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We consider limit cycle oscillators in terms of canonical-dissipative systems that exhibit a short-range inter-
action in velocity and position space as described by the Dirac delta function. We derive analytical expres-
sions for stationary distribution functions in phase space and energy space and propose a numerical simu-
lation scheme for the simulation of the many body system as well. We show that the short-range interaction
squeezes or stretches energy distribution functions depending on whether the interaction can be regarded as
attractive or repulsive. In addition to the interaction effect, we show that energy distribution functions become
narrower when limit cycle attractors become stronger. Finally, energy distributions become broader when the
pumping energy is increased. The latter effect however disappears in the high energy domain.
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1. Introduction

Classical Newtonian and Hamiltonian mechanics is a fundamental topic in physics. With the
increasing number of interdisciplinary applications of physics the question arises to what extent
the concepts of classical mechanics can be generalized for more general classes of systems as ad-
dressed by classical mechanics. In this context, the concept of canonical-dissipative systems has
been developed to address self-propagating systems, self-excited systems, and in particular limit-
cycle oscillators that are supplied by energy sources [1Hj]. Several studies have demonstrated that
the canonical-dissipative approach can yield helpful insights into this kind of open systems [6-18].

Let us briefly review some of the key properties of a typical canonical-dissipative system [1-3]
that will be essential for our present study. While the transient dynamics of a canonical-dissipative
system differs qualitatively from the dynamics of a classical Newtonian and Hamiltonian system, in
the long term limit the trajectory of a canonical-dissipative system converges to the trajectory of
a classical Newtonian and Hamiltonian system. The reason for this behavior is that the invariants
of motions of the corresponding classical, dissipation-free Hamiltonian system are not constant for
the canonical-dissipative system. Rather, these invariants evolve as functions of time during the
aforementioned transient period and only in the long term limit converge to particular stationary
values. The evolution of the invariants is caused by several possible environmental impacts in terms
of energy, matter, or information supply. Taking a dynamic systems perspective, these impacts
may be simply classified into two categories: damping and pumping. That is, we may say that the
evolution of the invariants is determined by the interplay of the damping and pumping forces that
reflect the interaction of the system under consideration with its environment. In the long time limit,
a balance between damping and pumping is established, the invariants become constant and the
canonical-dissipative system evolves on a trajectory which is consistent with a classical Hamiltonian
system. The canonical-dissipative approach is not only concerned with the deterministic evolution
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of open dynamic systems but also is concerned with the relationship between damping forces
and fluctuating forces. In doing so, stochastic system properties can be addressed. For example,
distribution functions of the Hamiltonian energy of canonical-dissipative systems in general exhibits
one or several peaks at energy values larger than the minimal energy [1, 4, |5, 18, 110, [17, [19-23].

The objective of the present study is to examine such energy distributions for oscillatory
canonical-dissipative systems that are subjected to a short-range interaction described by the
Dirac delta function. Such a short-range interaction has been proposed by Haissinski 24, 125] and
has been studied extensively in accelerator physics [26-38]. Note that recently it has been shown
that the Tsallis entropy [39, 40] is also closely related to this type of short-range interaction [41].
From previous research it is known that due to the short-range interaction, systems can become
more concentrated or less concentrated at the points in phase space that are most probably oc-
cupied. In other words, the short-range interaction is known to be attractive or repulsive and is
known to squeeze or stretch distributions [24, 134]. In section 2Tl we define an ensemble of canonical-
dissipative oscillators subjected to the aforementioned short-range interaction. Analytical results
for the distribution function of the oscillators will be derived in sections and 23] They will
be compared with numerical results in section Bl The impact of the interaction and the model
parameters related to pumping and damping will be discussed in section [l Some generalizations
will be addressed in section

2. Analytical results

2.1. The oscillator model

To begin with, we consider a single oscillator. The oscillator is assumed to evolve in one spatial
dimension and exhibits a Hamiltonian function H(z,v), where x is the position (or elongation)
and v the velocity of the oscillator. The Hamiltonian oscillator equations read

d 0
T o
d 0
&’U = —%H—Iv7 (2)

where I = (I, I,,) denotes the conservative drift vector and ¢ is time. Let P(z,v,t) denote the
probability density of the oscillator. Then, P satisfies the Liouville equation
0

—P=-V-1IP 3
5 (3)
with V = (8/9z,0/0v). Taking dissipation and fluctuations into account we consider a free energy
functional F'[P] that determines the evolution of the probability density P(x,v,t) such that the
Liouville equation becomes a Fokker-Planck equation of the form [, [42]

o o 0 6F
5 F = VAPt Pons

5 (4)

with v > 0. The expression 6F/0P denotes the variational derivative of the functional F' with
respect to the probability density P. We assume that the free energy is bounded from below. It
can be shown that in this case the probability density P as a function of time t converges to
a stationary function. That is, the underlying Markov process related to equation () becomes
stationary (H-theorem) [5, 43, 144]. For the free energy functional F we may put

