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THE COLLECTIVE DYNAMICS OF A STOCHASTIC PORT-HAMILTONIAN
SELF-DRIVEN AGENT MODEL IN ONE DIMENSION

MATTHIAS EHRHARDT *®, THOMAS KRUSE'® AND ANTOINE TORDEUX?

Abstract. This paper studies the collective motion of self-driven agents in a one-dimensional space
with periodic boundaries, using a stochastic Port-Hamiltonian system (PHS) with symmetric nearest-
neighbor interactions and additive Brownian noise as an external input. In the case of a quadratic
potential the PHS is an Ornstein-Uhlenbeck process for which we explicitly determine the distribution
for any time ¢ > 0 and in the limit ¢ — oco. In particular, we characterize the collective motion by
showing that the agents’ positions tend to build exactly one cluster. This is confirmed in simulations
that show rapid and coordinated motion among agents, driven by noise, despite the absence of a
preferred direction of motion in the model. Remarkably, the theoretical properties observed in the
Ornstein-Uhlenbeck process also emerge in simulations of the nonlinear model incorporating a general
interaction potential.

Mathematics Subject Classification. 76A30, 82C22, 60H10, 37TH30.

Received June 15, 2023. Accepted January 2, 2024.

1. INTRODUCTION

Collective motion of self-driven agents is the spontaneous formation of coordinated behavior in a common
direction of motion. Collective motion and swarming behavior can be observed in various systems of living
organisms (schools of fish, flocks of birds, herds of animals, colonies of bacteria [33]), in crowds and road traffic,
or non-living active systems, such as microswimmers and other self-driven particle systems (see, e.g., the reviews
[32,45,52]). The large variety of systems in which collective motion can be observed is fascinating. It suggests
that the phenomenon is universal. It is then interesting to formulate parsimonious motion models that reproduce
the spontaneous coordination of the dynamics. This field of research is largely developed in statistical physics
and the physics of active matter [1,2,22,27,40,45].

The collective motion of a multi-agent system is generally characterized using the ensemble mean velocity of
the agents as an order parameter [52]. One of the most famous microscopic models describing collective motion
is the Vicsek model introduced by Tamas Vicsek et al. in the 1990s [51] and its extensions [6,15,36]. This model
shows a phase transition from a disordered state to large-scale ordered motion in one [12] and two dimensions
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[61]. Nowadays, many studies report on phase transitions to collective motion using multi-agent and self-driven
particle systems, including various topological and metric interaction fields, and noise models [3,14,24,34,35,37].

In traffic engineering, the study of long-term dynamics, the so-called collective behavior, and its control is
a current field of research. Initial work from the 1950s [5, 23,26, 39] showed that nonlinear follow-the-leader
models can exhibit severe stability problems. However, this topic has currently returned to the focus of public
interest in connection with automated driving. For example, driving assistance systems with adaptive cruise
control (ACC) can lead to unstable group dynamics of vehicles [7,25,31,46]. Thus, it is of great interest to make
future driving assistance systems both efficient and robust to disturbances using special stabilization techniques
based mostly on anticipation approaches [28, 48, 53].

In the 1980s, pioneering work by Arjan van der Schaft introduced port-Hamiltonian systems (PHS) for
modeling nonlinear physical systems [49,50]. In contrast to the usual Hamiltonian systems, PHS, in addition to
describing the Hamiltonian dynamics through the input/output ports, also allow control and external factors
to be taken into account and enable direct calculation of the system output. Similarly, systems from different
physical domains (so-called multi-physics systems) can be formulated as PHS and the proper coupling of PHS
systems again yields a PHS system [41]. Tt is this functional structure of the PHS, which mitigates the modeling
between conserved quantities, dissipation, input, and output, that is an extremely useful representation of many
systems.

There are several ways to impart randomness to PHS. Several works in the literature use explicit, finite-
dimensional input-state-output PHSs and study the impacts of white noise perturbations resulting in the state
dynamics

dX(t) = [(J(X(t)) — R(X (1)) VH(X (1) + g(X(2) u(t) | dt + o (X (t)) dW (t)

and output y(t) = g7 (X (t))VH(X(t)). This approach was put forward in [44] and was subsequently extended in,
e.g., [8,19,29,43]. A key observation for this approach is that, although the infinitesimal influence of noise on the
state is in expectation zero, it nevertheless increases the mean energy of the system at the rate tr(c ' (Hess H)o)/2
and therefore these stochastic expansions are no longer inherently passive. First proposals for incorporating
randomness into PHS through the implicit formalism of Dirac structures were recently made in [9] and [30].

In this paper, we propose a stochastic motion model of agents that can be formulated using a stochastic port
Hamiltonian system. More precisely, we consider the motion of N € N agents on a ring of length L > 0. In our
model the infinitesimal change of velocity of agent n € {1,..., N} depends linearly on the velocity difference
to the two direct neighbors. In particular, agent n accelerates if her speed is smaller than the mean speed of
the two direct neighbors and slows down otherwise. Moreover, her infinitesimal change of velocity depends on
the distance to the two direct neighbors. We introduce a convex potential U: R — [0,00) that dictates how
agent n reacts to the distances. The bigger the distance to the agent in front and the smaller the distance to
the follower, the higher the acceleration and vice versa. In particular, the agent dynamics are symmetric, with
no preferred direction of motion. This deterministic law of motion is perturbed by agent-individual white noise
processes.

We show that our model suits into the stochastic pH framework outlined above and analyze its Hamiltonian
behavior. In the case of a quadratic potential we perform an explicit analysis on the distributional properties
of the system. In particular, we characterize its long-time limit in closed form using an eigendecomposition of
the system matrix and results on so-called Dowker’s sums. We find that the ensemble mean velocity diverges
while the ensemble variances of the agent velocities and distances converge to a steady-state distributions -
thereby establishing collective motion. In contrast to classical approaches, this collective motion is purely noise-
induced and does not result from a phase transition. More precisely, the motion model being linear in the case
of a quadratic potential, it allows the collective motion to be analyzed explicitly. Interestingly, the simulation
experiments show that some of the theoretical results seem to remain valid for general potentials and nonlinear
interaction terms.

The paper is organized as follows. In Section 2 we introduce our agent motion model under consideration
jointly with its formulation as a port-Hamiltonian system. In Section 3 we consider the case of a quadratic
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potential for which the system is an Ornstein-Uhlenbeck process. Finally, we present in Section 4 some illustrative
simulation results that support our theoretical findings.

1.0.0.1. General notations: Throughout this article we use the following notations: For N € N the vector
1= (1,1,...,1)7 € RY denotes the vector consisting of ones and I € R¥*YN denotes the N-dimensional
identity matrix. We denote by i € C the imaginary unit. For a,b € R we denote by a + ib = a — ib the complex
conjugate and by Re(a + ib) = a the real part of the complex number a + ib € C. For a matrix A € CN*V we
denote by A* = AT its complex conjugate.

2. DEFINITION OF THE MODEL AND ITS HAMILTONIAN BEHAVIOR

Let us first start with defining the model under consideration.

2.1. Notations

We consider N € {3,4,...,} agents on a segment of length L with periodic boundaries. We denote

a(t) = (aa(8)))_, e RN, 1€ [0,00),

and

p(t) = (pa(t))_ €RY,  te[0,00),

the positions and velocities of the agents at time ¢, respectively. We assume that the positions ¢(t) and the
velocities p(t) of the N agents at time ¢ = 0 are known,

p(0) =plio=p €RY,  q(0) = gli=o = q € R,
and that the positions of the agents are initially ordered by their indices, i.e.,
0<qm<q<..<qyv <L (1)

Note. We systematically use in the following the index n + 1 for the nearest neighbor on the right and n — 1 for
the nearest neighbor on the left. Note that the right neighbor of the Nth agent is the first agent, i.e., n+1=1
if n = N, and conversely, the left neighbor of the 1st agent is the Nth agent, i.e., n —1 =N if n = 1.

The distances of the agents to their immediate right neighbors

Q(t) = (Qn(t))fzvzl € RN» te [0,00),

are given by

{ Qn(t) = qns1(t) —qu(t), ne{l,....N—1}, )

OQn(t) =L+ qi(t) —qn(1).

The distance to the left is Q@ for the first agent and @,,—1 for the nth agent, n € {2,..., N}. The index order
of the agents at time zero makes the initial distance positive

Q(0) = Q=0 := Q € [0,00)".
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2.2. Agent motion model

To formulate our stochastic motion model, we introduce a probability space (2, F,P) on which there exists
an N-dimensional standard Brownian motion

W= (W)™ [0,00) x @ — RY.

n=1"

The motion model reads for the n-th agent at time ¢ € [0, 00)

dQn(t) = (pn+1(t) — Pn (t)) dt, Q(O) =1,
dpu(t) = (U'(Qn(t) = U'(Qn-1(1))) dt (3)
+ B(Pns1(t) = 2pn(t) + Pp-1(t)) dt + o dW, (1), p(0) =p,

with 8 € (0,00) a dissipation rate, ¢ € R the noise volatility and U’ the derivative of a convex potential
U € CH(R,[0,00)). Stronger regularity assumptions may be necessary to guarantee the existence of the solution.
A common choice is the quadratic functional U(z) = (az)?/2, z € R, for some a € (0, c0).

