outlined in
Remark 2.11.

Throughout the following analysis in this section, we use K and A to denote two generic positive constants
that are independent of ¢ and T', and may vary from line to line. When necessary, we write K (V) to emphasize
the dependence of the constant K on the number of players N.

Recall that we proved the unique solvability of A% in (2.11) for each i € [N] in Lemma 2.7. Next, given that
A% is the solution to (2.11) for each i € [N], we proceed to establish the unique solvability of ¥, in the system
of ODEs (2.9).

Lemma 4.1. Let Assumption 2.6 hold and A% be the solution to (2.11). Then, for each i € [N], the ODE

S0U(0) + 20 ()5 T (1) + 255 (1) (41— (R) A1) =0,

Tr(0) = Tf € S,

(4.1)

admits a unique positive definition $% € C([0,T];SL,).

Proof. Taking the transpose of on both sides of (4.1), we obtain the following equation:

ST + 2SO (1) + 2 (A - (R) AR (0) () =0,

which implies the symmetry condition
i i iN—1pd i iN—1 i T i
Sp(t) (A" = (R)7IAL(1) = (A" = (B) 7 AL(1) - Si().
Recall that A%.(t) = (A* — (R")"'A%(¢)) " for all i € [N] and t € [0, 7], the ODE for i, can be rewritten as

%E%(t) + 257 (8¢S () + S () (A1) T + Ap(H)Sp(t) =0, Bp(0) = .
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Define ¥i.(t) = X4.(T — t). We derive the backward form of the equation satisfied by X% as follows:

C0(1) — S0 ()T — Ap(0)Sip(1) — 285 (1)5 T4 (1) = 0,

YH(T) = X8

Since ¢* > 0 and Xf > 0 for each i € [N], it follows from Theorem 7.2 in Chapter 6 of [64] that the backward
equation for ¥%. admits a unique solution in C([0,77; Sff_ +). Consequently, the original forward equation (4.1)
also admits a unique solution in C([0,7];S% ). O

In what follows, we focus on the proof of the unique solvability of the subsystem in (2.9) governing {p&., pf :
i € [N]}. This system corresponds to the third and fourth lines in (2.9). It is important to note that this
subsystem forms a fully coupled forward-backward system of ODEs, whose solvability is inherently nontrivial
and requires a careful and rigorous analysis.

Lemma 4.2. Let Assumptions 2.0 and 2.8 hold, and let A% be the solution to (2.11) for each i € [N]. Then,
there exists a unique solution {pt., p& : i € [N]} to the following fully coupled forward backward system of ODEs

S oi(t) + (A — (R A1) pin(0) + 2B (' (1) =0,
S pt) — (A (R) A5 (1)) (1) + ()™ (t) = 0. (42)

pr(T) =0 € RY, pf(0) = gy € RY,
where

Fi(pz'(t) = —QLzl + > QL (W (t) — 7).
Jj#i

Proof. The proof consists of two parts: the existence and uniqueness of the solution.

Existence. To obtain the solvability of the system of equations (4.2), we apply the Leray—Schauder fixed point
theorem: Let ¥ be a continuous and compact mapping from a Banach space X to itself such that the set

S={peX:n=~0U() for some 0 < ¢ <1}
is bounded, then ¥ has a fixed point. For simplicity of notation, we denote the following vectors in RV
pL(t) [ (t)

prt):==| © |, pr@)=| : |,

and we define a mapping ¥ : C ([0, 7]; RV9) — C([0,T]; RV?) as follows:
pr =¥(ar) =¥y 0¥ (fir).

In the above,
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(i) pr = ¥1(far), where pi = Wi (fir) is the solution to

d i iN—1Ad T i —i
() + (A" = (R’ FAR()) P (t) + 2F (g (1) = 0,
pr(T) =0,

with a given fir = (jiy, ..., @¥) € C([0,T); RN9) for all i € [N];

.y
(ii) frr = Wo(pr), where gt = Ui(pr) is the solution to

SH) — (A (RY) A5 (1)) (1) + (RY) ™ n(t) = 0.

i (0) = p,
with a given pr = (p%, ..., pY) € C([0,T); RN9) for all i € [N].
Recall that A%L.(t) = (A" — (R)71AL(t))T for all i € [N] and ¢ € [0, 7). Then, we have

S (1) + A0 (1) + 2P i (1) = 0, () =0,

which yields the explicit representation

£ 10 . .
pr(t) = Vi (Ar(t) = 2/ ol Ar AT FY (g (s)ds, Vi € [0,T] (4.3)

t

for all i € [N]. Thus, pb € CY([0,T);R?) for a given fr € C([0,T];RN9). Similarly, for a given pr €
C([0,T); RN4), the function [l satisfies

_ _ t, _ _
i (£) = Wh(pr (1)) = efd X)) Tas i / eI ARCN T (R (s)ds, Vi € [0,T]
0

for all i € [N], which implies that 1% € C*([0, T]; R9).

We now outline our approach to establishing the existence of a solution in two steps as follows.

Step 1: First, we show that ¥ is a continuous and compact mapping from X := C([0, T]; R¥?) to itself. Let
fr = (jik, ..., @) and op = (U, ..., 7X) be two elements in X. Then, by (4.3), for each i € [N],

Vi (Ar(t) — Wi (or(t) = Q/t el A (g (s)) = Fi(97'(s))ds,

where

Fi(az'(s) - Fiog () = Y Q4 (ih(s) = 7(5))

J#i

From the estimate (3.5) in Lemma 3.1, there exist some positive constants K and A, independent of ¢, s, and
T, such that

Hefts A%(ﬂdr“ < I(ef)\(sfif)7 Vo<t<s<T.
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Hence, we obtain the following inequalities

t

|4 (i (1) — Ui (o0 (1) <K/ e—“s—”x/N(Z i (s) = op(s)| > ds

S K(N) sup |pr(s) —or(s \/ e A0 ds
0<s<T

< K(N)d(gr, or),

where K(N) is used to emphasize the dependence of the constant K on the number of players N, and
d(fur, Ur) = supgcs<r |fi7(s) — Ur(s)| denotes the uniform metric on the space X. Therefore, it is cleat that

N 3
d(¥(pr), ¥1(Pr)) = sup (Z W (far(t)) — ‘I’{(ﬁT(t))f) < K(N)d(pr, vr),

0<i<T \

which yields that ¥, is a Lipschitz continuous mapping from X to C*([0, T]; RV9) C X.

Next, with the given of g}, = (7 ,...,2Y) in X for j = 1,2, we have

iy (t) — i (t) = U3 (pr(t)) — V5(p7(t)) =/0 oA T (R (55 (s) — pY(s) ) ds.

Using the estimate (3.5) again, we obtain

W (o (6)) — Wi(A2(1))| < K / A9 () — phi(s)|ds
<K sup |57 (s —ﬁlTi(S)\
0<s<t

< Kd(pr, pr)-

for some positive K and A. Thus, by a similar argument, we derive

Nl

Ao (5h), a(ih) = sup (z () — w;rp%(t»f)

o<t<T
J

< K(N)d(pp, p%),

which shows that ¥, is a Lipschitz continuous mapping from X to C1([0,T]; RN9) C X. Therefore, combining
the results above, we conclude that ¥ = ¥, o ¥, is a Lipschitz mapping from X to itself, which yields that ¥
is a continuous and compact mapping from X to X.

Step 2: Next, we prove that the set

S={preX: fir =0¥(fr) for some 0 < ¢ < 1}
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is bounded. Fix ¢ € [0, 1], the identity fir = (¥ (fir) = Lpr implies that (fr, pr) satisfies

PRt + (AT = (RYTIAL() | pir(t) + 2F{ (7 (1) = 0,
() = (AT = (R)TUAR(8) fip(£) + (R i (t) = 0,

Fr(T) = 0, i (0) = by
We then introduce the vector ¢ € RV9, defined as follows:

Zj 1@1 —J_
Z] 1Q2 =J

N N =
Zj:l szﬁ?v

Then, the above system of equations can be written as

S prlt) =~ Ar(t)pr (1) — 2Qir(r) + 24,
 fort) = (Ac(0) (1) — (Rpr(t), (45)

pT(T) = Oa ﬂT(O) = gl’l‘Oa

where po = (pd, ..., 1)) € RV4, @ and R are defined in (2.17), and Ap(t) is given in (3.4). If £ = 0, the
boundedness of (fir, pr) to (4.5) follows directly from the estimate (3.6) in Lemma 3.1. So, in the following,
we consider the case £ € (0,1]. In addition, to establish the boundedness of S, it suffices to consider the regime
where |fir| is sufficiently large. From the system of equations (4.5), it is clear that

<( 7(t)

)P
{<( ()" fir(t) — (Rpr (1), pr(t)) + (ar(t), —Ar(t)pr(t) — 2Qfr(t) + 29)}
= ((Rpr (1), pr(t)) + (2Qpar (1), r(t)) — (2q, fr(1)).