F = (H) — TSpas|P], (5)

where Spgs denotes the Boltzmann-Gibbs-Shannon entropy or information measure defined by
Seas = — (In P) (here and in what follows we put the Boltzmann constant equal to unity) [45].
For oscillators in thermodynamic equilibrium, 7" reflects the oscillator temperature. In our context
of an oscillator operating far from thermodynamic equilibrium, we consider T' as an effective
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oscillator temperature related to the strength of an external fluctuating force acting on the oscillator
(we return to this issue below). Substituting equation (&) into equation ([@)), we can show that
trajectories x(t), v(t) are determined by the Langevin equation

d 0

Efﬂ = %H, (6)
d 0 0
preii f%H fV%HJr ~TT(¢). (7)

The function I'(¢) is a Langevin force normalized like (I'(¢)I'(¢")) = 20(t — t'), where &(-) denotes
the Dirac delta function. We obtain Brownian motion for the special case of a free particle with
H = v?/2 (and unit mass). Due to damping, the Hamiltonian energy of the oscillator decays as
a function of time. In order to study a self-excited oscillator exhibiting a limit cycle, we need to
consider an oscillator pumped by an energy source. We study energy-uptake in the framework of
canonical dissipative oscillators and replace equation () by
1

F=3 ((H — E)*) — TSgas[P), (8)
where E is a constant. In this case, the underlying Markov process exhibiting the free energy (8]
is defined by the Langevin equation

d 0

a’ = ¥
d 0 OH

G = gl g (H - B) £ VATT(), (10)

which can be shown by substituting equation () into equation (). In the deterministic case
(T = 0), from equations (@) and (I0) it follows that

%H:_y (%_IZ)Q(H—E). (11)

Consequently, for £ > 0 the Hamiltonian H as a function of time ¢ converges to the constant F.
We refer to E as oscillator fixed point energy. In the stochastic case (i.e. for T' > 0) the stationary
distribution of the Hamiltonian energy Py (H) exhibits a maximum at the fixed point energy F.
Next we consider an ensemble of identical canonical-dissipative oscillators. We label individual
oscillators by the index k. That is, we assume that equations (@) and (I0) describe the evolution

of oscillators £ = 1,..., N when they are isolated from each other:
d 0
- - —H 12
dtzk o, (:Cka Uk); ( )
d 0 OH (xp,v
—v, = ——H(xk,vk)—'yM(H(mk,vk)—E)—i—\/'yTI’k(t). (13)
dt ox Oy,

The oscillator distribution p is formally defined by p(z,v) = N™1 %", 6(x—2)d(v—vi). We assume
that there is an interaction between the oscillators that can be expressed in terms of the energy

gJ (14)
with
Jp] z/p2 dz dv. (15)

For % > 0 the expression kJ/2 can be interpreted as a heat energy with J corresponding to the
Tsallis entropy St [39] with nonextensivity index 2: J = Sy — 1. In general (i.e. for £ < 0 and
K > 0), the term £J/2 can be interpreted as mean field energy

1

gJ =3 /p(:c,v)W(x,x’,v,v’)p(x’,v’) dz dz’ dv dv’ (16)
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emerging from a local (i.e. short-range) interaction W = &§(z — 2’)d(v — v’) in the two-dimensional
phase space spanned by z and v. As mentioned in the introduction, this type of interaction has been
proposed by Haissinski [25]. In the original Haissinski model the parameter % describes attractive
interactions for & < 0 (distributions are squeezed) and repulsive interactions for & > 0 (distributions
are stretched) [24, 133]. In line with the mean field theory [46-48], we consider a large ensemble
of oscillators (i.e. the limiting case N — oo) and replace the oscillator distribution p by the
distribution P of an individual representative oscillator such that equation () becomes

J[P] = /P2 dz dv. (17)

Taking the interaction terms (I4)) and (I7) into account, the free energy (8) of an individual
oscillator becomes

F= % ((H - E)®) + gj[p] — T'Spas[P). (18)

Substitution of equation ([I8) into the free energy Fokker-Planck equation (@) yields a closed de-
scription for the canonical-dissipative oscillators under consideration. We obtain

0 0 (0H o (0P 0?

with kK = vk and @ = ~T. Since the interaction term J is quadratic in P, the closed description
given by equation ([[9) is nonlinear with respect to P and exhibits the form of a so-called nonlinear
Fokker-Planck equation [5,142, 146, 47). The oscillator trajectories are determined by a self-consistent
Langevin equation [3]

d 0
d 0 0H 0

r=xz(t),v=v(t)
We see that @@ can be interpreted as strength of the external fluctuating force acting on the
oscillator. In the literature, the parameter () is also referred to as noise amplitude.

In what follows, we will study in detail the interacting oscillators when H corresponds to the
Hamiltonian of a harmonic oscillator with angular oscillation frequency w and unit mass:

v?  w?z?
H=— 22
In this case, the nonlinear Fokker-Planck equation ([I39]) reads
0 0 0 0 0 [OP 0?
—P=——vP+ —w?zP +vy= {v(H — E)P i g ——P 2
ot az°f T gpw eb g, WH —E) }”av{av }JrQan (23)
and the Langevin equations ([20) and 2I]) read
d
= v (24)
d 9 0
—v = —wz—q(H—-FE)—k—P +/QT(1). (25)
dt L P —

We will briefly address Hamiltonian functions different from equation (22)) in section