Remark 2.1. Equation (3) describes the motion model in a Hamiltonian fashion. An asymmetric model with
the same characteristics has recently been introduced for modeling stop-and-go waves in traffic flow [42]. The
first line in (3) is simply the differential version of (2). The second line in (3) models the stochastic law of
motion of the N agents. The acceleration dp,, of agent n depends on the velocities of her direct neighbors and
the distances to her direct neighbors. Let us first consider the dependence on the velocities. The acceleration
dpy, of agent n increases linearly in the difference p,11 — p, between her right neighbor’s velocity and her own
velocity and decreases linearly in the difference p,, — p,_1 between her own velocity and her left neighbor’s
velocity (both with slope 8 > 0). In particular, if her velocity coincides with the mean velocity of her two
neighbors (i.e., pn(t) = (Prt1(t) — pn(t))/2), then the velocity term does not contribute to the acceleration of
agent n. Concerning the dependence on the distance to the direct neighbors, we remark that the acceleration
increases the higher the distance @, to the right neighbor and decreases the higher the distance @, _; to the
left neighbor. The precise dependence on the distances is dictated by the derivative of the convex potential U.
If agent n is located exactly in the middle between its neighbors (i.e., Q,(t) = Qn—1(t)), then the distance term
does not contribute to the acceleration of agent n. From the description so far, we see that this deterministic
system is in equilibrium if all agents move at the same speed and have equidistant positions. The last term in
the second line of (3), however, introduces a stochastic perturbation by white noise which brings the system
out of equilibrium.

Remark 2.2. Note that the motion model is symmetric: the interaction model with neighbors is identical
whether the agent moves to the right (velocity positive) or to the left (velocity negative). There is no preferred
direction of motion.

Remark 2.3. The velocity dynamics depends only on the relative positions (distance) and the relative velocities
to the two nearest neighbors. It is therefore more convenient to represent the system by the distance and velocity
variables (@, p) instead of (¢, p). Note that in the (Q, p) representation, the relation

Y Qult) =L,

n=1

holds at any time ¢ € [0,00) because of the periodic boundaries. In particular, for any n € {1,..., N} the
distance @, can be derived from the other distances @Q;, I € {1,..., N} \ {n}, and thus the linear equations
describing the dynamics of @ in (3) are linearly dependent.
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Remark 2.4. The ensemble’s mean velocity

1 N
p(t) =D _palt),  t€[0,00), (4)
n=1

is a Brownian motion with variance ¢?/N for any potential function U. In fact, thanks to the telescopic form
of the model (3) and the periodic boundaries, we have

N N
dp(t) = % 3 dpalt) = % ST awn(t),  telo,c).
n=1 n=1

Remark 2.5. We note that within our model it is possible that the initial ordering (1) is not preserved at
all times and that collisions happen, i.e., for each ¢t > 0 there exists with positive probability n € {1,...,N}
such that @, (¢) < 0. This is due to the fact that each agents’ velocity is driven by an individual Brownian
motion. Incorporating non-collusion measures makes the system analysis more challenging and constitutes an
interesting question for future research. We remark that the probability of collisions and overtaking shrinks as
« and [ increase and as o decreases. Our explicit analysis in Section 3 in case of a quadratic potential allows
for a quantification of these probabilities in the steady state distribution.

2.3. Port-Hamiltonian formulation

Next, we rewrite the system (3) in matrix form and identify a port-Hamiltonian structure.

Proposition 2.6. Denoting Z(t) = (Q(t),p(t))" € R*V, ¢t € [0,00), the dynamics of the periodic system (3)
are given by

dZ(t) = (J — R)VH(Z(t))dt + GdW(t), Z(0) = 2(0) = (q,p) " € R?N, (5)
with
J— LZT fg] cRN2N  p_ [8 ﬁAOTA} cRVAN G- {001} € RNXN
-1 1
-11
A= e RVXN (6)
-1 1
1 -1
and the Hamiltonian operator H: R*N — R,
1 N
H(Q.p) = 5lpl* + Zl U@n), peRY,Q=(Q1....Qn)" €RY. (7)

Moreover, the matriz J is skew-symmetric by N x N block while R is symmetric positive semi-definite.

Proof. First note that for all (Q,p)" € R?" we have

wm@n =" v v@ =),

Moreover, we have
2 -1 -1
-1 2 -1
ATA= € RV*N,
-1 2 -1
-1 -1 2
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It follows directly from the model (3) that

dQ(t) = Ap(t)dt, ()

dp(t) = (—ATU(Q(t)) — BAT Ap(t)) dt + o dW (t)
and hence ~

dZ(t) = BVH(Z(t)) dt + GdW (¢)
with y
= 0
Clearly, .J is skew-symmetric and R is symmetric. Moreover, it holds for all (Q,p)" € R?V that
Q"R () = AT ap = LAl € 0.)

and hence R is positive semidefinite. O

Remark 2.7. In the port-Hamiltonian formulation of the model, both the kinematics between the distance
and the relative velocity and the kinematics between the relative velocities and the distance potential terms are
part of the Hamiltonian and the skew-symmetric matrix J of the port-Hamiltonian system. These components
represent the conservative part of the system.

The velocity difference terms in the motion model correspond to the dissipation matrix R in the port-
Hamiltonian system, while the noise plays the role of an external disturbance. Without noise, the deterministic
system is Hamiltonian-dissipative. In the PHS formulation, we consider the additive white noise as input. The
port-Hamiltonian system is linear in the sense that J, R and G are constant. The nonlinear components arise
only from the distance-based potential U and the Hamiltonian.

2.4. Hamiltonian behavior
For f € C2(R*V,R) and Z(t) = (Q(t),p(t)) ", t € [0,0), given by (5) Itd’s formula implies that
df (Z(t)) = (Vf(Z(t)))T((J — R)VH(Z(t))dt + GdW (t)) + %Tr(GT(V2f)(Z(t))G) dt
_ ((Vf(Z(t)))T(J — R)\VH(Z(t)) + % TY(GT(V2f)(Z(t))G)) dt+ (VF(Z(1) Gaw ().

Put differently, the generator £ of (Z(t));c[0,00) satisfies for all sufficiently regular f: R2YN — R and z € R2V
that

(L)) = (V1) (]~ RIVH() + 5 Te(@T(V2)(2)G).

Using the skew-symmetry of J this implies for the Hamiltonian H (given by (7)) that
dH(Z(t)) = <(VH(Z(t)))T(J — R)VH(Z(t)) + % TY(GT(VQH)(Z(t))G)) dt
+ (VH(Z(t)) ' Gaw (t)
= (—(VH(Z(t)))TRVH(Z(t)) + NTH) dt +op" () dW (t)

0.2
= (814> + 27 de - op™ (1) aw (1)

Note that the Hamiltonian behavior in time does not depend explicitly on the distance @ and the potential U
thanks to the skew symmetry. Further remarks on the Hamiltonian behavior can be found below.
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Remark 2.8. The deterministic system (o = 0) is stable, i.e., the Hamiltonian is non-increasing over time.
Indeed, in the case o = 0 equation (9) reads for all ¢ € [0, o)

dH (2(t)) = — Bl Ap(®)|1? dt. (10)

Recall that according to Remarks 2.3 and 2.4 the deterministic system (3) is always in a state where the
ensemble’s mean distance and the ensemble’s mean velocity satisfy

1 & 1 1

By Jensen’s inequality (using the convexity of U) it follows that the unique minimum of H over all (Q,p) " € R2N
with + En 1 Qn =% and & ZnN:1 Pn =% 25:1 Pn(0) is given by the uniform configuration (Q%,p*)" € RV
with Q“n = % and p%, = & 25:1 pn(0) for all n € {1,..., N}. Note that (Q%,p*)" € R?V is an equilibrium
point of (3).

Since ker(A) = {\p"|A € R}, we see in the case 5 > 0 from (10) that H(Z(¢)) is strictly decreasing whenever
p(t) # p*. Moreover, whenever p(t) = p" but Q(t) # Q" the dynamics (3) ensure that p is moved away from p"
and thus H is also decreasing in this situation. This indicates the convergence of the deterministic system to the
uniform configuration (Q%,p")" as t — co. We make this statement rigorous in the special case of a quadratic
potential U in Section 3.

| -

Remark 2.9. In contrast, the Hamiltonian for the stochastic system could increase in expectation over time.
Indeed, if we start with uniform velocities p,, = p" for all n € {1,..., N}, then it holds that

d _ o®N

>0,

provided that o > 0 (here we tacitly assume sufficient regularity for the stochastic integral in (9) to vanish
in expectation). For this reason, we cannot directly analyze the stability of the system using Lyapunov-style
arguments in combination with the Hamiltonian. Indeed, in Remark 2.10 we see that in general the stochastic
system does not converge to a limiting distribution.

Remark 2.10. Note that the ensemble’s mean velocity p satisfies

N
2:: fﬂ p(t) = %ﬂ [01]Z(t), forall t>0.

If Z(t) converged weakly as t — oo then by the continuous mapping theorem also p(t) would converge weakly.
However, by Remark 2.4 the ensemble’s mean velocity p is a Brownian motion with variance o2 /N which does
not converge weakly as t — oo in the stochastic case o > 0. Hence Z(t) does not converge weakly as t — oo if
o >0.