~

Under Assumption 2.8, it is evident that there exists a constant C' > 0 such that

2Qu,v) — (2q,v) > —v[v|?, Vv € RV with |[v| > C (4.6)

()
for some constant v € (0, WAR min)- Thus, applying the inequality (4.6), and integrating both sides

of the above identity over the interval [0,T], we obtain

T T
/0 URpr (), pr(t)dt < (s (0), pr(0)) — {jar(T), pr(T)) + / A (H)]2dr.
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From the second equation in the system (4.5), the semi-explicit representation of fir in terms of pr is given by
i to
ﬂT@)zeixATw»ﬂuﬂTm)_l/(JJATw»ngRpT@kb_
0
It follows from the estimate (3.6) that

ti A 2
[z (D] < 2|[els (ArtnTas |

2 L2
Ar(0) +2) / oI AN Ry (5)ds
0

t
<Q(K(N))2672)\(N)t|ﬂT(0)|2+2(K(N))2£2”RH2‘/ ef)\(N)(tfs)pT(s)ds‘
0

for all ¢ € [0, T]. Integrating both sides over [0, T], we deduce

T (K(N))2 ) T, rt . 9
[ larPar < Sl F 2O RIRIE [ | [0 g ar
0 0 0

Thus, as pr(T) =0 and 0 < £ < 1, we derive the following inequality

ﬂmmf
IAN)

T t 2
S (KOPIRP [ [
0 0

T
|| (Ror).pr(onat < L 0),pr(0) + ()

Next, for any fixed A > 0, we denote

t t
o (t) = / =M= 1 (5)ds = o= / & pr(s)ds
0 0
and
T 1
lorllcogory = ([ laatoPat)”
0
Since g4 (t) = —Agx(t) + pr(t), multiplying both sides by (g (t))" and integrating over [0, T], we obtain
T T T
[ @@ gwdee [laPd = [ @0 s
0 0 0

It is clear that

T 1 1 1
/(w@fﬁ@&:;w@W*;w@F:;w@W
0

since g»(0) = 0. Thus, we have

T T
MgalZ 0.2y = A / (Ot < / (ox ()T Ar(0dt < lgall s 0.0 157 2oy
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by Halder’s inequality, which yields that [|gxl[32 .7 < 5z 10713201 i€

T,
/ ‘ / e M9 51 (s)ds
o 'Jo

By using the inequality (4.8), we derive

2 1 [T
dtgF/ |pr(t)|2dt. (4.8)
0

T (N))2
/0 (Rpr(t), pr(t))dt < %mT(O)vﬁT(O» + W|ﬂT(O)|2

H(EIRE (T
JF()\(N))Q/O |pr(t)]"dt.

)
Under Assumption 2.8, we have v < m&g,mm, so that the last term on the right-hand side of the

above inequality can be absorbed by the left-hand side, which follows that

T
/O o7 (1) 2dt < K (|jar (0)[|p7(0)] + |z (0)2)

for some positive constant K. Returning to the estimate (4.7) and applying Hélder’s inequality, we obtain
t
e < Ke i + K1 - ™) [ pr(s)Pds, vee 0.7
0

for some K, A > 0. Taking the supremum over ¢ € [0,T], we conclude

teSE%PT] [ (8)|* < K (|2 (0)]p7(0)] + [22(0)]?).

Next, from the first equation in the system (4.5) along with the terminal condition pr(T") = 0, the semi-explicit
form of pr in terms of fip is

T N
pr(t) = / I AT (9Q fr () — 2q)ds,
t

which gives that

T i
1p0(0)] < / Hefo Ar(r)dr
0

(20QUlir(s)] +2lgl)ds < K sup_|ar(t) +1)
t€[0,T]

by using the exponential decay estimate in (3.6) from Lemma 3.1. Hence, by Young’s inequality, we obtain the
uniform boundedness of f on [0,T]:

sup |ar(t)]* < K(|ar(0)] + [ar(0)?), (4.9)
t€[0,T]

which concludes that S is a bounded set. Therefore, by the Leray—Schauder fixed point theorem, ¥ has a fixed
point, i.e., the system (4.2) admits a solution. Moreover, using the semi-explicit representation of pr once again,
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for all ¢ € [0,T], we have

T . =
pr(o] = [ el A
t

T
< K( sup |pr(8)| + 1) / e Mg,
te[0,T] t

< K (14 [ar(0))),

(21QIr(s)] + 2lal)ds

which show that pr is also uniformly bounded on [0, T7.

Uniqueness. Finally, we prove the uniqueness of the solution to the system of equations (4.2). Note that, for
a given collection {A% : i € [N]}, the equations for {u%, p% : i € [N]} form a system of linear ODEs. Suppose
there exist two solutions (pk, ut) and (p%, u2) to (4.2). Then, their difference satisfies the system:

C(P3(1) — P (1) = ~Ar (1) (ph(1) — P3(1) —2Quh(t) — 13 (1),
S (h(0) — 1(10)) = (Ar ()T (h(6) — 1)) ~ R(ph (1) — $(0)),
pr(T) = p7(T) = 0, pp(0) — u7(0) = 0.

By the similar argument for the boundedness of S in the above and the result in (4.9), we derive that

o |k () — 2 ()]° < K (|1 (0) — p3(0)] + |3 (0) — 13(0)]%) =0,

which yields pt(t) = p2(t) for all ¢ € [0,T]. From the first equation in the above system of equations, we also
obtain pk.(t) = pZ(t) for all ¢t € [0,T]. Thus, the proof of uniqueness of solution to (4.2) is completed. O

We are now in a position to prove part (i) of Proposition 2.10, building upon the analytical framework and
intermediate results developed in this section.

Proof of part (1) of Proposition 2.10. By the results of Lemma 2.7, Lemma 4.1, and Lemma 4.2, we establish
the unique solvability of the subsystem in (2.9) governing the unknowns {A%, ¥4, u%., pb. : i € [N]}. Moreover,
for each i € [N], the functions A%, ¥4, p% and ph. are continuous on [0,77], with AZ(¢) being positive semi-

definite and %%.(¢) being positive definite for all ¢ € [0, T]. Then, given A%, pi-, 3% and pf., we now consider the
last equation in (2.9), which yields

T
i i Qi L iy—1 i i, —i i
K (1) = ) = = [ (sl A (s) = SR (o) + By (). Zi(9) ) ds
t
by taking integration over [¢t,T] on both sides. Hence, we obtain the explicit expression
. T o 1 . Tl 4 . .
R (t) = / (tr(" A (5)) = (07 () T (R ™ ir(s) + By (7' (5), Bie(5)) ) ds (4.10)

as k-(T) = 0, which implies that k% is a continuous function on [0, 7] for all i € [N]. This completes the proof
of part (i) in Proposition 2.10. O
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4.2. Proof of part (ii) of Proposition 2.10

In this section, we present the complete proof of part (ii) of Proposition 2.10. We begin in Section 4.2.1 by
adopting the standard quadratic value function and Gaussian density ansatz, commonly used in linear quadratic
Gaussian N-player differential games, to reduce the infinite-dimensional HJB-FP system to a finite-dimensional
system of ODEs—mnamely, the coupled system (2.9). Leveraging the unique solvability of this system, established
in part (i) of Proposition 2.10, we deduce the unique solvability of the finite-horizon HJB-FP system (2.6) in
the form of (2.7). In Section 4.2.2, we characterize the trajectory of the players’ dynamics under the strategy
profile ap. Finally, in Section 4.2.3, we show that the strategy profile ar constitutes an equilibrium.

4.2.1. Systems of Riccati-type equations

In this section, we adopt the standard methodology for linear quadratic Gaussian N-player games, see [67]
and [4], to derive the system of ODEs associated with the finite-horizon game.

We begin by postulating that the coupled HJB-FP system admits a solution {(vi, m%) : i € [N]} of the form
in (2.7) with the density m. defined explicitly in (2.8).

First, we substitute the expression for m. into the FP equations in (2.6). From (2.8), we deduce that

Vi (t, ) = —mip (¢, 2) S (1) (2 — i (1))-

Similarly, from the explicit form of v} in (2.7), we have Vvl (t,z) = AlL(t)z + pi.(t). Hence, by substituting
these expressions in the FP equations in (2.6) and recalling the expression of H in (2.4), we obtain

)

Oump(t,) = tr(s* DAy (t,2) — i (i (t,2) (2. V0 (1, )))

c A i i oH’ i
= le(§ Vmp(t, x) — mip(t, x)a—p(x, VvT(t,x))>

= —div(mf(t, 2) [¢"Sh(t) (@ — pip (1)) + A’z — (R) T A (H)x — (RY) ' pip(t)])
= —miT(t,x)tr(giEép(t) + A — (Ri)flAiT(t))
— (Vmip(t,2)) " ("S5 () (z — pip (1)) + A'w — (RY) ' AZ (D — (R) ™ pi (1)),

which implies that

Oymip(t, @) = mip(t, @) (x — pip (1)) T3 (0 S (8) (2 — pir (1))
+mip(t,x)(z — pp(t) T Sp() (AT = (R) T AL (0) (@ — pir (1))
+mip(t, @) (w — pip () T35 () (A" = (RY) T A% () il (8)
— mip(t, ) (@ — (1) TSR () (R) ™ pip(t)
—mip(t, 2)tr ("S5 (1) + A' — (R)TTAL(t))

On the other hand, from the explicit form of the density function mf. in (2.8), we derive that

Doy (1,2) = St ) (Aet(Zi(1))) ™' (et (5 (1)