2.2. Derivation of the stationary probability density
2.2.1. Stationary probability density in the phase space
In the stationary case OPs(z,v)/0t = 0, we let Py(x,v) = f(H(z,v)) = f(H). We have (see
equation (23)))
0

g 1)+ o (Pt el (e 0) — B+ e O | SO + Qs F(E) =0 (20

13001-4



Interacting canonical-dissipative oscillators

Further, we try to solve the equation (20]). Expanding the second term by taking partial derivative
with respect to v the equation becomes

a 2

,vé%f([{) +w2xa%f(H) + 02 {’yv[H(Z,U) - E] +H%f(H)}f(H)+Q%f(H) =0. (27)

Considering the partial derivative of f(H) with respect to x and v, we have

0 _OfoH _ , 9f
0c" ) = om0r =Y on (28)
and ) of oH _ of
a0’ = 5550 = Vo (29)
We put these terms in the equation (27) and rearrange, so we have
0 0
g {(’Y’U(H E)-FH—f) f+Q f} (30)

After that, we integrate both sides and choose the constant of integration equal to zero (because
of natural boundary conditions [44]). Then equation ([B0) becomes

{W(H E)+n—f}f+Qﬁ = (31)

We expand the equation ([BI) and use equation (29]). Then, we get the equation that depends on
H as follows:

0 0
VH = E)f +5f5m / 795 f (32)
Let H = H — E so that f(H) = f(H). Equation (II{ZI) becomes
k- Q] of ~ -
[;er }E)H —-Hf. (33)

Comparing equation (B3] with the classical Haissinski equation [31, 133], the solution of equa-
tion ([33)) can be found in the form

N L)
o = o [ =52 . (3)
where the function g(H) is
~ ’ng
g(H) = exp l— 20 ] . (35)

In equation (34) the function LW(:
to an integration constant. From f

denotes the Lambert-W function [49] and z > 0 corresponds
H) we obtain the original function f(H) as

)
(
F(H) = %LW <iexp{—(H E)? }) (36)

2Q) 2Q
After back substitution in terms of x,v,H,and F, we get
kg(H - FE
Pst(I,’U) = %LW {%} (37)
and - )
- F
ottt - B) = exp { - =EL L (38)
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where the constant z satisfies

7 7 Py (z,v) dx dv = 1. (39)

—00 —00

That is, we will interpret z in what follows as a normalization constant. In a more concise form,
the stationary probability density Py (x,v) defined by equations (37) and (B8] can be written as

Py(z,v) = LW (iexp{—l(ﬂ(x,u) —E)Q}). (40)
2.2.2. Stationary probability density of the Hamiltonian energy

From the probability density Pst(z,v) we can compute the probability density Py (H) which
satisfies [ Py (H)dH = 1. We have

<% 2 2.2
Py (H) = / /5(1{—”#) Py (z,v)dx dv. (41)

Pst(H):i/ /5<H—”2;y2)f<”2;y2)dy dv. (42)

Next we introduce § = y/+v/2 and @ = v/v/2 and transform ¢ and @ into polar coordinates 7 and
¢. We obtain (v? +42)/2 = 9% + §% = r? | dydv = 2djdo = 2rdrde and

21 oo

2

Py (H) = - !!5(}1 — ) f(r®) rdrde, (43)
Py (H) = am 75(1{ — ) f(r?) rdr. (44)

We use s = 12, ds = 2rdr and obtain O
Pu(H) =2 7 S(H — 5) f(5) ds = 2 f(H) (45)

0
That is, Py (H) reads explicitly

Py (H) = %LW <%exp{%(HE)2}>. (46)

2.2.3. Limiting case of vanishing oscillator-oscillator interaction

Recall that the Lambert-W function LW(-) is implicitly defined by LW(z)exp{LW(x)} = «
and we have LW(0) = 0, see [49]. Differentiating the implicit definition of LW with respect to x
yields d LW(z)/dx[1 + LW(z)] exp{LW(x)} = 1. This implies that at z = 0 the slope equals 1:
d LW(0)/dz = 1. Having said that we can consider the limiting case of a vanishing interaction:
x — 0. In this case, the numerator and denominator in equations (@) and (#6) vanish. Using the
rule of de 'Hopital, we differentiate numerator and denominator with respect to x and consider
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the limiting case k — 0 again. For example, for equation (@) we calculate the limiting case of
vanishing oscillator-oscillator interaction as follows:

Hmo Py (x,v) de 1H:op1ta1 Q lim iLVV (i exp {—l(H(x,U) - E)Q})

k—0 dk ZQ 2Q
d
- <%exp{%(H(:c,v) E)2}> Jimy d—gLW(ﬁ)
_ L exp {%(H(x,v) _ E)Q} (47)
Likewise, for Py(H) we obtain
1
lim Py (H) = — exp {—%(H - E)Q} (48)

with 2/ = wz/(27). Equations 1) and [{]) recover the well-known results for canonical-oscillators
for J = 0 (i.e., without interaction) [1H5]. However, these limiting cases not only hold for non-
interacting oscillators. They also hold when the fluctuating force dominates the interaction: k/Q —
0. That is, repeating the same calculations as before, we obtain

1
Jim PaGe) = e { - () - B2 (49)

and )
Jim Pal) = Ze {5 - B2} (50)

Note that these limiting cases include the cases considered in equations ([{7)) and (8] as special
cases but hold for more general situations. For example, we may consider oscillator systems with
v — 00, Q =17, and K = cgIny with ¢1,¢2 > 0. Then x/Q = (c2Ilnvy)/(c1y) = 0 for v — oo but
the amount of interaction between the oscillators as measured by x does not vanish.