Remark 2.11. A potential way to enforce the stability of Z involves introducing friction into the dynamics
described by equation (8). Specifically, for A > 0 one could incorporate the term —Ap(t) into the drift of the
dynamics for p in equation (8). This modification renders the lower right block matrix in B strictly diagonally
dominant. Using this, it can be demonstrated that Z converges to an equilibrium distribution as ¢ — oco. Notably,
we see from the arguments outlined in Remark 2.4 that, in the presence of friction, the ensemble’s mean velocity
follows an Ornstein-Uhlenbeck process. We take an alternative approach here, demonstrating that transitioning
from velocity coordinates to deviations from the ensemble’s mean velocity yields stable dynamics even in the
absence of friction, while the ensemble’s mean velocity is a Brownian motion.
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3. EXPLICIT COLLECTIVE MOTION ANALYSIS IN CASE OF A QUADRATIC POTENTIAL

For a € (0,00) we consider as the distance-based potential the quadratic function
(oz)?
2 b

In this case the system (3) is linear. Indeed, the gradient of the Hamiltonian reads

U(z) = xR

O e L

and the system is an Ornstein-Uhlenbeck linear stochastic process

dZ(t) = BZ(t)dt + GdW (t),  Z(0) = z(0) = (q,p)" € R*V, (11)
with A
_ 0 INx2N _ 10 INXN
B_[QQATﬂATA]GR and G_|:UI:|€R

(recall the definition of A in (6)). The Hamiltonian for the quadratic potential is given by

HE) = S+ S, = @p)7 12
=5lp 5 , z=(Q,p)", (12)

The Ornstein-Uhlenbeck system (11) can be explicitly solved. We obtain using Duhamel’s formula
¢
Z(1) = !B 2(0) + / COBGAW(s),  te0,00),
0

(see, e.g., [21], Sect. 4.4.6 or [38], Sect. 3.7 for this and the further results on multivariate Ornstein-Uhlenbeck
processes that we use in the sequel). Furthermore, (Z(t))c[0,00) is @ Gaussian process. In particular, for all
t € [0,00) the random variable Z(¢) is normal with expectation

pz(t) = E[Z(t)] = e"P2(0), (13)
and covariance matrix
S2(t) = E[(Z(t) — uz(6)(2(t) — pz(£)T] = / e PGGT e ds. (14)

We aim at describing the system’s limit behavior as ¢ — 0o. As we have seen in Remark 2.10 in the stochastic
case o > 0, the original system in Z = (Q, p)-coordinates does not converge weakly as t — oo. However, in
Subsection 3.4 we show that passing from velocity coordinates p to deviations D from the ensemble’s mean
velocity leads to stable dynamics. We formally introduce the process D in the next subsection.

3.1. Deviation from Ensemble Mean Velocity

In the sequel we analyze the agents’ deviation from the ensemble’s mean velocity. To do so, recall that

1 N
f?(t) = N an(t)v le [0,00),

is the ensemble’s mean velocity and recall from Remark 2.4 that p is a Brownian motion with variance o?/N.
We introduce the deviation of agent n from the ensemble’s mean velocity as

Du(t) = palt) ~ (1) = (1= 3 Joult) = 3 Sme0), 120,
k#n
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Let
N-1 -1 -1 ... -1
-1 N-1-1 ... -1
M:% € RVXN, (15)
-1 ... -IN-1 -1
-1 ... -1 -1 N-1

Then, the deviation vector D(t) = (D, (t)))_; at time ¢ > 0 is given by
D(t) = Mp(t). (16)

Next, we introduce the new processes X (t) = (Q(t), D(t))"T € R?" ¢ > 0. Note that

X(t) = [1\%52)] _ {é 1\04] 20,  t>o0. (17)

Since for every ¢ € [0,00) the random variable Z(t) is normally distributed with expectation uz(t) (given by
(13)) and covariance matrix Xz (t) (given by (14)) we obtain that for every ¢ € [0, 00) the random variable X (t)
is normally distributed with expectation

px(®)= [§ 3p| w1 = [§ 1] =100 (18)

and covariance matrix

Sy (f) = {é J&] (1) {é A})T} - /0 t {é ]O\A eBGGT BT [é AOA ds. (19)

Moreover, note that AM = A and MA = A. Hence ATM = A" and MA"T = AT. This implies
dD(t) = (—a?ATQ(t) — BATAD(t)) dt + oM dW (t)

and hence (X (¢)):>0 satisfies the dynamics
0
dX(t) = BX(t)dt + |:O'M:| dW (t). (20)

We aim at explicitly describing the limit distribution of (X (t)):>0 as t — oo (see Thm. 3.11 for the main
result in this regard). To this end, we follow the instructive route to first compute px (¢) and Xx(¢) (and also
pz(t) and X z(t)) for fixed ¢t > 0 explicitly and then determine the limits px (00) and ¥ x(00) as t — oo (see also
Rem. 3.14 for a verification of ¥ x (c0) via the Lyapunov equation associated to (20)). To compute the matrix
exponentials e!?, ¢ > 0, showing up in (18) and (19) we first provide an eigendecomposition of the matrix B.

3.2. Eigenanalysis for the matrices A and B

In this subsection we provide the complex eigendecomposition WAW™! of B which allows to compute the
matrix exponentials e/, ¢ > 0, that characterize the expectation vectors piz(t) and covariance matrices ¥z (t).
Note that the matrix B is not symmetric and not even normal. Using the eigendecomposition of the circulant
matrix A we show that B still admits an eigendecomposition if for all j € {1,2,..., N—1} we have %u;—4a? # 0.
To this end, we first fix some notation that we use throughout the section.

Setting 3.1. .Letw=¢F €C. For all j €{0,1,...,N — 1} let k; =w’ —1 € C and

v; = L(ij,w%w..,(,u(N_l)j)—r e Ch,

VN
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and let pj =2 — 2cos (352) € [0,4]. For all j € {0,1,...,N — 1}, k € {1,2} let

Nk = 5 (B + (1) /202 — da?ug) € C. (21)

Forallje{1,2,...,N—1}, k€ {1,2} let
Wo,1 = |:é:| Vo € (C2N, Wo,2 = |:?:| Vg € C2N7 Wik = |:)\Ij]kII:| v; € (CQN.

By W € C*N>2N we denote the matriz whose columns are given by the vectors wyy, | € {0,1,...,N — 1},
ke {1,2}, ie.,

INX2N
W= [wo,l w11 ... WN—1,1 Wo,2 W12 ~~~1UN71,2] eC .

If for all j € {1,2,...,N — 1} it holds that 3?p; — 4a® # 0, then for all j € {1,2,...,N — 1}, k € {1,2} we
introduce

—1)k— Ajs—k I
Uo,1 = é v € CN, ugy = ? v € CHN iy = ( _) RiXia=2) " |y e CN
SRS v et
5,27 AG,1
Finally, we introduce the matriz
N—1_
V]
K= “L e CNXN, (22)
=1 M

The first result of this subsection provides N vectors that are eigenvectors of both A and AT. Moreover, it
presents the corresponding eigenvalues. Since these eigenvalues are distinct, it follows that the N eigenvectors
are linearly independent.

Lemma 3.2. The family (vj)je{()’l’__qN_l} is an orthonormal basis of CN (with respect to the standard inner
product (u,v) = u*v = 4'v on CV) and for every j € {0,1,...,N — 1} it holds that v; is an eigenvector of
A with eigenvalue k; = w? — 1 and v; is an eigenvector of AT with eigenvalue i; = wN=1)

holds for all j € {0,1,...,N — 1} that

9 )
KjR; = 2(1 — cos(%)) =p; = 4sin2(7;v—]).

Proof. For the first part we refer the reader to [20, Chapter 4]. Next, note that we have the following circular
property of the unit roots w

J — 1. Moreover, it

, 2mi 2mi 2mi ;
w17 = exp(%(N— 1)3) = exp<27rij - %j) = exp(—%j) =w .

This implies that

, . , . i
kiR =W — 1w -1)=2— (W +w™) = 2—2005(%).

=2 Q{COSZ(%> — SiHQ(%j>} = 4sin? (%)

O

The next lemma shows that from each eigenvector v of A that is also an eigenvector of AT we can create (up
to) two eigenvectors of B.
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Lemma 3.3. Let v € CN, k,& € C and assume that v is an eigenvector of A and AT with eigenvalues r and
R, respectively, i.e., Av = kv and ATv = kv. Let A\, Ay € C be the complex roots of z — 2% + Brikz + o’kk and
for j € {1,2} let

kI 2N
w,; = veC.
’ {Ajf}
Then for all j € {1,2} we have that Bw; = \jw,.
Note. In the case k = 0 we have w; = 0 for j € {1,2} and hence w; is not an eigenvector of B.

Proof. For all j € {1,2} it holds that

Buw, — 0 A wl _ )\]A _ Ii)\jv
WiT 1 —a2AT —BATA| NI YT |—a2kAT — BNATA|Y T | —a2kiv — BrRAU
KAjU w1
[/\2 ]—/\ [AI]U—)\w]
0

The next result shows that under the condition that a # 0 and that for all j € {1,2,. — 1} it holds
that 5%(1 — cos (2”3 )) # 202 that B is diagonalizable and provides explicit representatlons of its eigenvalues
and eigenvectors.