Fmip(t,2) S = (o e (0) TS 0@ — (1)}
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Note that
< (et (2 (0) = den () (((0) ™ S350,

we obtain another identity for 9;mi.(t, z) as following

. T .
t Hir (1) () (@ = i ()

— St ) — )T (S0 & — (1)

Doy () = S, )ex () S50 (1)) + () (S

Combining the two identities for atmiT(t, x), which are both quadratic functions with respect to x, we deduce
the following system of equations

%El (1) + 25 (£)s" Sn (£) + 250 (£) (A” — (RY) ™ Adn(t)) = 0,

(1) — (A (RY) AR (1)) (1) + (R (1) = 0.
S (SS90 (0)) = ~tr () + AT — (R A(0)

for all i € [N]. It is worth noting that the first equation in the above system implies the last one, i.e.,

S (2 (0) 7 S (0) = Ser((F () [ - 255 ()5S (6) - 25(6) (A7 — (R) ™ 45(0))])

= —tr(q’f]%(t) + A" — (Ri)*lA}(t)).
From Assumption 2.4, the initial state of Player i is sampled from a normal distribution N (ug, (X§)~!) with

ph € R? and 3j) € ST, . Then, the FP equations in (2.6) can be reduced to the following system of forward
ODEs

%El (1) + 255 (£)6 S () + 254(1) (AT — (RY) ™" Ain(1)) = 0,
1 (1) — (AT = (RY) TV AL () pin(t) + (R) ™ pln(t) = 0, (4.11)

4
dt
27(0) = Xo, pp(0) = po-

Next, let us consider the HJB equations

i i1y2,0 i i Ho;mii(t) =
{atUT(t,I)+tr(§ D*vp(t, @) + H' (z, Vur(t, 2)) + f*(z3mz'(t) =0, (4.12)

v (T, ) = 0.

From the explicit form of the candidate solutions to v in (2.7), we have Qi (t,x) = Sz 7 (LAL(t)z +
($oh(t) "o + SR (1), Vi(t, ) = Ay (t)z + pir(t) and D0 (t, x) = Al (t), since Al(t) € S? for all ¢ € [0, 7).
2.4)

[
Then, plugging these derivatives in the HJB equations (4. 12) and recalling the expression of H' in (2.4), we
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obtain that

0= 20T (S AR + AR (DA + (AVTAR(D) — A (B A (1))

d ; i iy—1 i iNT i
a7 (o) = AR 7 pir(8) + (A0 T (1))
d ; i Lo iN—1 i i —i
+ g r(t) + (AT (1) — g(pT(t))T(R) Lpip(t) + fH (s mat (1)),
which holds for all € R?. Moreover, by the definition of f* and F* in Section 2.1, we know that
(@) —2)) T Qi (" — &%) [ [ d(mi () (=)

1#i
= («")TQhx’ + (") Fl(ur' (1) + Fs(pr' ()2’ + Fy(pr' (1), 55(t))

flatmp@) =3 /

k=1 j—1 /RN =D

for all ' € R?, with the coefficients {F}, Fji : i € [N]} are given by (2.10), and

iy —i =\ T i 3\
Fy(y™") ::_(xi) it (Z(y]—xf) ji)
J#i
for y=' = (y*, ...,y Lyt yN) € RV-D4 By Assumption 2.6, Q° € SVY, thus we have ( ;k)T = Q3
for all j,k € [N]. Hence, Fi(u;'(t)) = (Fi(u7'(t)))" for all i € [N]. Therefore, we conclude that the system of
HJB equations in (4.12) can be reduced to the following system of ODEs

d

dt

%p%(t) = MR () (R) ™ pip(t) + (A) T pip(t) + 2F (7' (1) = 0,

%ﬂ%(t) +tr(¢"Ap (1)) — %(piT(t))T(Ri)*lpiT(t) + Fo(pup'(t), 57(t) = 0

Ap(t) + Ap (AT + (A) TAR(t) — A (0)(RY) AR (1) + 205 = 0,

with the terminal conditions
NA(T)=0¢eS%, ph(T)=0cR? KL(T)=0€cR.

By combining the system of ODEs for {34, u’. : i € [N]}, derived from the FP equations in (2.6), with the
system of ODEs for {AL., p%., k& : i € [N]}, obtained from the HJB equations (4.12), we arrive at the complete
system of coupled ODEs (2.9), which characterizes the solvability of the finite-horizon game with N players.

To conclude this part, we have shown that there exists a solution to the HJB-FP system of the form given
in (2.7), characterized by the coupled system (2.9). In combination with the uniqueness of the solution to (2.9),
established in part (i) of Proposition 2.10, we conclude that the HIB-FP system (2.6) admits a unique solution
of the form (2.7).

4.2.2. The equilibrium state trajectory

Consider the strategy profile given in (2.18), along with the corresponding state trajectory governed by the
SDE in (2.19). Applying the integrating factor method, we derive (2.20)—(2.21).
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Due to the exponential decay estimate (3.5) established in Lemma 3.1, we obtain ||©% ()| < K(W)g=A "t
for all ¢t € [0,T] and i € [N]. It follows that E[|X%(¢)|?] < oo for all ¢ € [0,T] and i € [N]. Then, by the
linearity of the strategy profile in (2.18), and since both A%, and p% are continuous functions on [0, 7’|, we obtain

IE[foT | (t)]?dt] < oco. It yields that - in (2.18) is an admissible strategy for Player i in the finite-horizon game
by Definition 2.1.

From the explicit form of the solution to (2.19), it follows that the state process X% (¢) is normally distributed
with mean

BLG(0)] = ©3() (15— [ (%)™ (B) g (o) ds).
and covariance matrix
Var(X (1) = 07 ((Zh) ! + / (O7() 70" (0) T ((O(s)T) " ds ) (O (1) -

Hence, it is straightforward that X% is a Gaussian process and X4 (t) ~ N (uk(t), (S4(¢)) 1) for all ¢t € [0, 7]
with (p%, %) is the solution to (4.11). Therefore, from the results in Section 4.2.1, the marginal law of the
state satisfies mi.(t) = P o (X1.(¢))~! for all t € [0, T], where m’. solves the FP equation in (2.6).

In fact, the strategy of Player ¢ alone determines its dynamics, regardless of the behavior of the other players.
That is, the process (X%(t))te[o,T] is independent of a;i. This is because strategies are in open-loop, and players
do not observe the others. This observation will play a role in the following subsection.

4.2.8. The strategy profile ar is a Nash equilibrium

In this section, we take the initial time o = 0. Now, we show that the strategy profile in (2.18) is a Nash
equilibrium with open-loop feedback strategies. To this end, fix a;." and consider an arbitrary admissible strategy
at € AY0,T] for Player i. By 1t6’s formula, one obtains

i i i i T rov i iyri i To. i i
E[vr (T, X'(T))] = E[v£(0, X*(0)) + / (S (5 X1 (6) + (A'X(s) = a'(s) " Vi (s, X'(5))

+ %tr(ai(ai)TngiT(s, X"(s))))ds}.
By the definition of Hamiltonian H* in (2.4), we have
(A'X"(s) — ai(s))Tva;p(s,Xi(s)) > H'(X'(s), VUi (s, X"(s))) — %(ai(s))TRiai(s)
for all s € [0, T]. Then, from the HIB equation (4.12), we derive

0= B (T, X)) > E[of(0.X°0) + [ (G (s, X' (6) 4 HY(X'(5), Vo 5. X'(9)

- %(ai(s))TRiai(s) + %tr(ai(ai)—'—Dzv}(s,Xi(s))))ds]

= vin(0, z) +]E[/OT (, FiX(s), mpi(s)) — %(ai(s))TRiai(S))ds},
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which implies that

vh(0,28) < E[/OT (fi(Xz'(S), m7i(s)) + %(ai(s))TRiai(s))ds}
= J7(0,z5;mg ", [z’ o))

for all o’ € A0, T]. The last equality follows from the last comment in the previous paragraph, which implies
that m;i =Po (X:Fi)’l7 since the dynamics for players j € [N]\ {i} are independent of the strategy of Player i.

Finally, by the definition of a®* in (2.5) and the strategy o’ in (2.18), one can deduce that the inequalities
above hold with equalities, and hence,

U%[“(vaé) = j;;(o,xg;mo_i, [a;i; aa“])

Therefore, we conclude that the strategy profile in (2.18) is a Nash equilibrium with open-loop feedback
strategies.

4.3. Proof of part (iii) of Proposition 2.10

The explicit form of the value function v} given in (2.22) for each player i follows from the results in
Section 4.2 and the stochastic verification theorem; see [64], Theorem 5.1 and Theorem 8.1 in Chapter IIT of
[68]. By the definition of the value function in (2.3) and the fact that

vr(0,20) = Jr(0,w5my " [ o)),
let 7§ = x € R, we conclude that

V%((Lx; mai) = j%(O,x; mai, ar) = v%(&x)

_ %xTAiT(O)x +(0(0)) Tz + K (0).