2.3. Boundaries for the critical value of the parameter <

For systems involving attractive interactions (i.e., interaction parameters £ < 0), it is known
that stationary probability densities exist only up to a critical parameter value k. equation [31,
34, 135, 138, [41]. In this section, we determine an interval in which this critical value can be found.
As we will see, the precise value of the critical parameter satisfies an implicit equation that has to
be solved numerically.

In this section, we consider the oscillator system from the perspective of the Hamiltonian energy
H, again. We start from equation ([B32]), which we write in the form:

@+ rrn D i o), 51)
We need to consider the case k < 0, for which equation (BII) reads
dH f(H
@ Inls () P iy, (52)

As shown in [31,133-35, [41], positive definite, continuous and normalizable solutions of equations of
the form (B2) only exist if @ — |«|f(H) > 0 holds for all H. Furthermore, in this case f is maximal
at H=FE. Let f; = f(E) occur at H = E. Then the inequality Q — |&|f(H) > 0 holds for all H
if fu satisfies

Q@ — [klfm > 0. (53)
Consequently, we define the critical parameter k. by
Q — |kl fm =0, (54)




S. Mongkolsakulvong, T.D. Frank

which implies fyr = Q/|ke|. By separating variables and using fm = Q/|kc|, equation (E2) for
K = K. can be written in the form

1
Q b - f_M:| df = —y(H — E)dH. (55)

Integrating the right hand side from F to an arbitrary value H and accordingly the left hand side
from fy to f(H), we get

H-E
S ) TAH = — (0 — B)?
Q<ln ™ +1> ~y ! HdH 2'y(H E)“. (56)
From equation (B0 we obtain
pop-s)-B(nl L) 1)
v Mo

The minus sign holds for the monotonously increasing part of the graph f(H) on the interval
[0, E], where we have H — E < 0. Likewise, the plus sign holds for the decreasing part of f(H) for
H € [E, ), where we have H — E > 0. Substituting equation (57)) into equation (B3], we eliminate
the bracket (H — F) in equation (BI) and obtain

+-1
dH = i\/;\/ .i_i+1) af. (58)

M fu

\1

Next, we exploit the normalization condition fooo P4 (H)dH = 1, which can alternatively be ex-
pressed as

oo
2
g/f(H) dH = 1. (59)
0
We split the integral into two parts
E* o
2w
z /f(H) dH + /f(H) A | =1 (60)
0 E*

with £* = E for E > 0 and E* = 0 otherwise. That is, for £ < 0 the first integral vanishes.
Substituting dH (see equation (E8))) into equation (&0), yields

Iy
Q 27w (fiM -1
Al g I df af | = 1. (61)
Ve = e =

f M fm

Note that for E < 0 we have fyr = f(0) (see section 1)) and the first integral vanishes (which is
consistent with the comment on equation (60]) made above). Note also that for the first integral we
have used the minus sign occurring in equation (B8] because the first integral concerns the interval
[0, E*]. Let us define y = f/fu, which implies df = fyydy. Then equation (61I)) becomes

1 0
1—
=T h Ly [y | = (62
vy—lny—1 lny
1

£(0)/fm
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or

1 1
s 1-— —
w/ = fu S ek R e T Y (63)
y—Iny—1 VY lny

(0)/ fm
Using fm = Q/|kc|, we find
20 / 1 P
T — —
kel = =/ — 7ydy - (64)
wl\ v lny y—Iny—
£(0)/ fm

Both integrals yield positive numbers. Recall that the critical parameter is negative. In the limit
E — oo we have f(0) — 0 and consequently both integrals approach the same value. In this case,
we have the smallest possible critical value

R¢,min = 2K™ (65)

:__Vh_/ L (66)

In contrast, for £ < 0 the first integral vanishes and we have the maximal critical value

with

Re,max = K. (67)

For E > 0 we therefore can identify the interval in which the critical value of the parameter s
can be found as k. € [25*, K*]. Alternatively, we say that the interval [2x*, k*] contains all critical
values for a fixed set of parameters w, v, and @ when all possible values E € IR are considered. The
precise value of k. for a given energy FE can be determined numerically by solving equation (G4])
when taking into account that both f(0) and fu depend on k.. That is, k. satisfies the implicit
equation

2 1
he = - [29 S e Ty " — (68)

wl\ v y—Iny—1 VY lny

(0,6¢)/ fag ke

As mentioned above, for large enough parameters E' the probability to find energies H = 0 becomes
negligibly small and k. equals 2x*. A numerical value for the integral in equation (66) is 1.0964
such that for large parameters E we have k. ~ —2.271w~1,/2Q3 /7.