Proposition 3.4. Assume that for all j € {1,2,...,N — 1} it holds that 3*u; — 4a® # 0. Then wjy, j €
{0,1,...,N — 1}, k € {1,2}, is a basis of C*V consisting of eigenvectors of B with eigenvalues X\, j €
{0,1,...,N — 1}, k € {1,2}. Moreover, for all j € {0,1,.. Lﬁj}, le{1,2..., L%J}, k,m € {1,2} with
(4, k) # (I, m) it holds that \j i # Nim and for all j € {1,2,...,[5 |}, k € {1,2} it holds that X\j x = An—j k. In
particular, B has exactly 1 + 2[%] different eigenvalues.

Note. Before proceeding with the proof of Proposition 3.4, we remark that if there exists j € {1,2,...,N — 1}
such that 3%(1 — cos (2%)) = 2a? then A\;1 = \j2. In this case the geometric multiplicity of Aj; = \;2 is one
and hence smaller than the algebraic multiplicity (two). Thus B is not diagonalizable in this situation. We refer
to Remarks 3.8 and 3.10 on how to dispense with this condition in the computation of the expectations and
covariance matrices of X and Z.

Remark 3.5. Let us briefly discuss the form of the eigenvalues )A; ;, of B and the consequences on the long-term
behavior of Z and X. We assume again that 5%(1 — cos (2”)) #2a? for all j € {1,2,...,N —1}.

First, note that \g1 = Ag2 = 0. For j € {1,...,N — 1}, k € {1,2}, the eigenvalue ), is real if and
only if ,82(1 — cos (2]7\?)) > 202, In this case Ajk is strictly negative, since we assume throughout that o, 8 >
0. For j € {1,...,N — 1}, k € {1,2}, the elgenvalue Ajr has non-vanishing 1mag1nary part if and only if

B%(1 — cos (2]7\7,])) < 2042 In this case A\j; = \;2 and the real part of \;j equals — 6,uj which is strictly
negative.

To sum up, we see that under our assumption «, 5 > 0 we have two zero eigenvalues and 2N — 2 eigenvalues
with strictly negative real parts. As we will see in Proposition 3.9 the two zero eigenvalues A\ ; and Ag 2 lead to
the divergence of Y.z (t) as t — oo (¢f. Rem. 2.10). For the process X, however, we will see that in the direction
of the associated eigenvectors wp 1 and wp 2 there is also no noise component. This together with the negativity
of the real parts of the remaining eigenvalues ensures convergence of X.

Note. All eigenvalues of B are real if and only if 3%(1 — cos(27/N)) > 2a?. In this case, the dynamics are
overdamped and do not describe any oscillations. In contrast, all eigenvalues A;x, j € {1,...,N—1}, k € {1,2},
have non-vanishing imaginary part if and only if 3?(1 — cos(2r| N/2]/N)) < 2a2. A sufficient condition (which
is also necessary if N is even) is 3 < a. In this case, the dynamics are underdamped and the system oscillates
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for every angular frequency 6; = 27j/N, j € {1,...,N — 1}. More generally, all eigenvalues A;; such that
B%(1 — cos(2mj/N)) < 2a2 have non-vanishing imaginary parts. If such eigenvalues exist, then the system is
underdamped and oscillates at angular frequencies §; = 27j/N for which 8%(1 — cos(6;)) < 2a2. The frequency
0;, is critically damped (neither underdamped nor overdamped) when 32(1 — cos(6;,) = 2a?.

Proof. We first show that for all j € {0,1,...,N — 1}, k € {1,2}, the vector w; is an eigenvector of B. For
j =0,k € {1,2} it follows from that fact that A and A" have zero row sums that Bwyg ; = 0 and hence that wq j
is an eigenvector with eigenvalue Ao = 0 of B. For j € {1,2,...,N — 1}, k € {1,2} Lemma 3.2 shows that v,
is an eigenvector of A with eigenvalue #; and that v; is an eigenvector of AT with eigenvalue &; = wN=17 — 1.
Moreover, it holds that x;%; = p;. Note that \; x, k € {1,2}, are the complex roots of z — 2% + Bz + a2,uj.
Hence, Lemma 3.3 implies that w, j is an eigenvector of B for all j € {1,2,...,N — 1}, k € {1,2} (note that
kj # 0 forall j € {1,2,..., N — 1} and hence w, ; # 0).

It remains to be shown that wj, j € {0,1,..., N —1}, k € {1,2}, are linearly independent. To this end note
that for j € {1,2,..., N — 1} we have the symmetry property

2mj 2] 2w (N — )
pj =2 —2cos <N> =2—2cos <27r—N> =2—2cos (N = [UN—j-

and hence A\j, = An_;x for all j € {0,1,..., N — 1}, k € {1, 2}. This implies that
Ne:ge{01,...,N=1} ke {1,2}} ={0yu{N\r:je{l,2...,[N/2]},k € {1,2}}. (23)

We next show that the right-hand side of (23) consists of distinct elements. Indeed, since o # 0, we have that
0¢ {N:je€{l,2...,[N/2]},k € {1,2}}. Moreover, note that for all j,1 € {1,2,..., 5|} with j # it holds
that p; # . This implies that for all j,1 € {1,2,..., 5|} with j # l and k,m € {1,2} it holds that \; 5 # Ay m.
Finally, for all j € {1,2,..., 5|} it holds that X;; # \;» since p; # 0 and 5%u; — 4a2 # 0. This shows that
the right-hand side of (23) consists of distinct elements. Since each element in the right-hand side of (23) is an
eigenvalue of B it follows that the associated eigenspaces form a direct sum in C2¥V.

To conclude the proof we show that the dimension of this direct sum is 2/NV. Since wp ; and wg 2 are linearly
independent the eigenspace associated to 0 has at least dimension 2. Next, for every j € {1,2,..., L%J},
k € {1,2}, there are the eigenvectors w; and wy_; , associated to the eigenvalues A; ;. Since v; and vy_;
are eigenvectors of A with distinct eigenvalues x; and ky_j, it follows that w;; and wy_; are linearly
independent. This implies that for every j € {1,2,..., L%J}, k € {1,2} the eigenspace associated to A; has
at least dimension 2.

If N is odd, then [¥31] = & and the sum of the dimensions of all these eigenspaces is at least 2 + 2 -
2+ | =1 = 2N and hence the proof is complete. If N is even then || = & > [¥=1| and we additionally
have the eigenspaces associated to Ay/zj, for & € {1,2}, which have at least dimension 1 (each of them contains
the vector wyy/2 1, respectively). Hence, in the case, where N is even the sum of the dimensions of all these

eigenspaces is at least 2+ 2 -2 [¥=1]| + 2 = 2N. This completes the proof. O
Proposition 3.4 provides the matrix of eigenvectors W of B. Lemma 3.6 presents its inverse W1,

Lemma 3.6. Assume that for all j € {1,2,...,N —1} it holds that 3*u; — 4a® # 0. Then W™ is the complex
conjugate of the matriz whose columns are given by the vectors u;, j € {0,1,...,N — 1}, k € {1,2}, i.e.,

W71 = [Uo,l U1 .- UN—1,1 U0,2 U1,2 ...UN_LQ]* c (C2N. (24)

Proof. First note that due to the assumption that for all j € {1,2,...,N — 1} we have $%u; — 4a* # 0, the
vectors u; , j € {0,1,...,N — 1}, k € {1,2}, are well-defined (in the sense that we do not divide by zero).
Next, denote by U the right-hand side of (24). We first consider the first N rows of the product UW. Note
that
UW)11 = ugwo,1 = vy = 1.
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Furthermore, note that
(UW)LN = ualwo,g =0.

The fact that vy is orthogonal to all vj, j € {1,..., N — 1}, implies for all m € {1,...,2N} \ {1, N} that
UW)1m =

The fact that v;, j € {0,..., N — 1}, forms an orthonormal basis of C¥ implies for all I,m € {2,...,N — 1}

Km—1A1—1,2 Am—1,1
* m s m B
UW)im = w1 1 Wm—1,1 = (—ﬁ
-1

.
- V' 1Vm—1 = Olm-
1M1 —Nc12) ANt — >\l1,1>

Moreover, for alll € {2,...,.N -1}, me {N +1,...,2N} we have

Km—1-NAI-1,2  Am-1-N;2
Ki—1(Ni—1,1 — Ni—12) ANi—12 — Ni—1

* *
UW)1m = Uj_1 1Wm—1-N2 = ( ) V1 Um—1-~n = 0.

Thus the claim for the first N rows of UW is established. The claim for the last N rows follows in a similar
way. O
3.3. Explicit Representations of the Time-Marginal Distributions of Z and X

In this subsection we use the eigendecomposition of B established in Subsection 3.2 to obtain for every ¢t > 0
explicit representations of the expectation vectors px(t) and pz(t) and the covariance matrices Y x (¢) and
Y z(t). Throughout this subsection we use the notation of Setting 3.1.