5. PROOF OF PROPOSITION 2.25: TURNPIKE FOR THE SYSTEMS OF
COUPLED EQUATIONS

In this section, we investigate exponential convergence estimates between the solution of the finite-horizon
system of coupled ODEs (2.9) and the solution to the system of algebraic equations (2.29). We focus on estab-
lishing the uniform convergence estimates; the non-uniform version follows by a similar, and in fact simpler,
argument and is therefore omitted. Throughout the analysis in this section, we use K, A, K, and )\ to denote
generic positive constants that are independent of ¢,7, and N, and which may vary from line to line.

Recall that we proved the uniform exponential convergence estimate for ||A%(¢) — A?|| in Lemma 2.14. We
now proceed to prove the estimate (2.37) as stated in Proposition 2.25. Recall that

Lt () + 290 ()6 S (1) + 25, (1) (AT — (RY) T AL(1)) = 0,

dt
25" 425 (A — (R')TTAY) =0,
¥5(0) = 3.

Lemma 5.1. Suppose Assumptions 2.6, 2.12, 2.20, and 2.24 hold. For each i € [N], l_et i denote the solution
to the ODE (4.1), and let ¥ denote the solution to the algebraic Riccati equation for £ in (2.29). Then, (34)~!
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is uniformly bounded on [0,T) for alli € [N] and N > 2. Moreover, there exist some constants K > 0 and x>0,
independent of t, T, and N, such that the following estimate holds uniformly in N:

sup sup [|(Z5(1)7' — ()7 < I?(e_Xt + e_X(T_t)), vt € [0,T).
N i€[N]

Proof. First, we derive the differentiation for (X¢)~! and (%)~ for each i € [N]. From the algebraic Riccati
equation for ¥ in (2.29), we have

%zi + 258 4 2% (AT — (RY)TIAY) = 0,

where recall that %Zi = 0 since X is deterministic. Since X is invertible, we obtain that

S0 = 26t 24— (RN

which yields

d

a(Ei)fl _ 2§i + (Az o (Ri)flAi)(Ei)fl + (Ei)fl(Ai o (Ri)flAi)T

as X' and ¢* are symmetric. Similarly, for the ODE (4.1), we derive

%E%(t) + 257 (1)< S () + Sr(O) (A1) T + Ap(H)Sh(t) = 0

as Al (t) := (A" — (R")~ AL (¢))T. Note that

SR 0) ™ = ~(0(0) (S0 (),

and since X% (¢) is positive definite for all ¢ € [0, 7], we can get

{i@a(t))-l = (A (0)T(Sh(0) ™+ (Si(0) 7 Ai(t) + 2,

(27(0) ™" = (3p) "
Thus, the ODE for (X%.)~! can be rewritten as

L () = (A" = (RY)IAY) (S5(6) 71 + (Sp(8) (AT = (R) ')

dt
+2¢" + (R)THA' = AR(0) (37 (6) ™" + (27 (1) TH (A = AR(®)(R) T,
(27(0) ™" = (36) 7
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since A?, A% (t) and R’ are symmetric. For simplicity, for all ¢ € [N] and ¢ € [0, 7], we denote

St = (57 = (S50) 7
Ai _ (Az o (Ri)flAi)T’
Qip(t) = (RY) MR () = A (S7(1)) " + (S7(0) (A () — A (R

Then, we arrive at

{jti"(t) = SA + (AT () + Fr(0),
SH0) = (3 = (37

Next, we show the uniform (with respect to i, N, and T) boundedness of (¥%.)~! on [0,7] to obtain a prior
estimation to Q% on [0, 7. For this, consider the differential equation

doi(t) = —AL () (t)dt, D(0) := B} = I,
which admits a unique solution
(f)i(t) — e I3 AL (s)ds
for all ¢ € [0, T]. Then, it is clear that

(@ )T (S0 B0)) = ~@0) T (A1) (S(0) () + @ (0) T (Sh0) ) B ()
— @ () (SH0) A O ()

=2(2(1)) <" 2'(%),

which yields
(@°(1) " (S () (1) = (25) T () 0 +2/01(5"(8))T<i5"(8)d5-

Since @}, = I; and ®'(t) is invertible, we obtain
(S(8) ™! = (@) T (Z5) (@) + 2/ (@) )T (@'(s)) @7 (s)(@7(¢) M ds.

0

From the estimate (3.7), the following estimates hold:

P’ - b AL (s)ds |2 * —22\*
sup sup [[(®(t))7H|* = sup sup [Jefo Ar(Id||T < (K5)2e7AY,
N ig[N] N ig[N]

and

sup sup ||§>’(s)(§>1(t))_1“2 = sup sup Hefst AiT(T)dTH2 < (K§)2e_2/\*(t_s)
N i€[N] N i€[N]
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for all 0 < s <t < T. Thus, by the uniformly boundedness of ||(X4)~!|| and ||s¢|| from Assumption 2.24, we
derive the following estimates:

sup sup (25 (1)~ < sup swp (155 @) +2 [ 16118 6)@ 0) )

N 4€[N] N {€[N]

< sup sup ((Kzif) e
N {€[N]

t
(S8 205 Pl e [ e sas)
0

P NP U Vi o PP
= sup sup ((£G)%e 271 (S) 7|+ = (1 - e )
N {€[N]

<K

for all ¢ € [0,T] for some positive constant K, which is independent of ¢,7 and N. It shows the uniform
boundedness of (X4)71 on [0,T] for all i € [N] and N > 2.

By the estimate (3.3), and the uniformly boundedness of ||(X4.(¢)) || and |[(R?)~!||, there exists positive
constant K, independent of ¢, T and IV, such that

sup sup ||QT )H < Ke 2V TY 0wyt e [0,7].
N €[N

Next, we consider the differential equation
dd'(t) = —A'®'(t)dt, PY(0) = I,.

Applying a similar argument as above, we obtain

Note that ®(t) = e=A", by the estimate (3.1),

sup sup H (D (¢ _1H2 = sup sup HeAitH2 < (Kp)2e M
N ig[N N 4€[N]

and

sup sup ||<I> (1>i(t))*1H2 = sup sup ||efi”’(tfs)||2 < (KP)2e 2 (=9
N i€ N 4i€[N]

for all 0 < s < t. Therefore, the following estimation is derived

sup sup ||S(t) O < sup sup O +/HQ1 )1 ()(@ ()" |[ds)
N i€[N]

= sup sup

H + (Kl) (e—2>\*(T—t) _ e—2A*(T+t)))

t
< sup sup ( )2e” Y |S]|| + K (K7)? / e—%*(T—s)e—zA*(t_s)ds)
0
(5
+

K( —Xt efA(T t))
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for all ¢t € [0,7] with some positive constants K and X by the uniformly boundedness of ||E | from
Assumption 2.24. Moreover, it is clear that K and ) are independent of ¢,7 and N. This completes the proof
of the desired result. O

In what follows, we establish exponential convergence estimates for the families {p}. — p’ : i € [N]} and
{ph — u' i € [N]}, where {pk, b : i € [N]} is the solution to the subsystem of ODEs in (2.9), and {p*, u* : i €
[N]} denotes the solution to the subsystem of algebraic equations in (2.29).

From the systems of equations (2.9) and (2.29), since

Fi(pr'(t) = Fi(n™") = —Qi,zi + > Q}; ( ) QLT — > Qi (uj—fﬁi)

J#i Ve
=Y (w0 - uj) ,
J#i
for all ¢ € [N], we observe that
d_ qini i i
3P () =—AP (1) + (Ap(t) — A (R (t) =2 Q4 ()
J#i

d (5.1)

) = (AT (@) — (R) 7 (A(0) — Muie(t) — (B 7(),

p'(T) = —p', @'(0) = py — ',
where
Ft) = pir(t) = o, and () = p(t) — ', V€ [0,T).

The unique solvability of the system of equations (5.1) for {p*,71* : i € [N]} follows directly from the unique
solvability of the original systems {p%., u% : i € [N]}, established in Lemma 4.2, and {p’, u’ : i € [N]}, established
in Proposition 2.22 (i).

For the simplicity of notations, we define the block-diagonal matrices

A0 -0 AL () — A 0
0 A2 ... 0 0 A2.(t) — A2

A= . A(t) = . :
0 0 AN 0 0 AR () — AN

and denote the vectors p = (p',...,p") € RN and pu = (p',..., u") € RN Then, the system of equations (5.1)
can be rewritten in matrix form as

S p(1) = ~Ap(1) + A(1) Rpr (1) — 2QA0),
SRt = (A) () ~ RA()ur (1) — Rp(0), (5:2)

p(T) = —p, g(0) = po — p,

where Q and R are defined in (2.17).
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From the definition of A and the estimate (3.1), we conclude that the following estimate holds for all N > 2
[et|| < Kfe™™t, vt=o0, (5.3)

where K} and \* are constants given in the proof of Lemma 2.14.
The proof of the exponential convergence estimates for (p, ft) in (5.2) proceeds through the following steps:

e First, we establish an estimate for the solution to the homogeneous system (5.4) in Lemma 5.2.

e Next, by incorporating an additional linear term B™(¢) in the ODE satisfied by fi, we derive an estimate
for the perturbed system (5.16) in Lemma 5.3.

e Then, using the results of Lemmas 5.2 and 5.3, we obtain a uniform estimate for the full system (5.2) in
Lemma 5.4.

e Finally, combining the above results and applying Assumption 2.24, we conclude the desired uniform
estimate (2.38) in Proposition 2.25 for the system of equations (5.2).