3. Numerical simulation scheme for the stationary case

In order to solve equations (24]) and (25) numerically for the stationary case, we first realize
that in the stationary case the probability density Py (z,v) becomes a function of the Hamiltonian
H. Consequently, we have

0 d
*K‘,%Pst(z,’l)) = *KZ’Ud—HPSt(H). (69)

Substituting this result into equations (24) and (25]), we obtain

d

EI = v, (70)
d 9 d
Tl = Twe-s v (H(t) — E) — kv dHPSt(H) P +/QT'(¢) (71)
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with H(t) = [v%(t) + w?2?%(t)]/2. The Langevin equation involves the gradient of the probability
density Py (H). We compute this gradient analytically rather than numerically. From our discussion
in section it follows that
d
—’Y(H—E)Pst = (HPSt—’—Q)@PSt(H) (72)

Consequently, we compute the derivative like

d v(H — E)Py
—Py(H)=-—2— — % 73
ag ) kP +Q @)
We discretize time on a grid with time step At. Using an Euler forward method [44] that also holds
for self-consistent Langevin equations [3], we transform equations (0, ..., [[2) into
Ti+1 = Ty + At (U (74)
H;, — E)P,
Vi4+1 = V; — At [wai —+ ’}/’UZ(HZ — E)} —+ Atu =+ 1/ AtQ €; (75)
kP +Q
with
v wa?
H, = =+ O
5 + 5 (76)
VOIS PSt(H)lH:Hi : (77)

In the simulation scheme above, e; is a Gaussian random number with variance 2. As indicated
in equation (7)), the value P; denotes the function value of the probability density of Ps(H) at
H = H;. In order to determine Py (H) numerically, we compute simultaneously an ensemble of N
oscillators. That is, we solve equations (T4l ..., [[7) simultaneously for N subsystems. At every
iteration step we compute from the N observed H; values the probability density Py (H) using
the MATLAB kernel density estimator. This implies for example that the velocities v; 1 of all
N oscillators depend on the same function Py (H). However, for every individual oscillator the
function Py (H) is evaluated at the appropriated, individual Hamiltonian value of that oscillator.
We checked the consistency of the numerical simulation scheme with the analytical result derived
in section[Z2 To this end, we plotted the Py (H) as computed from equation ([4f) and as obtained
numerically in the same figure. Figures [Il and [2] show the results obtained for attractive (k < 0)
and repulsive (k > 0) interactions between the oscillators.

0.35 T T T T 0.35
0.3 0.3
= =
‘@ 0.25 o) '@ 0.25
@ [}
T o2 T o2
= Z
3 0.15 3 0.15¢
3 3
o 0.1 o 0.1
o o
0.05 ] 0.05¢
: © & :
2 . 4 . 6 8 10 0 2 . 4 . 6 8 10
Hamiltonian H [a.u.] Hamiltonian H [a.u.]
Figure 1. Analytical (solid line) versus nu- Figure 2. Analytical (solid line) versus nu-
merical (circles) results for Py (H). Parame- merical (circles) results for Py (H). Parame-
ters: E =5, Q =2,v=1,k =6, w = 3. ters as in figure [I] except for x. In figure 2l we
Simulation parameters: At = 0.01, N = 7000, have k = —6.

number of iterations in time: 600.
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4. Impacts of model parameters

We will study the impact of the model parameters on the distribution Py (H) of the Hamiltonian
energy H as defined by equation ({6]). The Lambert-W-function LW(-) is a monotonously increasing
function. Consequently, from equation (6] it follows that Py (H) is unimodal (i.e. exhibits only
one maximum or peak). Let Hpeax and Ppyax denote the position and the height of this peak,
respectively. At issue is to study how the model parameters affect the peak position and height. To
this end, we consider the functions Hpeak = Hpeak(E,7, Q, k,w) and Prax = Pmax(E,7, Q, K, w).
From equation (46]) it is obvious that the distribution function Py (H) only depends on the ratios
~v/Q and k/Q such that it is sufficient to consider the functions Hpeax = Hpeak(F,7/Q, K/Q,w)

and Ppax = max(Eaﬁ)//Qv H/va)'

4.1. Impact of the net pumping force described by the fixed point energy FE

For £ > 0 the pumping force exceeds the friction force such that the net pumping force is
positive. For E < 0 the friction dominates the pumping. From equation (6] it follows that the
peak position depends exclusively on the fixed point energy E. We have

B, E>o0,
Hpear(E) = { 0, E<0 (78)

This relationship is illustrated in figure Bl In addition, figure @l shows two distributions Py (H)
computed from equation @) for E < 0 and attractive (k < 0) as well as repulsive (k > 0)
interaction between the oscillators. Figure [ clearly demonstrates that for F < 0 the maximum
can be found at the minimal possible energy H = 0.

e 10 5
5 >
E g ‘@ 4 k=-1
= c
x
g 6 8 3
>
S =)
c
[ay)
2 o
= S|
@] o
o
0 . 0 :
-5 0 5 10 0 0.5 . .1 1.5 2
E[a.u.] Hamiltonian H [a.u.]
Figure 3. Hpcax as a function of E drawn from Figure 4. Distribution P (H) computed from
equation (78). equation (6] for negative fixed point energy
E. Parameters: £ = =5, Q =2, vy =1, kK =
11, w=3.