Let A € C?N*2N be the diagonal matrix with the vector

Ao Arg - A1 Aoz Arz .- Avo1] € c2N

on its diagonal. Then we have that

B =WAW™!.
This implies for all ¢ > 0 that
B=wetw
With Lemma 3.6 we obtain
-1 2 N-1 2 (D xsk, ox (=DFRy
B — ekt — |Yov O n o (. 1=X,.2) CE L I vyl A
- RSk =0 x (=D X xAjs— (=D*N;
: Vol . LECI 32k ) % Eojut
j=0 k=1 j=1 k=1 Ki(Nj1—=Xj2) 7 )\j‘2_>\j,1 175 (25)
N-1 e”‘72)\ a—e' Jl)xjgvv (ePi2—e! jl)ﬁjvv
_ VUG n N2 V5 N2 A JY3
0 ’UOUO (e CMJI)A71)‘12U,U* e’ J2>‘ 2—e' Jl>‘71 *
Jj=1 K (Aj1—Aj,2) 173 XJQ Aji1 JYg
Moreover, note that the facts that vy is an eigenvector of M with eigenvalue 0 and that for every j € {1,..., N —
1} the vector v; is an eigenvector of M with eigenvalue 1 imply that
N—1] € 12/\1 et Jl/\Jz * (eti2—¢t J'l)nj *
I0 otB — vovo NIRRT Vjv; Moo Y (26)
oM ("2 — Etjl))\Jl/\sz,U*e12>\2611>\11,U,Us¢
J:1 ki (Xj1—Aj,2) 773 Aj2—Aj1 I3

These representations lead to the following result about the expectations pz(t) and px(t).



528 M. EHRHARDT ET AL.

Lemma 3.7. Assume that for all j € {1,2,..., N — 1} we have 3?(1 — cos (2”)) #2a?%. Then for every t >0

we have
N-1 W) (e 2N 1 —e 1N o) = (vfp) (N2 —e Ry
Aj,1—Aj,2 J
pz(t) = [ }—i‘ vt a) (€52 e 1 A @ ORI VPSEIP Y (27)
J=1 Rj ()‘J 1—Aj, 2) J
and
N—1 (Via)(ei2 ;1 —ed1N; 0)— (”}P)(eﬂjvzfeﬂj’l)“fy
— AJ 1= )‘J,2 J
() = [ ] * (€92 e ’1)Aj,l)\j,zf(”;lﬂ)(e“j’z>\j,2*6“””1>\j,1)ﬁj ’ (28)
i=t 5 (Aj,1—Aj,2) J

where p(0) = & 25:1 pn(0).
Proof. Combining (13) and (25) yields for every ¢ > 0 that

N-1 (vja)(e™2 X1 -9 1N ) (vrp)(e?i2 —ei 1 )k;
Ve

vG9)vo PYRTESY i+ XX Uj

t:etBZOZ (O Z 3,172 . Nj,2 T AL

Hz(t) © (vgp)vo + ; (i) (92— )N 1 Ny, 4 WP 2N 2 me NN )
j=1 " g 1—2j2) J Aj2= A1 J

Since vy = ﬁL Zivzl Qr(0) = L, and (vgp)vo = p1 we obtain (27). Similarly, using (18) and (26) yields (28).
]

Remark 3.8. Since the proof of Lemma 3.7 relies on the eigendecomposition of B from Subsection 3.2 we
also have to impose here the condition that for all j € {1,2,...,N — 1} we have 32(1 — cos (2”])) £ 202
This assumption in particular ensures that for all j € {1,2,..., N — 1} it holds A; 1 # A;2 and hence that the
expressions in (27) and (28) are well-defined. But with Lemma 3.7 it is also possible to obtain representations
of ux(t) and yiz(t) in the case where there exists j € {1,2,..., N — 1} with 3%(1 — cos (22)) = 2a?. Indeed, in
this case there exists a sequence (ak)keN C (0,00) such that limg_,o, @ = @ and for all j € {1,2,...,N — 1},
k € N we have 3%(1 — cos (3%)) # 2a2.

It follows from classical stability results of SDEs that for every ¢ > 0 the random variables Zj(t) and Xj(t)
converge to Z(t) and X (t), respectively (where (Zx(t))i>0 and (Xj(t))i>0 are given by (11) and (17) with «
replaced by ay, respectively). In particular, it follows for every ¢ > 0 that pz, (t) — pz(t) and px, (t) — px (%)
as k — oo. The explicit representations of p17(t) and px (t) are thus obtained by taking the limit A1 —Xj2 — 0
n (27) and (28).

We next turn to the computation of the covariance matrices ¥z (t) and X x (t).

Proposition 3.9. Assume that for all j € {1,2,...,N — 1} we have 3%(1 — cos (Tj)) £ 202. Then for every
t > 0 we have

: N-1 _
9K 0 a (t)U"U*-C b(t)’U v*
Y(t) = 2023 +O’2 |: ] ' i j i Zﬂ 29
z(t) l 0 Ytogug + 5K ~ bj(t)vjvi cj(t)v;v; (29)
and
7 K 0 N-1 a (t)U v b (t)'l} v
wO=" e {j jlj ji}’ 30
where
B 122 4 da2etBri 4 B); ge2trin \jofe2thiz t da2e~tBri 1 ). | Be2tNin
aj(t) = Js 5 5 5 Js , Cj(t) — ] - _ 7, 7
202 Bp; (%) — 4a?) B2 = 4o
and

[ﬂuj(ezﬂj,g + €2 4 2(N\jo + )\j71)e’tﬁ“f] R
2Bu; (8203 — 4apu;)

bj(t) =
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Proof. By (25) we have for every ¢ > 0 that

29 ; t A
'UU* N—-1 e 72)\J1—6 ]1)\%2’1}'0* (6 72—et71)K,JU,U 0
etBG: 0Yp + Aj,1—Aj2 773 Aj2— )\Jl 1%
0 Uovo UI f (eMﬂzeM“))\g)l)\J 2000 32X =il N, Lot | 10]
J= mi(Aj1—Aj 7Y /\JZ Aj1 755
x; .
0 N-1 (e'ri2—e? ]1)H7UU
— + )\J 27>\] 1 173
'UO'US ' ”‘12)\32 —et ]lAjlv‘U-
j=1 )\J 2— )\J 1 ]
This and the fact that B and G are real-valued imply for every ¢t > 0 that
T T *
GTetB _ (etBG) — ( tBG
= 5 x x X
tXjo_t 3R, etri2 . o—etril N,
=o | |0 vovg (732 —e” gy .ay% Aj2—€ g1
[ 0 0] + — [ Aj2=Aj1 779 Aj2=Aj1 UiV
=
Combining these two equations yields for every ¢t > 0 that
N-1 (et)‘J2 eMJl)/{j *
tB T tBT 2 =1 Uil;
ePGG e =0 + 5 ~ 2V
Uo’UO £ et Ad, )\2 e, )\JI'U'/U%
Jj=1 Aj2—Aj1 173
N—1 _ — <
[0 vovg] + {(eﬂﬂ—etﬁ DA e €002 A e NN
— Aj2=Aj1 773 Aj2=Aj1
=

The fact that v;, j € {0,1,..., N — 1}, forms an orthonormal basis of CV further implies that

N-1 _
BGGT BT — 52 [0 0 } [aj(t)vjv}‘ bj(t)vjv;]

0 voug = bj(t)vjv; ¢j(t)vv;
where ,
Clj(t) = ( tAj2 _ othj 1)1@ 7 bj(t) _ (€t>\] 2 ;g —e Aj 1/\j,1)(ef>\, 2 _ otAj 1)K]

Aj2 — Aj1 N2 — Aja

and 2
t\; 2\ 9 — et)\ll)\
¢;(t) = V"
J,2 7,1
Note that for every j € {1,..., N — 1} we have
N2 = Al = |62 —4c”p;| and  |ki]? = py.

This implies that

thj2 _ otAj1]2,,. 2t 2 2 7t5;l,_7‘ + 2t 1
aj(t):|6226 2|’uj:e 26 26 )
13213 — 4o g B —4a
bi(t) = (€2 )0 — eNii )y q)(ePiz — ein)R; [ Nja(e®h2 — e ) 4 ) (XM — et
! 8245 — 4oy B3 — a2,

and
tA; 2V 2 2 2tAj2 2, —tBu; 2 2t
le i2)\jo — e J:l)\j71| )\me J 20 uje i+ >‘j,1€ i

6205 — 4oy B2u5 — 4a2p;

¢(t) =

529

(31)
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Therefore we have for all t >0, j € {1,...,N — 1}

¢ 2)\1. - (th)\j,g _ 1) + %M.(e—tﬁuj _ 1) + ﬁ(e%)‘%l _ 1)
/ a;(s)ds = == s 2
0 B2 —4a?
_ BuiAa (2 — 1) + 4N a X a(e M — 1) + BujAja(e20 — 1)
B 202185 (B2 pj — 4a?)
- ﬁ)\j,le%)‘i’z + 40[26_155”3' + 5)\j’262t)\j’1 — (5)\%1 + 40&2 + /6)\]"2)
a 202 Bp; (B2 — 4a?)
T o R VR W
202 Bp; 202 Bp; (B%p; — 4a?) 2020p;
Moreover, we have for allt >0, j € {1,...,N — 1}