Lemma 5.2. Let Assumptions 2.6, 2.12, and 2.15 hold. There exist some positive constants K and ),
independent of t,T, and N, such that if (p, [t) is a solution to the homogeneous system of equations

% p(t) = —Ap(t) — 2Qh(t),
%ﬁ(t) = (A)"ha(t) - Rp(t), (5.4)

then the following estimate holds for all N > 2

P+ a1 < K(1@0)] +[B(T)]) (e +eXT79), vt € [0,T].

Proof. From the system of equations (5.4), we observe that

{ (A Th() — Rp(1), p(1)) + (f(t), —Ap(t) — 2QA(t))} (5.5)
(Rp(t), p(t)) + (2Qu(t), (1)),

3 (B0, p(1)
)

Under Assumption 2.15, for the specified constant v € (0,7), it is straightforward that
(2Qu,v) = —ylv]?, Yo e RN (5.6)
Taking integration from 0 to T on both sides of (5.5) and using the inequality (5.6), we obtain

T T
/0 <R//)\(t)7ﬁ(t)>dt<<ﬁ(0)7ﬁ(0)>7<ﬁ(T)aﬁ(T)>+VA () [dt.

By the integrating factor method and from the second equation in (5.4),

_ t
A(t) = e th0) — / e (=9 R5(s)ds
0
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It follows from the estimation (5.3) that, for all t € [0, T7,

_ 2
AP < 2@ |

2 o
AO)P +2| / oA (=5 B(5)ds
0
* g * t A (t—3s) ~ 2
< 2K EO) + 2K PRI [ e 00 pas]

By using the inequality (4.8), we have

(Rp(t), p(t))dt

S—

v(KT)?

< (B(0),p(0)) = (m(T), P(T)) + —3

T t . R 2
FOP -+ 2 IR [ [ 00 psgas] ar

< (@0).0) — (@), ) + 5 oy + LEIEE [ 50 par.

Recall that Ag ;i denotes the smallest eigenvalue of R. Then, by Assumption 2.15 and the proof of Lemma 2.14,
*\ 2
as R is positive definite and v < 7 < WAR,MTL’ we know that
1

HEIRIE [T o [T
e | pPa< [ ma.p)ar

and it gives

T
/O [p()[dt < K (| O)[p(0)] + [&(T)[1A(T)] + [ (0)) (5-8)

for some constant K > 0. From the estimate in (5.7), and by Hélder’s inequality, there exist some positive K
and A such that

_ _ K .

AOF < Ke RO + S0 -e ) [ [5(s)Pds
0
<K

(IRO1pO)] + [AD)[B(T)] + [AO0)[*)

for all ¢ € [0, T]. Taking supremum over ¢ on [0, 7] and applying Young’s inequality, and modifying K if necessary,
we derive that

e B < K(BO)p0)] + [p(T)]* + [A(0)). (5.9)

Next, from the first equation in the system (5.4), the semi-explicit form of p in terms of i is given by

_ T _
B(t) = AT-D5(T) 4 / 264D Qfi(s)ds. (5.10)
t
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Plugging ¢t = 0, by estimate (5.3) again and since ||Q|| is uniformly bounded above from Assumption 2.15, we
have the following inequalities

o)1 < A lam) + [ 2l Qs as

< Ke IR + K sup [7() / “reds

< Ke M[p(T)| + K sup Iu()
te[0,T]

for some positive constants K and A, independent of ¢,7, and N. Then, by using Young’s inequality again for
(5.9), we conclude that

sup |a(t)|* < K(|p(T)* + [1(0)[).
t€[0,T]

With the similar argument as above, it is clear from (5.10) that

O < 2P | [ 240 Qs < KlpmP + K s 0
telo,

for all ¢ € [0, T, which yields that

S (IPOF +1aM1*) < K (AT +|@(0)).-

By using the inequalities (5.7), (5.8), and (4.8),

T T T, ft 9
/ A(t)2dt < K|f(0)]? / e Mdt 4 K / ‘ / e_’\(t_s)ﬁ(s)ds’ dt
0 0 0 0

K
)\2
< K(|p(T)]* + [a(0)?).

T
< K|p0))* + |p(1)[*dt

The same bound (with potentially different K') holds for fo |p(t)|2dt, thus

T
/0 (Ia®)P +1p®)P)dt < K(|p(T)* + |m(0)[). (5.11)
Next, we show that there exists a 7 > 0 such that for all T' > 27,

P + B < 5 (1D +RO)F), Vte[rnT 7). (5.12)

[\3“—‘

Fix a 7 € (0, ) Using the inequality (5.11), by the mean value theorem for the integral, we obtain that there
exist some & € (0,%) and , € (T — 3,T) such that

~ ~ K ~ . K
(&) + |a(E)P < 7M27 and  [B(n-)|* + |fi(n.)* < 7M27
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where M? := |p(T)|? + |12(0)|?. The constant K appearing here and throughout the remainder of the proof is
independent of 7, as well as of ¢, T, and N. Recall that the semi-explicit form of & in terms of p is given by

_ t _
flt) = A7) [T Rp(sds

P

for t > &, thus
* o~ t —\* —8) = 2
()2 < 2(K7)2e N (e, + 2(K7) I RJ?| /5 e N ) 5(s)ds| (5.13)

Taking integration from &, to 7., and using the inequality (4.8), we have

nr Nr . Nr t " 2
[ P < 20 Pl [ e 2w IRE [ [ 0 peas]
& e,

-

< Eaer + 25550 [T iporar

-

T

Moreover, from (5.5) and (5.6), we derive

/m (Rp(t), p(t))dt < ((&-), p(&r)) — (1), P(nr)) + v/m |A(t)dt

- &

< (@), 5l — @) pn) + L5 e

2y (KPPIRIP [ e

.

*\2
Since R is positive definite and v < 5 < WA R,min, We establish the following estimate
1

[ 1B0Ra < K ()P + A 5E)] + R lIA0)]) < =0

.

for some K > 0. Thus, by (5.13) and using Holder’s inequality, since R is uniformly bounded from
Assumption 2.12, there exist K and A > 0 such that

t t
~ CoOA(E—EL )~ CoA(t—s ~ K
O < Ke PG+ K [ s [ (o) < (514)

for t € [¢;,n;]. From the semi-explicit form of p in terms of & in (5.10) and the assumption that ||@Q|| is uniformly
bounded above in Assumption 2.15, for ¢t € [£;,n,], we also derive that

_ N+ _
1p(1)] < [|e@ =9 |p(n-))| +/t 2[[ O 1Q|lA(s)|ds

Nr
< Ke 29|50 )|+ K sup |@(t)] / e Mg (5.15)
telér,m-] t
K

< —M.
VT
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The above inequality (5.15), together with (5.14), imply (5.12) for a convenient choice of 7. Finally, by iteration

of the inequality (5.12), we conclude that there exist some positive constants K and A, independent of ¢, T, and
N, such that

B+ a0 < K(AO0)] +[B(T)]) (e +e7XT79), vt e (0,T).

Moreover, by the uniformly boundedness result of p and &, we complete the proof of the desired result that the
following estimate holds uniformly for all N > 2:

1p()] + 15(t)| < K(|0)] + [B(T)]) (e + e M1, vt e 0, 7).

O

Lemma 5.3. Let Assumptions 2.6, 2.12, and 2.15 hold. Consider a collection of functions BN : [0,T] — RN
for N > 2. In addition, assume that there exist constants Kgv > 0 (possibly depending on N, but independent
oft and T), and X\ > 0 (independent of t, T, and N ), such that for allt € [0,T] and all N > 2,

BN (t)| < Kgne MT1),

Then, there exist positive constants K and X\, independent of t,T, and N, such that any solution (p, ) for the
system of equations

3Pt =—Ap(t) —2Qnu(t)
SR = (A)TA() ~ Rp() - BN (1), (5.16)

p(T) =0, u(0) =0,
satisfies the following estimate for all N > 2
1P|+ |a(t)| < KKpn (L4 t)e ™ + (1+T —t)e >T=D) vt € [0,T).