The probability maximum P.x in general depends on the fixed point energy E. Since Py (H )
can be cast into the form Py (H) = r(H — E), where 7(-) is a function of the difference H — E,
we can regard FE as a parameter that shifts the coordinate system of H. If F increases then
we shift the distribution from the left to the right. When considering Py (H) as a mathematical
function (not as a probability density) then we can plot Py (H) on the whole real line H € R.
However, when considering Py (H) as a probability density, then the area under Py (H) for H >
0 must be equal to 1. If we increase E and shift the mathematical function Py (H) for fixed
normalization constant z from the left to the right along the coordinate axis H, then the area
under the mathematical functions on the semi-line H > 0 increases. Consequently, if we increase
FE and adjust the normalization constant z such that we are dealing with a normalized probability
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density defined on H > 0, then the maximum of the Py (H) decreases. We have

0

oF
For relatively large values of E we are dealing with functions as illustrated in figures [l and 2l The
probability to find oscillators with H = 0 is relatively small. In the limit E — oo this probability

can be neglected and a shift of E does not change the normalization constant z. That is, we have
0z/0FE =0 for E — oo and

Pmax(E77/Q7 H/Qv‘*}) <0. (79)

0
Elgnoo 8_EPmax(Ea P)//Qa H/Qaw) =0. (80)

4.2. The relative interaction parameter x/Q

The ratio x/Q can be interpreted as relative interaction parameter. It measures the strength
of the interaction relative to the strength of the fluctuating force. The ratio /@ assumes positive
values for repulsive interactions and negative values for attractive interactions. As mentioned above
the peak position Hpeak does not depend on x/Q. However, /@ crucially affects the concentration
of the oscillators energies H around the most probable energy Hpcak. That is, Pyax depends on
k/Q. Figure [l illustrates the function Pyax(-, k/@,-) for fixed values of E, v/Q and w. We see
that Pyax decreases monotonously. In other words, for repulsive interaction (k > 0) an increase of
the relative interaction strength makes the distribution of H broader and results in a decrease of
the peak value Ppax. In contrast, for attractive interactions (k < 0), increasing the amount of the
relative interaction strength |+|/@ implies that the attractive interaction becomes stronger and the
oscillator energies become more concentrated at Hpeak. The peak height Ppa.x increases and the
energy distribution Py (H) becomes narrower.

Figure 5. Peak height Puax = Py (H)|y_p as a function of x£/Q computed by means of equa-
tion ({0)). Fixed parameters: E = 5, Q@ = 2, w = 3. For the graph with v/Q = 0.5 (y = 1)

the parameter x was varied in the range of —9,...,25 such that x/Q varied in the range of
—4.5,...,12.5. For the graph v/Q = 1.5 (v = 3) the parameter x was varied in the range of
~25,...,12.5.

4.3. The parameter v, = v/Q

From equation () it is clear that in the deterministic case the parameter v determines how
fast the Hamiltonian energy H relaxes to the fixed point energy E. Therefore, we may interpret
~ as a measure for the attractor strength of the limit cycle of an individual canonical-dissipative
oscillator. Note that the relaxation time depends not only on the parameter v but also on other
parameters involved in the function H. However, if we divide both sides of equation (III) with v
and substitute ¢ with a new time variable £ = ¢ then we see that v defines a time scale relevant
for the relaxation dynamics. Therefore, it is sensible to consider v as a key relaxation parameter.
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Furthermore, recall that attractor strength usually is defined in terms of relaxation times towards
attractors. In our case, it is plausible to develop the notion that the attractor strength of the limit
cycle of an individual oscillator is proportional to . The larger v, the stronger is the limit cycle
attractor. The ratio v/@Q describes the relative limit cycle attractor strength and can be used to
answer the question: how strong is the attraction towards the limit-cycles relative to the erratic
perturbations that push the oscillator away from the limit cycle and are due to the fluctuating
force with amplitude Q7

As discussed in section 1] the parameter e = /@ does not affect the peak position Hpeak-
From equation (g it follows that if 4/@Q increases then the width of distribution becomes smaller.
Consequently, the peak value P,y increases monotonously as a function of v = v/Q:

0

— Poax(E, 5/Q, Yrel, w) > 0. 81
5 P B,/ Q. et ) (81)

This relationship is illustrated in figure [Bl Note also that figure [l illustrates that the peak value
increases as a function of v, . For a fixed value of k/Q we can compare in figure [ the values of
Prax for vre1 = 0.5 and o1 = 1.5. We see that Ppax(Yrel = 1.5,5/Q) > Pmax(7rel = 0.5,%/Q) for
fixed values of w and F.

Figure 6. Peak height Prax = Ps(H)|,_p as a function of v/Q computed by means of equa-
tion (@6)). Fixed parameters: £ = 5, Q = 2, w = 3. For both graphs x/Q = 0.5 (x = 1) and
k/Q = 1.5 (k = 3) the parameter k was varied in the range of 1,...,25 such that k/Q varied in
the range of 0.5,...,12.5.

5. Alternative Hamiltonian functions

5.1. Stationary phase space probability densities

In section 22l we derived analytical expressions for the stationary probability densities Py (x, v)
and Py (H) for canonical-dissipative oscillators involving the Hamiltonian function (22]) of a har-
monic oscillator. We consider next Hamiltonian functions that involve a potential function V' (x)
which is continuous and globally attractive V(x — 400) — oo but does not necessarily correspond
to a parabolic potential. That is, we put

2
A detailed analysis of the analytical steps carried out in section shows that the derivation
of Py (x,v) holds for all kinds of potentials V' (z) and does not exploit the explicit form V(z) =
w?2? /2 considered in section 221 Consequently, Py (x,v) can be expressed in terms of the function
f(H) (defined by equation B0)): Ps(z,v) = f(H(z,v)). In particular, the stationary distribution
Py (x,v) for oscillators involving the Hamiltonian function (82)) is again defined by equation (0.
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5.2. Stationary distributions of Hamiltonian energy

In order to derive the stationary distribution Py (H) of the Hamiltonian energy H, we need to
determine the proportionality factor § that relates Py (H) to f(H). For the harmonic potential
V(z) = w?x? /2 we found in section B2 that 3 = 27 /w and Py (H) = 27 f(H)/w. That is, we found
that for parabolic potentials § is independent of H. However, in general the factor 8 can depend
on the Hamiltonian energy H.