¢ [%(6215/\]-,2 o 1) + %(6*@3/13' _ ]_) + %(6215)\]‘,1 _ ]_) + %(e*tﬁﬂj — 1):| F;]
bi(s)ds d
[ e T
[,B/Lj (62“‘“ — 1) + 2)\j’2(6_tﬁuj — 1) + ,B/Lj(ezt)‘j’l — 1) + 2)\]‘,1(6_156’” - 1)] K
28p; (B2 — do?py)
(B (€252 4+ 2290) 4 2(Njo + Nja)e i) Ry b;(t)
2Bp; (8% 15 — 4o’ py) o
Finally, we have for allt >0, j € {1,...,N —1}

‘ A2 (252 — 1) 4 285 (et — 1) 4 2L (2Nir — 1)

[ ot = e

0 I M
Nj2B(e2Pi2 — 1) 4 da?(e7 1 — 1) + N1 8(e?rir — 1)
2B(5%1% — dapy)
)\j,gﬁe%)‘j’z + 4a2e~tPrs 4 )\j’lﬂe%)‘fvl — (BAj 2+ 4a? + BAjn1)
(P2 — dop;)

_ L Nafet™e 4 datemP 4 N Bt 1 ¢i(t)

2B, 26(62pF — 4a2py) 28u; T

Combining (14) and (31) with these equations yields for every ¢ > 0 that

Xz(t) = /t eBaGTesB ds = /t o? [O 0 *} + Jf [aj(S)Ujv; bj(S)Ujv;] ds
o 0 0 vovg = bj(s)vjv; cj(s)vvy
(32)
_ 0_2 |:0 0 :| + 0525 ZN Y P 0 e [aj(t)vjv}‘ _j(t)vjv;}
0 vougt 0 & ZN 1 vJLv = bj(t)vv; cj(t)vjv;

Moreover, by (19) and the facts that Mvy =0 and Mv; =wv;, j € {1,...,N
10 I 0
Sx(t) = [ 4f] 220 [§ o4

N— 1 v} N-1
2 2(126 Z 2 _] 0 {aj(t)vjv

— 1}, we obtain for every ¢t > 0

(33)
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Recalling the definition (22) of K (32) and (33) yield (29) and (30), respectively. O

Remark 3.10. Similarly to Remark 3.8, by taking limits Proposition 3.9 also provides explicit representations
of ¥z(t) and ¥ x () in the case where there exists j € {1,2,..., N — 1} with 3%(1 — cos (2%)) =202

3.4. Limit Distribution of X

In this subsection we take the limits in Lemma 3.7 and Proposition 3.9 to obtain an explicit representation of
the limit distribution of (X (¢)):>0 as ¢ — oco. To this end, recall the definition of the matrix K = ZN_l 2%

J=1pu;
C™N in Setting 3.1.

Theorem 3.11. The process (X(t))i>0 given by (20) converges for t — oo in distribution to a normal distri-
bution with expectation

px (00) = [1‘61] e RN

and covariance matric

2
2_K 0
Yx(o0) = lwoﬁ . € R2Vx2N,
23

Proof. For all j € {1,...,N}, k € {1, 2}, we have that Re(\; ;) < 0 (see also Rem. 3.5). Under the assumption
that for all j € {1,2,..., N—1} it holds that 32 (1 —cos(%)) # 202 this together with Lemma 3.7 and Proposi-
tion 3.9 yields that lim; o, px (t) = px(00) and lim;_,, X x (t) = X x(00). As outlined in Remarks 3.8 and 3.10
this convergence also holds in the case where the assumption is not satisfied.

Since for every ¢ > 0 the random variable X (¢) is normal with expectation vector px () and covariance matrix
Y x(t) it follows with Lvy’s continuity theorem that (X (¢));>0 converges weakly to a normal distribution with
expectation px (co) and covariance matrix X x (00) as t — oo. O

Remark 3.12. By Lemma 3.7 also the expectation vectors pz(t) of Z(t) converge to

pz(o0) = [pJ(L\E);l]

as t — oo. However, the covariance matrices ¥z (t), ¢t > 0, do not converge in the case o # 0 and hence (Z(t))¢>0
cannot converge as we have already observed in Remark 2.10.

Remark 3.13. Note that the matrix K is singular. Indeed, the fact that vo = 1 is orthogonal to all v;, j €
{1,..., N—1}, implies that Kvy = 0. The reason for this is, as already outlined in Remark 2.3, that our system is
overdetermined. For example, we have for all £ > 0 that Qn () = L — Zg;ll Qn(t) and Dy (t) = — Zf;ll D, ().
It follows that the limit distribution is degenerate. By eliminating for example the last row and last column of
K one obtains a non-degenerate normal distribution and can reconstruct the last components as outlined above.

Remark 3.14. The steady-state covariance matrix ¥ x (c0) is in general also characterized by the matrix Lya-
punov equation associated to the system (20) (see, e.g., [21], Sect. 4.4.6 or [38], Sect. 3.7). In our setting this
equation reads

Bzx(OO) +Ex(OO)BT = —(72 |:]0\4:| [0 MT] .

Using the representation of ¥x(co) from Theorem 3.11 this is equivalent to
i 2

202 202 0 —a*A 2 0

K | a5 [AT _ﬁATA} - [M} [0 M]

o 0'2
0 ﬁK 0 %K

2 2
"KO]["KG
+

0 A
—a?AT —BATA
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and hence to

0 C(AK — KA) 2[00
2 (KAT —ATK) — (ATAK +KATA)| 0M?|"
2
Next, note that by Lemma 3.2 we have for all j € {1,...,N — 1} that Av; = k;v; and ATUj = K;v;j. This
implies
N—1 «  N-1 N—1 N—1 .
AK — Z (AUj)Uj _ Z (FCJUJ Z ’U] KJJ’U] Z ’U] AT’UJ — KA
= M = M j=1 j=1

Similarly, we obtain KAT = ATK. Again by Lemma 3.2 we have for all j € {1,...,N — 1} that x;k; = p;.
This implies that

NzlAT Av)uy vy (Avy)"A N’lmj(Aij)U}‘+F”~jvj(Aij)*

i=1 Hi =1

N—
= Z * = 2M.

Hence, we see that ¥ x(0c0) indeed satisfies the matrix Lyapunov equation.

ATAK + KATA =

Before discussing Theorem 3.11 in detail, we derive in the next result a closed form representation of the
matrix K. To do so, we realize that the entries of K are instances of so-called Dowkers sums in twisted form
(the diagonal elements of K have the untwisted form) [10]. This family of cosecant sums having closed forms
that involve higher-order Bernoulli polynomials was first presented in a series of papers by Dowker describing
his theory of the Casimir effect [16], asymptotic expansion of the integrated heat kernel on cones [17], and in
connection with the celebrated Verlindes formula for the dimensions of vector bundles on moduli spaces [18].

Proposition 3.15. For alll,m € {1,..., N} the (I,m)-entry of K satisfies

NZ -1

K= (I —=m)* = N|l —m]| +

1
— 34
5N (34)
Proof. First note that for j € {1,..., N — 1} and [,m € {1,..., N} the (I,m)-entry of the matrix v;v} is given
by

1 — 1 2rija—m)
% — . — I-1)j —1)j — —— N
(007 )1,m = Vj10j,m = NW( wlm=1j = e

This implies that for all I,m € {1,..., N} the (I, m)-entry K satisfies

3

PN e 1 3 cos (20 ) isin (20
Kim=52 ¢ ¥ =52 777 ' (35)
pacl o 2 — 2cos (2£2)

The symmetries of sin and cos then imply that
Kim = — I,bme{l,...,N}. (36)

From this we see that K is symmetric and therefore we fix w.l.o.g. I,m € {1,..., N} with [ > m in the sequel.
Using that for all j € {1,..., N — 1} we have

4

271y . mj
SN SN s ( Ng)
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we rewrite (36) in the form
1 = 275 (1 —m) TJ
Kin =g 2 eon(T ) e ()
Lm = N ; coS ¥ csc N (37)

This is a special case of Dowker’s general family of cosecant sums Section 4 of [13]

N—-1 _ )
Con(N, 1) = Z COS(27]T\?T) CSCZn(WNj)’

where n is a positive integer, N is any integer except 1, and r is an integer between 0 and N — 1. Here, we have
to consider Cy(N,l —m). Using equation (2.3) of [11] we can rewrite (37) as

1
2 2 l* m (2) 2%k
Kim = 1 ; <2k:) B2k( N )B2—2’f(1)N

g [ () 0]

(38)

Here, By(x) are the ordinary Bernoulli polynomials and B,(f) () denote the Bernoulli polynomials of order 2

and degree k defined by
k
k
B =3 (1) B o,

a=0

This gives

Ko =37 [P0+ (57) = (55) )7

1 I —m\2 l—m 1 (39)
- [Bé” +280 + B + (=) - (4) + 6)B§2>N2].
B,(f) denote the Bernoulli numbers of order 2 and degree k given by the generating function [4]
~tF o) ot N2 5., 14 A
> B = (et—l) = 1—t+ ! — =17+ O(t).
k=0
Thus, we obtain
10 5 I—m\2 /l—m 1N 40
Kim =gy |1 =245+ () - (N)+6)N}
171 I—m\2 Il—m 1\ ..o
o5 () - (5 )*e;)ﬂ (40)
1 [ ) N2 -1
=— (- —N( - .
5N _(l m) (Il—m)+ }
This yields (34) and completes the proof. a