Proof. To avoid cumbersome notation throughout the proof, we remove the superscript N from BY. We first
prove that the solution (p, ) to (5.16) is uniformly bounded. This result can be obtained by a similar argument
as Lemma 5.2. From the system of equations (5.16), it is clear that

~ a0, )
= — {{A) D) ~ Rp(t) — B(0), pl0)) + (1), ~ Ap(1) — 2Qi(1)}
= (Rp(), (1) + (2QA(0), A(D) + (B(1), p(1),

which gives the following inequality

T T T
/ (RB(t), B(1))dt < 7 / A2t~ / (B(t), plt))dt
0 0 0
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by the facts that p(T) = 0 and u(0) = 0, and the inequality for @ in (5.6) obtained by Assumption 2.15.
Applying the integrating factor method and from the second equation in (5.16), as f(0) = 0, we derive

t
nt) = —/ oA (t=9) (B(s) + Rp(s))ds.
0
It yields the following estimates
R o 2 too o R 2
) < 2‘/ e (t_s)B(s)ds‘ + 2‘/ e (t_s)Rp(s)ds’
0 0

t t .
<2(Kf)2K123/ efQA*(tfs)ds/ e 2MT=9) gy
0 , 0 , (5.17)
F2ARIPIRE| [ e )
0
(KT)Z 2 —2M\(T—t) 12 2 ! —A*(t—s) =
< o KBe +2(K7)7|| R e p(s)ds
0

2
2%\ ’

for all ¢ € [0, T] by applying the estimate (5.3). Using the inequality (4.8), we have

T ’V(K*)z T t . 2
| ®ate.pende < kg + i IR [ [ e 0psds)]
0 4A*)\2 0 0

T
- / (B(t), (1))t

WD 2KDARIE [T T
< B Kh+ 2T [awka- [ Bw.p)ar

*\2 X
Since v < 7 < W)‘R*mm from Assumption 2.15, |B(t)| < Kge T~ for all t € [0,T], and R is positive
1
definite, by Young’s inequality, one can derive that there exists a positive constant K such that

T
| 15w < ki
0
for all N > 2. Thus, from the inequality (5.17), and by Hoélder’s inequality,
. K t
AP < Kicge 2004 2 (10 [ jas)as
0

for some positive K and . Taking supremum over ¢ on [0, 7], we obtain the uniformly upper bound for f:

sup [G(t)]> < KKg.
te[0,T)

Similarly, from the first equation in system (5.16), the semi-explicit representation of p in terms of f is given
by
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since p(T") = 0. By the uniformly boundedness of |Q] from Assumption 2.15, it follows that

sup [p(t)] < K sup |p(t)] < KKp.
t€[0,T) t€[0,T]

Therefore, we complete the proof that (p, ft) is uniformly bounded, i.e.,

sup (|p(t)] + (1)) < KKp
te[0,T)

for all N > 2
Next, for 7 > 0, we set

¢(7) = sup (1)1 + a1,

where the supremum is taken over any T' > 27 and ¢ € [r,T — 7]. Thus, {(7) is bounded by KKp for any 7.
Note that the restriction (p, t) of (p, &) to [7,T — 7] can be written as

(P, ;) = (p1, p1) + (P2, p2),

where (p1, ft1) solves the equation (5.4) with the boundary condition p;1(7) = pi(7) and p1 (T —7) = p(T — 1),
while (p2, f12) solves the equation (5.16) on the time interval [7, T — 7] with homogeneous conditions. From the
results in Lemma 5.2, we have, for any t € [7,T — 7],

K((T - 7)| + ()

p1(8)] + | (t)] < |
<KKB(ef (t— ) e~

)( —A(t—71) /\(T—T—t))
T—7— t))

Moreover, the restriction of B to [r,T — 7| satisfies | B(t)| < Kge *"e~*T=t=7) for some positive \. So, by the
linearity and invariance in time of the equation, we get

2(t)] + |R2(t)] < e ¢t —7), Vte[rT -1,

as we may set po(t) = p(t — 7) and po(t) = p(t — 7) on [r,T — 7]. Plugging together the estimates of (p1, 1)
and (pa, t2), we obtain, for any ¢t > 7,

sup  (|p(s)] + |a(s)])
SE[t+1,T—1—t]

< sup {KKB (e_/\(S_T) + e_’\(T_T_S)) + e_’\TC(s — T)}
SE[t+7,T—7—t]

< KKpe M4 e72¢(1).

Taking supremum over (p, i) and multiplying by eMt+7) to the above inequality gives
At + 1) < KK e +eM((t),

from which we infer that ((t) < KKpg(1 +t)e~*. By the definition of ¢, this implies the conclusion that
P(0)] + (0] < KEp((L+ e ™ + (1+T — t)eX7)

for all ¢ € [0, T] when choosing 7 =t if t € [0,T/2] and 7 = T — ¢ otherwise. O
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We are now in a position to establish the uniform exponential convergence estimates for (p, i) as governed
by the system (5.2).

Lemma 5.4. Suppose Assumptions 2.6, 2.12, 2.15, and 2.20 hold. Let {p%, ki € [N]} be the solution to
the system of ODEs (4.2), and let {p*,u' : i € [N]} denote the solution to the system of algebraic equations in

(2.29). Then, there exist some constants K > 0 and X > 0, independent of t,T, and N, such that the following
exponential convergence estimate holds for all N > 2:

1BU)| + [ < B (1+ ol + 1ol + 1 — pol) (™ +¢2T=0) | ve e [0,7].
Proof. Let p denote the solution to

d .

&p(t) = —Ap(t) + A(t)Rpr(t),

p(T) = 0.

Then, the explicit representation of p is given by

T ~
p(t) = —/ eAC"DA(s)Rpr(s)ds.

t

From the estimates in (5.3) and (3.3), the following estimates hold for all N > 2:
A0 < Kfe ™ 679 and  |A(s)]| < K3e ™ T Vo<t <s<T,

which yields that
T * * *
Ip(t)] < Ki K3 K(1+ Iuol)/ e N BT ds < K (14 |pol)e ™ 7Y
t

for some K > 0 by the inequality |pr(t)] < K(1 4 |po|) for all ¢ € [0,T]. Let (p1,p1) = (p — p, it). Then,
(p1, 1) can also be decomposed by

(p1, 1) = (P1, H1) + (P2, H2),

where (p1, fi1) is the solution to (5.4) and (P, fiz) is the solution to (5.16) with B(t) := R(A(t)pr(t) + p(t)).
As R is uniformly bounded from Assumption 2.12, it is worth noting that

[B(1)] = [R(A(0)ur (1) + B(0)] < K1+ o)™ T = Kpe > T, i e 0,7),

by the estimate |pr(t)] < K (14 |po|) for all ¢ € [0, T]. Hence, applying the result in Lemma 5.2 and Lemma 5.3,
there exist positive constants K and A, independent of ¢,7" and N, such that

lp1 ()] + |12 ()]
< K (O] + [B(T)]) (7 + e T7) £ K(1+ [pol) (1 + )e™ + (14T = t)e ")
< K (14 |po| + [B(0) + (D)) (1 +t)e ™ + (1 + T — t)e MT1)
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for all ¢ € [0,T]. By the definition of (p1, u1) and the estimate that |p(t)| < K(1+ [uol)e AT for any ¢ in
[0, 7], we may choose K >0 and 0 < A< min{\*, A} to obtain the desired result that

B(0)] + ()] < K (1+ |pol + || + |1t = po|) (7 + e TD), £ € [0, 7]

for all N > 2. O
In the following, we conclude this section by presenting the proof of Proposition 2.25.

Proof of Proposition 2.25. First, under Absumptlonb 2.6 and 2.12, the estimate (2.36) follows directly from (3.3)
in the proof of Lemma 2.14, with constants K K3 and 0 < h) < 2X\*, where A* is from (3.1). Then, applying
Assumption 2.12 once more, estimate (2.36) implies the existence of a constant K, independent of ¢,T and N,
such that

~

sup sup [AL(1)]| < sup sup A + K < ¢ + K < K
N i€[N] N i€[N]

for all ¢ € [0,T]. That is, A is uniformly bounded on [0,7] for all i € [N] and N > 2. Next, the uniform
exponential convergence estimate (2.37) is concluded directly from Lemma 5.1.

__Fix N > 2. Following the same argument as in Lemma 5.4, we deduce the existence of positive constants
KW and A independent of ¢ and T, such that

~ ~ = 3 N
()] + )] < K™ (1+ [pol + o] + | — pol) (et 42T (T-0)

for all ¢ € [0, T]. Consequently, we obtain

s (I () = W'+ 1o () = p']) < |P(H)] + |A())|
1€

ANy R
< K(N)(1+v ( 51[1113]|u0\+ sup Ip'| + SI[1p 1% |))(e AT oA (T
i€
< K@) (ef)\“\')t_'_ef)\(N)(Tft))

3

which yields the estimate (2.35). Furthermore, by the result of Lemma 5.4 and the uniform boundedness of |u|,
|t and |p*| as required by Assumption 2.24, we derive that

PO+ IAO] < B (1 VN sup 1]+ sup |5 + sup [])) (e + e
i€ €[N i€[N

\FK( Xt | (Tft))

for all t € [0,T] and N > 2, which implies the desired uniform estimate (2.38). This completes the proof of
Proposition 2.25. O

6. PROOF OF COROLLARY 2.27 AND THEOREM 2.28: TURNPIKE
PROPERTIES

In this section, we provide the proofs of Corollary 2.27 and Theorem 2.28, which address, respectively, the
convergence of the time-averaged value function as the time horizon tends to infinity, and the turnpike property
of the equilibrium pairs over long time horizon. As in previous sections, throughout the following analysis we
denote KM XN KK(V) and A(Y) as the generic positive constants that are independent of ¢ and 7. Moreover,
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we use K, A\, K and X to denote generic positive constants that are independent of ¢,7" and N, and which may
vary from line to line.

Proof of Corollary 2.27. We start with the proof of (2.39). Fix N > 2. By the explicit form of V% in (2.22), for
all z € R? and i € [N], the following inequalities hold

VR0, mg ) — | = | (SaTAG0) 4+ (0(0) T+ w5 (0)) — ¢
<?%‘%xTA§OD$—+(p%UD)Tx’+‘%ﬂ%{0)—ci.