In order to determine B(H) and Py (H), we proceed as in section We substitute H =
v?/2+V into f(H) (defined by equation (B6])) such that f = f(v?/2 + V(x)) and subsequently

solve the integral
// (H———V( ))f(——V( )) dz do. (83)

We first evaluate the integration with respect to v. To this end, we define the integral

I(z,H) = /5 (H - ? - V(:c)) f <§ - V(:c)) dv. (84)

Recall that for the Dirac delta function that involves an arbitrary continuously differentiable func-
tion u the relation 5 )
vV — U;
S(u()) =Y —— (85)

holds, where v; are the roots of u: u(v;) = 0. From equatlon ([®4) it follows that u = H —v?/2 -V
with roots v1 = /2[H —V(x)] and vo = —+/2[H — V . Both roots exist only for H > V(x).
Furthermore, we have |du/dv;| = |v;| = \/2[H — V(z)]. Consequently, equation (84) becomes

/ d(v—wv1)+0(v— v2)f (f _ V(x)) dv, V(z) < H,

I(z,H) = 2[H — V (z)] 2 (86)
which can equivalently be expressed as
I(z, H) = 2w(z, H) f(H) (87)
with 1
w(z,H) = 2[H —V(2)] Vo) < H, (88)
0, V(z) > H.
From equations ([83), (84)), and (87) we conclude that
Pst(H):Q/w(a:,H)dxf(H). (89)
—_———
B(H)

As indicated in equation (89]), the integral with respect to x over the function w essentially defines
the factor 8. Let a,, and b, with m = 1,..., M denote the positions at which the potential energy
V equals H (i.e. we require V(a,,) = H and V(b,,) = H) with a1 < by < az < by < .... Then the
integration with respect to z is only carried out over the intervals [am,, by ]:

bm
)= 2 /
S|

In the context of classical Hamiltonian systems, the integral f;’"(\/Q[H —V(x)]) tdz is well-
known. Recall that from the so-called first integral v = dz/dt = ++/2([H — V(x)] we obtain

(90)
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dt = (v/2[H — V()])~tdz with the plus sign in the case of a motion for which x(t) increases as

function of time (i.e. for v > 0). Therefore, the integral f;m(«/Q[H — V(x)])~tdz corresponds to
the duration T, , .5, of a particle with unit mass that travels from a,, to b,, and is subjected to
a classical Hamiltonian dynamics. We define

bm
dx

L=t (H) / 3[H V)] D
am
The round-trip time form a,, to b,, and back to a.,, is 2 times the duration for the one-way
travel because classical Hamiltonian dynamics is time reversible. Let Ty, ., (H) = 215, ., (H)
denote the round-trip time. Note that the round-trip time corresponds to the oscillation period of
oscillations around a potential minimum (or several potential minima) of V' (z) located in @y, by ].
Using T, b, (H), we can express the equations (89 ..., Q1) as follows:

m m

Fu(H) = ﬁ(H)f(H% (92)

=
3
I

(93)

M
Z / /7H % n;lTamem(H

From equation (@3) it is clear that the factor 3 reflects the sum of all oscillation periods (round-
trip times) for oscillations around those potential minima of V(z) that exhibit potential energies
smaller than H. Each individual oscillation period and the sum of all periods depend in general on
H. Consequently, as anticipated in the beginning of this section, the factor 3 in general depends
on H.

In closing this section, let us return to the harmonic oscillator potential V'(x) discussed in sec-
tion 22 For V = w?2? /2 we have only one potential minimum (i.e. we put M = 1 in equation ([@3)))
and the oscillation period T'(a < b) is independent of H and simply corresponds to the inverse of
the oscillation frequency fosc = w/(27m). We have T'(a < b) = 27 /w. Consequently, the factor g is
independent of H and we recover the result 8 = 27/w derived in section

6. Conclusions

Limit cycle oscillators are at the heart of nonlinear physics and play a key role in nonlinear
sciences. Unfortunately, the derivation of analytical results for stochastic limit cycle oscillators is
usually mathematically involved. Canonical-dissipative limit cycle oscillators provide an exception
to this rule because they frequently can be studied analytically. In view of this property of canonical-
dissipative oscillators, we proposed to derive an analytical expression for the distribution function
of canonical-dissipative limit cycle oscillators that are coupled with each other by means of a
short-range interaction in phase space.