Theorem 3.11 and Proposition 3.15 show that the limit distribution of (X (¢));>¢ is Gaussian with expectation
vector and covariance matrix

2
L ZL=K 0
fix (00) = {]\61} c RzN7 Sx(00) = [2(125 B c R2N><2N,
0 ﬁK
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where the matrix K = K(N) only depends on N and satisfies

1 N2 -1
Kipm=—|(10—-m)?—NJ|l -
Lm = 5 (I—m) [l —m|+

(41)

We denote by X (00) = (Q(00), D(00))T € R*V a random vector with this distribution. Then we see that in the
limit ¢ — oo

— the agents’ positions are distributed equidistantly in expectation,
— the deviations D, (o), n € {1,..., N}, from the ensemble’s mean velocity are zero in expectation,
— the covariance of deviations D, (c0), n € {1,..., N}, from the ensemble’s mean velocity are independent of

«a and proportional to %,

— the covariance of the distances @, (o), n € {1,..., N}, is equal to % times the covariance of the deviations
from the mean velocity and

— the covariances between distances @, (c0), n € {1,..., N}, and velocity deviations D, (c0), n € {1,...,N},
are zero, and hence independent (since they are Gaussian).

The matrix K is circulant. This reflects the interchangeability of the agents and the symmetry of the problem.
To further discuss the implications of (41), we take the first agent as representative agent and only consider
the first row of K. Let ¢(z) = zx[(x — 1)? = N(z — 1) + NZ*l}, r € R. Then (c(m))N_, describes the first

6
row of K and thus the block covariance matrices in (41). In particular, the vector (c(m))N_, specifies up to

the factor % the covariances between the distance ()q(co) between the first and the second agent and the
distances @, (c0), n € {1,..., N}, between the other neighboring agents. Moreover, it also describes up to the
factor % the covariances between the first agent’s deviation D (c0) from the ensemble’s mean velocity with the

velocity deviations D,,(00), n € {1,..., N}, of the other agents. Note that ¢(z) = gk [(z — (X +1))2 — A52].

2N
]\Qlij\?)- In particular, ¢(1) = N’~1 _ the variance of

So ¢ describes a convex parabola with vertex at (% +1,— N

the first agent’s coordinates — is the maximal entry of (c(m))YN_;. As m increases, c(m) first decreases, crosses
zero before it reaches its minimal negative value at m = |5 + 1] and m = [§ + 1] (which are the same if N
is even). Note that agents m = L% + 1] and m = f% + 1] are the agents with the largest distance to the first
agent. As m further increases, ¢c(m) increases as well. This discussion implies that in the steady state there is
with high probability maximally one wave/cluster of agents. For example, if ()1 is smaller than the expectation
L/N, then the immediate neighbors (with large probability) also have a small distances. The more distant
agents (in particular m = [§ + 1| and m = [5 4 1]) have negative correlation and thus large distances with
higher probability. This means roughly speaking that the agents agglomerate around the first agent. A similar

observation applies to the velocity coordinates. The entries of K are depicted in Figure 1.

4. NUMERICAL EXPERIMENTS

We present in this section some simulation results of agents on a segment with periodic boundaries.
The code can be downloaded and the simulations can be computed in real time on the online platform at
https://www.vzu.uni-wuppertal.de/fileadmin/site/vzu/Simulating Collective Motion.html.

4.1. Simulation setup

We simulate the trajectories of N = 20 agents on a segment of length L = 501 with periodic boundary
conditions. The initial condition is uniform with velocity zero, i.e.

Qn0)=9,=L/N and p,(0)=p,=0, n={1,...,N}

Numerical solver. The simulations are computed using an implicit/explicit Euler-Maruyama scheme with
time step dt. We denote in the following the system actualisation by ¢, = kdét, k € {0,1,2,...}. The numerical


https://www.vzu.uni-wuppertal.de/fileadmin/site/vzu/Simulating_Collective_Motion.html?speed=0.7
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FIGURE 1. Plot of the function K(N) : k — Kj(N) = s |(k —1)> = N(k — 1) + =11 for
ke{l,...,N}and N € {3,4,...,20}.
scheme for the n-th agent at time t; is given by
Pr(tisr) = pulte) + (U'(@n(tk) = U'(Qn-1(tr))) Ot (43)
+ ﬂ(pn-‘rl(tk) - 2pn(tk) +pn—1(tk)) ot + Ofn(k;) ma (44)

with (&,(k)N_,, k € {0,1,2,...}, independent one-dimensional standard normal random variables. Note that
different simulation schemes for deterministic port-Hamiltonian pedestrian models are compared in [47]. The
implicit/explicit Euler schemes prove to be efficient solvers. In the following, we set the time step to §t = 0.001,
which seems to be a good compromise between accurate numerical approximations and reasonable run times.

Parameters’ setting. The parameters’ settings are as follows. The dissipation rate and the noise volatility are
set to one
s=1 and o=1,

while the potential U: R — [0, 00) is given by
1
U) = (alal)",  weR

for some fixed @ € (0,00) and k € (1,00). Note that U is a convex function with derivative U'(z) =
sgn(x)a”|z|" L.

Simulation scenario. In the motion model (3), the parameters oo and x control the distances while the
parameter § controls the relative velocities with the neighbors. Three simulation scenarios are examined in
the following, focusing on the role of the parameters o and k. We consider the quadratic potential for which
k = 2 with @« = 0.1 and o = 1 for the first two scenarios, respectively. The system in these cases is the linear
Ornstein-Uhlenbeck process described in Section 3. We further analyze the case of a non-linear distance-based
interaction term with k = 4 and o = 1 in a final simulation scenario.

In the following, we focus on the emergence of collective motions in the three scenarios before analyzing the
autocorrelation and the distributions of the ensemble’s velocity and distance variances for long simulation times.
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4.2. Simulating collective motion

Thanks to the telescopic form of model, the ensemble mean velocity of the agents (p()):>0 is a Brownian
motion with variance 0?/N, see Remark 2.4. As time progresses, the ensemble mean velocity fluctuates. In
parallel, the distributions of the ensemble variances of the agents’ velocities and agents’ distances converge to
finite settings, see Theorem 3.11. The divergence of the ensemble mean velocity coupled to the convergence of
ensemble variances of the agents’ velocities and agents’ distances trigger the agents to move in a coordinated
manner. Note that, the deterministic system with ¢ = 0 is stable and systematically converges to an uniform
equilibrium solution for which p,(c0) = p and @, (c0) = L/N for all n € {1,..., N}. The coordination of the
dynamics is purely noise-induced and would vanish if the stochastic perturbations disappear.

The next figures present the evolution of the system in the three scenarios over the first K.x = 500000
simulation steps. The figures consist of three panels:

— Top panel: the agents’ trajectories (g (tx))N_; for k € {1,..., Kmax}-
— Central panel: the velocity of the first agent p1 (tx), the mean velocity

1 N
n=1

and the ensemble variance of velocities

N 1 ) 1 ,
Z;pnm p(t1)" = F1Mp(t)|* = D),

for k € {1,..., Kpaz}- M being the matrix introduced in (15) and D the process defined in (16).
— Bottom panel: the distance of the first agent Q1 (tx) minus the mean distance L/N and the ensemble variance
of distances

1

Vo(t) = 7 32 (@ulte) ~ /)" = LIMQw)I* = G E L)1

M=

for k € {1,..., K;nas }- Here we introduced the deviation from the mean distance process E = MQ(t), t > 0.

The same random kernel is used for all three simulation scenarios. Since the mean velocity is independent of
the a, x, and 8 parameters, it can be used as an invariant reference for the scenarios.

The ensemble mean velocity describes a random walk, tending to be positive for the first simulation times
(i.e., up to approximately k& = 200000) before fluctuating towards negative values (see Figs. 2, 3, or 4, the
black curve in the middle panel). Correspondingly, the agents appear to move collectively to the left before
moving in a coordinated manner to the right (see the agent trajectories in Figs. 2, 3, and 4, top panels, the
blue trajectory is that of the first vehicle). However, the distances are distended and fluctuating in the first
scenario with a = 0.1 and x = 2. The trajectories allow for the appearance of jamming waves and large distance
fluctuations (see Fig. 2, top panel).

In contrast, the trajectories appear more uniform in the second scenario where the parameter o« = 1, account-
ing for the distance, is larger (see Fig. 3, top panel). The trajectories are again more regular in the third simu-
lation scenario with @ = 1 and k = 4. The system is no longer an Ornstein-Uhlenbeck process in this scenario
since the distance-based interaction term U’(Q) = a*Q? is no longer linear. The hard regulation of the distance
induced by the nonlinearity of the interaction term makes the trajectories almost equi-distant, although fluc-
tuating according to the Brownian motion of the mean velocity. Indeed, the ensemble variance of the agents’
distance presents large fluctuations in the first scenario, while it is reduced in the second scenario and close to
zero in the third scenario (see, respectively, Figs. 2, 3, and 4, bottom panels).
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FIGURE 2. First simulation scenario with & = 0.1 and x = 2 (Ornstein-Uhlenbeck process).
Top panel: Agents’ trajectories. Middle panel: Agents’ velocity features. Bottom panel: Agents’
distance features. The agents appear to move to the left before moving in a coordinated manner
to the right (top panel). Indeed, the mean velocity, being a Brownian motion, fluctuates towards
positive values before visiting negative values (middle panel). The ensemble variance of the
agents’ velocities seems to become quickly stationary. However, the dynamics are disordered
and even show jamming waves. The ensemble variance of the agents’ distance presents large
fluctuations (bottom panel).