From the estimates (2.33) and (2.35) in Proposition 2.25, A% and p’. are uniform bounded on [0, 7] with respect
to T for all ¢ € [N], thus we have

1 . A
lim sup ‘ Vi(0,25mg") — ¢'| < lim sup |=#5(0) — c'|.
T— 00 i€[N T— 00 i€[N]

Next, by the explicit form of k% in (4.10) and ¢’ in (2.29), we derive that

%%@_a<;/|m (Ain(s) — A7) [ds
+4*/m!Eﬂu%ﬂﬁaz%@»-—ﬂﬂu‘ﬁﬁﬁkh

ds

b1 [ [0 = T )+ )

for all i € [N]. By the estimates (2.33) and (2.35) again, there exist some constants K™ and A(Y) > 0
independent of ¢ and 7', such that

)

sup ||Az ( ) AzH < K(N)e—)\(N)(T—t)’
€[N

sup |p(t) — p'| < KWV (e_A(N)t + e—A(M(T—t)%
1€[N]

for all ¢ € [0,7] and sup,c(o 77 |04 (t)] < K@) for all i € [N]. Thus, we conclude that

lim bup —/ ‘tr (A%( Ai))‘dszo

T—o0 i€[N
and
1 iNT 1
lim sup — b@ﬂ$—w>aw (Pir(s) + p')|ds = 0.
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Moreover, from the definition of F§(up'(t), X4-(t)) and Fi(p~% %) in (2.10), it is straightforward that

Fi (0, Sip (1) — Fj(u, %) = — (a0) " (Zczzj (it —w‘)) - (Z (i) - w7) )

JFi

+ ) (u]f(t)—uj)T INZAGEEAEIEDY (uj—f{>T i (i () — 1)

J,k#i,57#k g,k#i,j#k
+2 <tf (Q (S (0)™" = (=97) + (1w (t) - uj)T b () + e - 29?3)) .
J#i

Then, by the estimates in (2.34) and (2.35), there exist some constants K¥) and A") > 0, independent of ¢
and T, such that

sup [|(25(6) 7! = () 71| < KO0,
i€[N]

sup [jiir(t) — ] < KO (e 4 oA T-0),
1€[N]

for all ¢ € [0, and sup,¢jo 1 |1 (t)] < KW for all i € [N]. Thus, we obtain

. e ir o —i i i —i i
lim supf ; |F0(;LT (s),27(s)) — Fy(p ,E){ds

T—00 je[N)
1T
< lim — KW (e_’\(N)s + e_’\w)(T_s))ds =0.

Then, combining all of the above results, we conclude that
. 1, :
lim sup |=k%(0) —c*| =0,
T— 00 ic [N]

which implies the following desired result

1 . . .
lim sup |=Vr(0,2;my") —c'| =0.
T—>ooie[N]
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Next, we prove the uniform ergodic property for Vi (0, x;mg ) in (2.40). By a similar argument to the
non-uniform case, for all z € R?, we have

N
S RO mg) - ¢
N &7
1SN 11 1, 1L nl i
gﬁz ’ AL, ’+NZ—| x’+NZ’TnT(0)—c
=1 =1
<2 su lﬁmwmﬂ+ (f:z )5+1§jlmmymi
\Tie[E]Q T\F et pr( NileT
1 1 2| 1 1 1, ,
- fAlO‘—— 0) + — ‘—10—1.
7o |5 (0] + 7 <ler )+ 5 2 | 7rr(0) —¢

Applying the estimates (2.36) and (2.38), and by Assumption 2.24, we derive that A% and \/% pr are uniform
bounded on [0, T] with respect to T for all i € [N] and N > 2, and thus

N N
—1 7 . 1 1 7 i
TILH;OS]%I’NZ: FViO.zmg) — <TIEEOSRPNZ“’T“T(O>C :

Using the explicit form of x% in (4.10) and ¢ in (2.29) again, we obtain that

N T
§;;A|Wﬂ%@—Mm@
N T
+%Z%/ |Fo (7' (5), S (s)) — Fo(p~", 2)|ds

NZ L[ 36— T ) + )

1SNl , :
2| @) = ¢ <
=1

ds.

From the estimate (2.36) and Assumption 2.24, it is clear that

Th_}rr;o Sl]\l[p N Z / ftr (A (s) — A) |ds = 0.
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Next, we observe that

N 1 N 1

]' 7, —1 7 2 1 7 12 2
< o sr;;;]nR n/ Zw o) 5 (Slorte) +0 ) as
1 4 V2 |

Ri)-! V2 / 5(s)[d
27,S%%IK ) HSSEEWVQVGPT(Q‘+|pD |y 1Pe)lds

for all N > 2. Then, the following limit
quyﬁZ /|2 )T (R (plp(s) + p)|ds = 0

follows from the estimate (2.38) and the assumption that [|(R?)~![| and |p| are uniformly bounded for all i € [N]
and N > 2. Similarly, by the definition of Fg(uy'(t),X5(t)) — F(p~% X% from (2.10), Assumption 2.24, and
the uniform estimates (2.37) and (2.38), we deduce that

A sup Z / |Fo (7' (5), 27(5)) — Fo(p™", 2%)|ds = 0.

Combining the above results, we derive

N
—1 i
i s 7 3| FV O img )~

which yields the desired result (2.40).

Finally, we are ready to establish the turnpike properties stated in Theorem 2.28.

Proof of Theorem 2.28. We also begin with the non-uniform turnpike property (2.41). Fix N > 2. Recall that
for each i € [N], (X%, o) is the equilibrium pair associated with the finite-horizon game defined in (2.19) and
(2.18), while (X%, a') denotes the equilibrium pair corresponding to the ergodic game formulated in (2.32) and
(2.31). We define the deviation process X' (t) := Xi.(t) — X(t) for all t € [0,T]. It follows that

{d)?%) = [(A" = (R) AL ()X () + (R)THAT = AL (6) X (t) + (RY) ™ (o — pp(t))]dt,
X'(0)=0eR?
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By the integrating factor method and recall that (AL(t))T = A" — (R")"!A%(t), we obtain the explicit
representation of X? in terms of X
. t tr At T . . . . . . .
X (t) = / el (AT (R LAY — Ap(s)) X* () + (R) M0 — plp(s)))ds
0

as )/(\'i(O) = 0 € R%. By the basic inequality, for the second moment of )/(:i, we have

t . 2
E[|% )] <2k /0 e AT (R LA — A (5) X (s)ds| |
_|_2‘ /t ef;(A;(T))TdT(Ri)—l(pi —PZT(S))dSr

0

From the estimate (2.35) in Proposition 2.25 and the estimate (3.5) in Lemma 3.1, there exist some constants
K®) and AV) > 0, independent of ¢ and T, such that

sup [p — pip(t)] < KO (et 1 =AM (T—0)),
i€[N]

and

sup [[ef: A Tdr || g2V (=)
i€[N]

for all 0 < s <t < T. Thus, we derive the following estimates

t s t
sup ‘/ efst(AZ’T(T))Tdr(Ri)_l(pi —péﬂ(s))dsr < K(N)‘/ e_A(N)(t_s)(e—QA(N)S +e_2>\(N)(T_S))dS’2
i€[N]'Jo 0

<KW (e—QA(N)t _|_e—2)\(N)(T—t)).

Moreover, from the estimate (2.14) in Lemma 2.7, the second moment of X* is uniformly bounded by some
positive constant KV i.e.,

E[[X'(0)]"] < K™, w0

for all ¢ € [IN]. Then, using the estimates (2.33) and (3.5), and by Holder’s inequality, we derive that
t to xi T . . . . 2
sup E H / els (AT (1) dr(Rz)—l(Az _ A%«(s))Xz(s)ds’ }
i€[N] 0

¢ B ¢
< KW Sup/ |yeff<A%<r>>Tdr|y2ds/ AT — Ain(s)[PE[| X (s) 2] ds
i€[N]JO 0

t t
< K(N)/ e—QA(N)(t—s)dS/ 0 (T8) g0
0 0

< K(N)ef2)\(N)(T7t)
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for all ¢ € [0,T]. Therefore, we conclude that there exist constants K() > 0 and AM) > 0, independent of ¢
and T, such that

sup E[|X;(t) - Xi(t)ﬂ < KM (e XM o AM@=0y v ¢ [0, 77,
1€[N]

Next, by the feedback form the equilibrium strategy o’ in (2.18) and o' in (2.31) with respect to X% and X7,

respectively, and the estimates (2.33) and (2.35), there exist some positive constants K@) and A) | independent
of t and T, such that

sup E ||t —ai@))?

sup E[Jai () - a'(0)]

= sup B[[(R) AR (X2(6) — X'(0) + (R (A5 (0) - 4)X°()
+ (R pir(t) = o) [?]

<KW sup (E[|XE() — Xi0)|7] + |[|[AL(t) — A + |pa(t) — p|?