We discussed canonical-dissipative oscillators involving a parabolic potential in detail. We were
able to determine the impacts of various forces by studying how the distribution function of the
Hamiltonian energy is affected by these forces. That is, we demonstrated that stochastic proper-
ties of the canonical-dissipative oscillators exhibiting short-range interaction can conveniently be
studied when we consider the distribution function of the Hamiltonian energy rather than the dis-
tribution function in the phase space spanned by position and velocity. We found that the peaks of
energy distribution functions become more pronounced and consequently that energy distribution
functions become narrower when limit cycle attractor forces and interaction forces become stronger.
This holds for attractive interactions between oscillators. However, a peculiarity of the interaction
considered in our study (and motivated by early work of Haissinski) is that the oscillator-oscillator
interaction cannot only be attractive but also repulsive. For a repulsive interaction, we found that
peaks become less pronounced and energy distributions become broader when the magnitude of
the interaction is increased. The relative impact of the limit cycle attractor as indexed by the
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parameter ;¢ is the same for attractive and repulsive inter-oscillator interactions. From this ob-
servation we conclude that repulsive inter-oscillator interactions can be counter-balanced by the
intrinsic (within-oscillator) attractor forces of limit cycle attractors. In other words, when the rela-
tive magnitude x/Q of the repulsive inter-oscillator interactions is increased and at the same time
the relative limit cycle attractivity vre; = /@ is increased appropriately, then the impacts of the
two manipulations may cancel out each other such that there is a zero net effect.

In section Bl we presented a numerical simulation scheme which can be used to compute tra-
jectories of individual oscillators of the oscillator ensemble. We showed that the results of the
simulation scheme are consistent with the analytically derived results. At this stage, however, we
should note that the simulation scheme can also be used to numerically compute the second-order
statistical properties (e.g. autocorrelation functions, mean square displacements, and so on) which
we have not addressed in our theoretical considerations. Consequently, the proposed model pro-
vides a complete description of the oscillator systems under consideration. That is, all statistical
quantities of interest are well defined and can at least be computed numerically.

In section Bl we briefly illustrated that our considerations can be generalized to oscillator
systems that involve potentials V' different from parabolic potentials. We would like to point out
that the simulation scheme proposed in section 3 can be modified such that we can deal with this
more general situation. One can show that for systems addressed in section B involving potentials

V(z) equations (4 ..., [T7) become

Tivy1 = X+ At v;, (94)
\% wy(H; — E)P;
; = v +A (H; — FE At———— " 1+ /A ;
Vit1 v; + At . + yvi (H; )| + At Py + tQ e; (95)
with
02
H, = ?’ + V(z;), (96)
P = Pu(H)ly_g, - (97)

The realm of canonical-dissipative systems is much broader than the systems addressed in
our study [IH4]. The key quantity of canonical-dissipative systems are the invariants of classical
mechanical systems featuring a Newtonian or Hamiltonian dynamics. The Hamiltonian energy is
one of the most important invariants but other invariants may play important roles as well in
certain applications. Therefore, the present study should consider a first step in exploring the
properties of canonical-dissipative systems under various types of short-range interactions. The
results summarized above and the analytical techniques developed in our work may be used as
guidelines in investigating canonical-dissipative systems that focus on invariants different from the
Hamiltonian energy.
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KaHOHiYHO-gUCMNATUBHI rpaHUYHI LUKJIIIYHI ocuunaTopu 3
KOPOTKOCSH)KHOIO B3aEMOAi€l0 y pa3oBOMY NPOCTOpi

C. MoHrkoncakynsoHrd, T.[. dpanid

1 YHiBepcutet KacetcapTt, BaHrkok 10900, TainaHpg,
2 YHiBepcuteT KoHHekTukyT, Ctoppc CT 06269, CLUA

Mu po3rmsgaeMo rpaHuyHi UMKNIYHI OCUMASTOPU B TEPMiHAX KAHOHIYHO-ONCUNATUBHUX CUCTEM, SKi Ae-
MOHCTPYIOTb KOPOTKOCSIXXKHY B32EMOZII0 Y LWBUAKICHOMY i MO3MLIMHOMY NPOCTOPI, WO OnvcaHuii gensra-
odyHkuieto Oipaka. My BUBOOVMMO aHaniTUYHI BUpa3un onsa ctauioHapHux GyHKUiIM po3noainy y ¢pa3oBomMy
NPOCTOpPi Ta EHEPreTMYHOMY NPOCTOPI i TaKOX MPOMOHYEMO YMUCIIOBY CUMYNALIAHY CXeMyY AJ1 MOLENIO-
BaHHs1 6araTo4acTMHKOBOI cMcTemMun. Mu Nokasyemo, L0 KOPOTKOCSIXKHA B3aEMO/IA CTUCKAE YM PO3TArye
eHepreTnyHi GyHKUii po3noainy B 3aNeXHOCTi Bif, TOro, Y/ B3aEMO/II0 MOXHA BBaXaTu NPUTArasibHO,
4yu BigWTOBXYBaNbHOW. KpiM BNiMBY B3aEMoii, M1 NoKa3yeEMO, O eHepreTnyHi GyHKLii po3nogainy cra-
I0Tb BY>XKHMMMU, SKLLO FPaHMLSA LMKITIYHUX aTPaKTOPIB CTA€ CUMbHILIOK. HakiHeLlb, eHepreTnyHi po3noainv
CTaloTb LUMPLUMMKN 3 POCTOM eHeprii Hakayku. Lieli edekT, npoTe, 3HMKa€E Yy BUCOKOEHEPreTUYHin obnacri.

Knio4oBi cnoBa: kaHOHIYHO-AUCUNATBHI CUCTEMU, PiBHSIHHS [avicCiHCKI, eHTponisa Lanica, HepiBHOBaxHi
cuctemu, HeniHiviHi piBHsIHHS ®okkepa-lnaHka
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