4.3. Autocorrelations of the ensemble variances

The trajectories of the velocity and distance ensemble variances with a = 0.01 is more regular than the
trajectories with a = 1 in the first and second linear scenarios for which x = 2. The trajectories with the
nonlinear model with & = 1 and k = 4 are much less regular again (see Fig. 4, middle and bottom panels).
The Figure 5 presents the empirical autocorrelation for the ensemble variances of the agents’ velocities and
distances for the three scenarios. The estimation are obtained based on simulation histories of K, = 10000 000
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FIGURE 3. Second simulation scenario with & = 1 and k = 2 (Ornstein-Uhlenbeck process).
Top panel: Agents’ trajectories. Middle panel: Agents’ velocity features. Bottom panel: Agents’
distance features. The collective motion of the agents is more uniform when o = 1 than when

= 0.1 (compare with the first scenario Fig. 2). The variability of the distance is much
more reduced for o = 1, but the variability of the velocity shows qualitatively comparable
characteristics.

iterations. A rich variety of dynamics can be observed. The first scenario with o = 0.1 present overdamped
features for the autocorrelation function (gray curves in Fig. 5). In fact, it holds for this scenario

o? < %ﬁ2(1 —cos(27j/N)),  je{l,....N—1},

(N =20, 8=1and £3%(1 — cos(2mj/N)) ~ 0.02) and the system eigenvalues (21) are all purely real (see also
Rem. 3.5), making the dynamics oscillation-free. The overdamped stability does not hold for @ = 1 (second
scenario). The eigenvalues are complex numbers and the velocity and distance ensemble variances describe
damped oscillatory behaviors (blue curves in Fig. 5). For the nonlinear model with k = 4, we observe extremely
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FIGURE 4. Third simulation scenario with a = 1 and x = 4 (non-linear model). Top panel:
Agents’ trajectories. Middle panel: Agents’ velocity features. Bottom panel: Agents’ distance
features. The collective motion of the agents is more regular again in the case of the hard
(non-linear) distance-based interaction term (compare with the first and second scenario
Figs. 2 and 3). The distance’s variability is close to zero, and the agents move synchronously
according to the Brownian motion of the mean velocity. Interestingly, even in the non-linear
case, the velocity variability shows similar distribution characteristics to those obtained with
the linear model.

reduced oscillations (third scenario, orange curves in Fig. 5). Indeed, the trajectories show deterministic features,
even if they collectively fluctuate according to the Brownian motion of the mean velocity. This reduced oscillatory
behavior explains why the ensemble variance trajectories present irregular characteristics (see Fig. 4, bottom
and middle panels).
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FIGURE 5. Autocorrelation functions (ACF) for the ensemble variances of velocities (left panel)
and distances (right panel). The dynamics being overdamped in the first scenario where o = 0.01
and k = 2, the ACFs show no oscillation. The dynamics are solely damped when o = 1 and
k = 2 and the ACF present oscillations with a period close to 10. For the nonlinear model with
a =1 and k = 4, the dynamics are again much more oscillatory (period close to 0.2).

4.4. Distributions of the ensemble variances

In this section, we analyze the distribution of the ensemble variances of agents’ velocities and distances for
long simulation times. For the quadratic potentials U with k = 2, the random variables D(¢;) and E(tx) are
normally distributed for every k € N. This implies that for every k € N the ensemble variance of velocities
Vp(te) = % || D(tx)||* and the ensemble variance of distances Vi (tx) = || E(tx)||* follow generalized chi-squared
distributions. For large k € N the random variables D(t;) and E(t;) are asymptotically centered normal with

covariance

o2 o?

= ﬁK and EE(OO) = MK,

respectively (see Thm. 3.11). Moreover, they are asymptotically independent. This implies that for large k € N
the ensemble variances V() and V() have asymptotically independent chi-squared distributions whose
parameters are determined through (45). Note that the distribution for the ensemble’s velocity variance is
independent of a.

In particular, still in the case k = 2, the asymptotic expected ensemble variance of velocities is given by

Ep(0) (45)

2 N

o _o*(N?-1)
E(V,(00)) = NG > Kpn= —oang - 083125 (46)

n=1
as K, = (N?—1)/(12N) for all n € {1,..., N}, see (34), N = 20, and 8 = o = 1. Similarly, the asymptotic

expected ensemble variance of distances reads

o(N?—1)  0.83125
B(Ve() = SiNazg =~

47
k& (47)

The trajectories of the ensemble variances of the agents’ velocities and distances exhibit different character-
istics. However, similar ranges of variation for the velocity variance appear for the three scenarios including the
nonlinear model with k = 4 as well (third scenario), see Figures 2, 3, and 4, middle panels. We simulate the
three scenarios over Kiax = 200000000 iterations and collect every 50000 iterations the ensemble variances
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FIGURE 6. Histograms of the ensemble variance of the agents’ velocities (top panels) and the
ensemble variance of the agents’ distances (bottom panels) obtained by simulation and the
theoretical generalized chi-squared distributions for, from the left to the right, the first, second
and third scenarios. As expected, the theoretical results match the simulation in the first and
second scenario with k = 2 (left and middle panels). It is interesting to note that the ensemble
variance of velocities for the nonlinear model also appears to follow a chi-squared distribution
(third scenario with k = 4, top right panel).

of agents’ velocities and distances (samples of 4000 observations). We estimate the theoretical chi-squared dis-
tribution using Monte Carlo simulation of random variables ||CU||?/N, with U:  — RY a random vector of
independent standard normal random variables and C' € RNY*¥ the Cholesky decomposition of the covariance
matrix ¥ p(oo) and X g(oc0), respectively, see (45) (i.e., CC'T = Y p(c0) for the chi-squared distribution of the
ensemble’s velocity variance while CCT = Y p(oco) for the ensemble’s distance variance). The histograms of
simulated measurements and the theoretical chi-squared distributions are presented in Figure 6. Interestingly,
it turns out that the chi-squared distribution of the agents’ asymptotic ensemble’s velocity variance also fits the
histograms of the simulation of the nonlinear model with k = 4 (third scenario). This is surprising since the
system is no longer an Ornstein-Uhlenbeck process if k # 2. Different distance-based interaction terms (e.g.,
with kK = 6 or U(z) = exp(ax), a > 0) presented the same characteristic in further numerical experiments.

We have thus seen that the distribution of the agents’ asymptotic ensemble’s velocity variance does not
display a dependence on « and k. In contrast, the asymptotic distribution of the ensemble variance of the
agents’ distances is directly impacted by these parameters. The ensemble variance of the agents’ distances is
asymptotically proportional to the inverse of the square of the parameter « in the linear case for which x = 2
(see Thm. 3.11 and Fig. 6, bottom panels). The ensemble variance of the distances is thus on average a factor
of 100 larger in the first scenario than in the second. In the third scenario, where the distance-based interaction
term is cubic, the distance variance is even more reduced and close to zero. This is not surprising, since the
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non-linearity of the interaction term makes the model extremely sensitive to fluctuations in the distances to
the nearest-neighbors. As a result, the distribution of the agents in space becomes increasingly uniform in the
scenarios 1, 2, and 3 (see the trajectories in Figs. 2, 3, and 4, top panels).

5. CONCLUSION AND OUTLOOK

The results presented in this article show how an additive stochastic Gaussian noise in a port-Hamiltonian
agent motion model can initiate the collective motion of the agents. While the individual position and speed
variables do not display a stationary behavior, the convergence of the speed and distance ensemble variances
attests for the coordination of the movements. We characterize the system’s distribution for every time ¢ and
in the limit ¢ — oo in the case of a quadratic potential (k = 2). Interestingly, we can observe that the speed
and distance variables decorrelate asymptotically to simple formulas that can be interpreted directly.

The simulation results allow us to visualize the noise-induced collective motion occurring with increasing time.
They also show the dynamics obtained for a nonlinear system with x = 4. It turns out that the nonlinearity in
the dynamics, here the convexity of the potential gradient, leads to a large volatility of the velocity and distance
ensemble variances with high frequency oscillations. Surprisingly, however, the distribution of the asymptotic
variances present similar chi-squared distributions corresponding to Gaussian distributions of the velocity and
distance deviations even for nonlinear dynamics. Yet, although the marginal distributions families of the velocity
and distance deviations appear to be invariant with respect to the shape of the potential, preliminary simulation
results show that, in contrast to the linear case, the variables do not decorrelate asymptotically. The hypothetical
invariance property of the velocity and distance deviation marginal distributions may be a consequence of the
skew-symmetry of the port-Hamiltonian system. Deepening these preliminary investigations with a nonlinear
model will be the subject of future work.
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