<K sup (|50 - X'OF] + [|470) = 1 + |or ) - o)

< KW (e—X<N>t+e—X<N>(T—t))

for all ¢ € [0, T]. This concludes the proof of the desired turnpike property in (2.41).
Next, we focus on the proof of the uniform turnpike property (2.42). Denote that X () := (X(t),..., XN (¢))
for all t € [0, 7). By the definition of Az(t), R, A(t) and p(t), we have

{d)?m = [(Az(t)) "X (t) - RA(t)X (t) — Rp(1))dt,
X(0)=0e RN

Applying the integrating factor method again, we derive the explicit representation of X as following

t - R
X(t) = _/ oI (Ar (1) “"(RA(s)X (s) + Rp(s))ds,
0

which implies that

—

|| % 0[] <2 [ el A0 RR ()X (s)as| ] +2 / Lol A i )|
0 0

By the estimates (2.38) in Proposition 2.25 and (3.8) in Lemma 3.1, there exist some positive constants K and
A, independent of ¢,T, and N, such that

Supi|ﬁ(t)| CK(e 4o T0) and  sup ||l AN T@r|| Ko=)
N

N VN
for all 0 < s < ¢t < T. Thus, by the uniform boundedness of | R| from Assumption 2.12, we obtain
2 t - 2
’ < K(/ o= A(t=s) (e—zxs 12X —s))ds)
0

< K(e*”t +672/\(T7t))'

1y (Y reoa R
supi‘/ efs(AT(r))Tder(s)ds
N Nl Jg
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Next, from the explicit solution of X (¢), by Assumptions 2.12 and 2.24, and the estimate (5.3), the following
moment boundedness holds:

1
sup —]E[|X(t)]2] <K, Vt>0.
N N
Then, using the estimates (2.36) and (3.8), and by Hélder’s inequality, we derive that
1 ¢ te A ~ 2
sup —EH/ efs(AT(T))TdTRA(t)X(s)dS‘ }
N N 0
¢ t
A ()T dr ]2 ~ 2
< s;bp/0 et (A Tar | ds/o IRIPIA(S) 2= E[| X (s)[*]ds

t 1
< K/ 672’\(t’s)ds/ e T qs < Ke X TY)
0 0

L
N

for all ¢t € [0,7]. Combining the above results, we conclude that there exist positive constants K and X,
independent of ¢,T", and N, such that

1 2 1 =02 ~/ X _N(T—
SXIpN]E“XT(t)fX(tH ] :s%pNIE“X(tﬂ } < K(e Moy g MT t))

for all t € [0, T]. Similarly, by the feedback form ar and «, and using the estimates (2.36) and (2.38), we arrive
at the desired result that

sup Elar(t) - al)f’] < Ksup - (B[|%r() - X (] + E[|X 0| A0 + 50

< K(e—Xt +e—X(T—t))

for all ¢ € [0, T]. This completes the proof of the uniform turnpike property (2.42). O

7. NUMERICAL EXPERIMENTS

To illustrate the convergence of the solutions to the systems (2.9) and (2.29) established in Proposition 2.25,
as well as the (uniform) turnpike property for the equilibrium state processes and the convergence of the time-
averaged value function proved in Theorem 2.28 and Corollary 2.27, we present several numerical experiments
in this section. We consider Example 1 in Section 2.4 with d = 1. Specifically, for each i € [N], we choose the
following parameters:

e Al=A=-050=0=08 R=R=1,Q,=Q=1;
gj:B:ﬁ,Qé-j:C,;:ﬁforallj#i;

° }k:Di:Olforallj,k;«éi,j#k;

e #' =1 and z] =0 for all j # i;

° M%Zlandzgzz

Then, under the above setting, the functions F} : RV~! x (0,00) — R and F} : R¥~! — R defined in (2.10)
simplify to

L 1 CON-1.., 1 .
Fi(y 1,T):1—N2y7+w’r 1+ﬁ (v')°
J#i i
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and

. . 1 .
Flly ™) =-1+— J
J#i
respectively, where y= = (y', ...,y 1yt . yN) e RV-L
Consequently, the system of equations (2.9) associated with the finite-horizon game reduces to, for each
i€ [N],

S Ar(t) ~ Ar(t) — (Ar(1))” +2=0,

%ZT(t) +0.64(Z7(t))? — (14 2A7(t)) 27 (t) =0,

S (8) (0.5 + A (6)) e (6) + pir(6) = 0,

S (1) — (05 + Ar ()i (1) + 2F (7' (1)) =

SR (1) + 0.82A0(1) — 5 (o (1)) + Bz (), 2r(1)) = 0

with the initial and terminal conditions
Sr(0) =2, pp(0) = 1, Ap(T) = pp(T) = w7 (T) = 0.
Similarly, the system of algebraic equations (2.29) arising from the ergodic game can be reduced to

A2+ A—-2=0,

0.32%% — (0.5+A) X =0,
(0.5+A)u' + p' =0,

—(0.5 4+ A)p’ +2F (u™") =0,

1 . o .
0.32A — i(p’)2 +Fy(p58) ="

By imposing A > 0 and X > 0, we obtain A = 1 and ¥ = 4.6875. It then follows from the third equation that
p' = —1.5u%. Substituting this identity into the fourth equation yields

1 1 &
i J—
(2.25 )/L 2+ N E 7 0.

Jj=1

Thus, we deduce
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FIGURE 1. The convergence of solutions to the systems (2.9) and (2.29).
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for all i € [N]. In particular, u* and p’ are identical for all players. Therefore,

N-11
2N X

N-1,

ci=0.32—1p2+1—N_1
2N

2 N M

For this example, we take T'= 20 and report simulations for the number of players N € {5,10,20,100}.
Figure 1 displays the convergence of the solution to the finite-horizon system (2.9) toward the solution to

the ergodic system (2.29). This is fully consistent with the exponential turnpike-type estimates established in
Proposition 2.25.
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FIGURE 2. Uniform-in-N turnpike property in (2.42).
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F1curE 3. Convergence of time-averaged value function in (2.39).

Figure 2 further illustrates the uniform turnpike property for the equilibrium state under different population
sizes. In particular, the dashed line represents a uniform turnpike-type bound that is independent of the number
of players V.

Next, we present the simulation for the convergence of the time-averaged value functions with T €
{2,4,8,12,16, 20,30, 50}. The result is displayed in Figure 3. It shows that, for each N € {5, 10, 20, 100}, enlarg-
ing the time horizon T reduces the discrepancy between %V:,E and ¢'. This numerical trend is consistent with
the convergence of the time-averaged value function proved in Corollary 2.27.

In addition, we perform Monte Carlo simulations with 8000 paths to compare the mean of equilibrium

trajectories in the finite-horizon and the ergodic game problems, that is, we simulate |E[X7.(t)] — E[X l(t)]|2

The simulated result is presented in Figure 4. This figure also illustrates the turnpike property in mean. More
precisely, it suggests that

[E[X4 ()] — E[X (1)]]* < K(e ™ + e T9), vt e[0,T),
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FIGURE 5. Ratio test for the uniform turnpike property in (2.42).

for some constants K and A, which are independent of ¢ and T'. This estimate follows directly from the turnpike
property (2.41).
Finally, to further illustrate the uniform-in-/N turnpike property, we preform a ratio test for the quantity

~E[[X7(t) - X))
=Mt | = MT—t)

for N € {5,10, 20, 100}. Figure 5 shows that all the ratios remain bounded by a constant that is uniform in N,
in agreement with the uniform turnpike estimate proved in Theorem 2.28.
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8. SUMMARY AND FUTURE OUTLOOK

This paper investigates the long-time behavior of equilibrium strategies and state trajectories in a linear
quadratic N-player stochastic differential game with Gaussian initial data. We analyze the convergence of
the finite-horizon game toward its associated ergodic counterpart, with particular emphasis on the turnpike
property—a phenomenon where equilibrium strategies and trajectories remain close to their steady-state coun-
terparts over most of the time horizon. We formulate both of the finite-horizon and ergodic problems, derive the
corresponding systems HJB-FP equations, and characterize their solutions via systems of coupled equations. The
solvability of these systems and the resulting characterization of equilibrium strategies, state processes, and value
functions are established in both settings, including uniform results under additional structural assumptions.

The main technical contribution lies in proving the unique solvability of the system of coupled ODEs arising
from the finite-horizon game, and establishing exponential convergence estimates between the solutions to the
finite-horizon and ergodic systems. These convergence estimates are then used to demonstrate the convergence
of the time-averaged value function and to establish the turnpike properties for the equilibrium pairs of each
player. It is important to note that our analysis does not rely on the mean field game limiting framework, which
enables a fully uniform treatment with respect to the number of players. As a result, we also derive a uniform
turnpike property for the N-player game.

A natural direction for future research is to extend the present analysis to more general frameworks, such as
linear quadratic differential games with state- and control-dependent diffusion coefficients in the state dynamics,
or even to the settings beyond the linear quadratic structure. An important objective would be to investi-
gate whether a uniform turnpike property for N-player games continuous to hold in these broader contexts.
Such an extension would require the construction of analytically tractable formulations for both the associated
finite-horizon and ergodic game problems. Moreover, the convergence analysis for the corresponding system
of equations would become substantially more delicate. In particular, one may leverage the analytical tools
developed in [52, 54] to derive uniform estimates for the difference between solutions to the finite-horizon and
ergodic HIJB-FP systems. Another promising extension is to consider high-dimensional stochastic optimal con-
trol problems and their associated mean field control formulations. In this context, the analysis may become
more tractable, as it avoids the complexities of fully coupled forward-backward systems and allows for more
direct methods to establish convergence and turnpike-type properties.
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