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Instabilities of the harmonic oscillator with fluctuating damping
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We investigate the instabilities of a linear damped oscillator due to fluctuations of the damping parameter. The
fluctuations are driven either by Gaussian white noise or Poisson white noise (white shot noise). We consider
three notions of stability. The first two are the well-known notions of stability in the mean and stability in the
mean square. We introduce the concept of thermodynamic stability, corresponding to a nonpositive rate of energy
dissipation at all times. We derive analytical results for the various instability thresholds, confirm the validity of
our approach for white shot noise by numerical simulations, and obtain the unexpected result that mean-square
and thermodynamic stability coincide for the two types of white noise.
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I. INTRODUCTION

The classical harmonic oscillator is a model system that
has a history of more than a hundred years in the scientific
literature and that is discussed in every first-year course in
physics. Its has achieved the status of a paradigm because it
describes the behavior of a wide variety of systems in physics,
chemistry, biology, and other fields. To quote Gitterman [1],
“In fact, it has been applied everywhere, from quarks to
cosmology.” Examples include mechanical systems such as
pendula with small angles of displacement and mass-spring
systems, acoustical systems and electric systems such as RLC
circuits, as well as man-made devices such as clocks and
radio circuits. The prominence and importance of this model
stem from the fact that the dynamics of any system in a
potential near a local minimum can be approximated by simple
harmonic motion. The harmonic oscillator still holds surprises
and remains the object of current research despite its long
history.

If friction or energy dissipation has to be taken into account,
one arrives at the damped harmonic oscillator where the forces
are linearly proportional to the displacement from the local
minimum and to the velocity:

d’x dx
mﬁ +fE + mw*x = 0.
The study of the effects of random fluctuations, or noise, on
simple harmonic motion has also a long history (see, e.g., [1]).
Noise can enter Eq. (1.1) in four ways. The simplest, and most
thoroughly studied, case corresponds to Brownian motion of
a harmonically bound particle [2,3]:
2
mi—tf + fili—: + mo’x = Z(1).
The noise ¢(¢) enters Eq. (1.1) in an additive manner and
represents internal thermal noise. Fluctuations in the potential
energy give rise to a random frequency [4-7]:
2
m% + ffl—f +ma’[1+¢(t)]x = 0.
In this case, the noise affects the motion in a multiplicative
way. The interplay of the fluctuations in the frequency with
an external periodic driving force can give rise to stochastic

(1.1)

(1.2)

(1.3)
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resonance [8,9]. Fluctuations in the friction coefficient f and
the mass m also lead to stochastic differential equations with
multiplicative noise. The latter case has recently been studied
to describe Brownian motion with adhesion [10,11].

If we adopt a mechanical picture, then fluctuations in the
friction coefficient around a mean value arise due to random
variations in the viscosity of the medium surrounding the
particle. An example is a ferroelectric fluid whose viscosity is
controlled by external stochastic magnetic fields as discussed
in [12,13], where the diffusion properties of Brownian particles
with a fluctuating friction force were investigated. However,
the stochastic differential equation describes a variety of
systems, as discussed in [1,9,14]. It was applied for example to
critical binary fluids [15], to the coupling between water waves
and a turbulent wind field [16], and to motions of floating,
moored offshore structures [17].

We study the effects of fluctuations in the damping
coefficient on the stability of the oscillator. The mean position
of the oscillator increases without bound in time if the noise
intensity is high enough. Gitterman obtained this result for
Gaussian white noise and colored noise, namely, dichotomous
noise, by analyzing the evolution of the mean position [14].
He considered a somewhat different system in [18]; namely,
the oscillator is also subjected to an additive random force.
This random force is Gaussian, white, and not correlated with
the multiplicative noise. For this system, he determined the
stationary second moments if the damping coefficient displays
Gaussian white noise or dichotomous noise. For the case of
Gaussian white noise, the stationary second moments diverge
at a certain noise intensity that is lower than the noise intensity
threshold value for divergence of the mean position. No
explicit expression for the instability threshold of the second
moments was derived for the case of dichotomous noise.

These results illustrate that even if the mean position relaxes
to zero, the oscillator can still be unstable, namely, if the
mean-square position increases with time. It is necessary to
distinguish between stability in the mean and stability in the
mean square. We introduce a third notion of stability, namely,
thermodynamic stability. The oscillator is thermodynamically
stable if its rate of energy dissipation is nonpositive. We focus
exclusively on the effects of multiplicative noise and consider
a harmonic oscillator that is subject only to random damping;
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the oscillator does not experience an additive random force. We
adopt a mechanical picture and formulate our approach within
the framework of canonical-dissipative systems [19-21]. We
derive exact analytic conditions for stability in the mean,
in the mean square, and for thermodynamic stability for
Gaussian white noise and white shot noise (Poisson white
noise). Poisson white noise has the advantageous feature that
ithas alower bound in contrast to Gaussian white noise. We can
thus assess the effect of negative fluctuations, which change the
nature of the friction term, on the stability results. We establish
the surprising result that thermodynamic stability and stability
in the mean square coincide for both types of white noise.

II. CLASSICAL MECHANICS AND
DISSIPATIVE SYSTEMS

The equations of motion of a mechanical system with the
Hamiltonian H(x, p) are

dx oH

— =, 2.1
dt ap
d oH
@ __ 21 2.2)
dt 0x

As is well known, Hamiltonian systems are conservative sys-
tems that do not dissipate energy. From the same Hamiltonian
we can construct, however, a system that includes dissipation
by replacing Eq. (2.2) with

dp oH

EZ_B__f( )—

This is known as a canonlcal-d1551patlve system [19-21], and
f(H) denotes the dissipation function. The friction force F of
the canonical-dissipative system is given by

2.3)

oH dx
F= _f(H)E = _f(H)E' 2.4

A canonical-dissipative system does indeed not conserve
energy:

dH 0Hdx 0H dp
dr  dx dr | dp dr
ZS_HB_H+8_H|:_8_H_f( )_i|
dx dp ap ax
=—f(H) (d—x) = d—E, (2.5)
dt dt

where we have made use of Eqs. (2.1) and (2.3). Equation (2.5)
provides the rate of energy dissipation d E /dt, by a particle
moving according to the equations of motion (2.1) and (2.3).
From Eqgs. (2.1) and (2.3) we derive the equations of motion
for a particle of mass m moving in a parabolic potential by
considering the Hamiltonian H = p2/2m + maw*x?/2:

dx p

=L, 2.6
dt m (2.6
d
S S 0 0 L 2.7)
dt m
We combine these equations to obtain
d2
Pr R f( )—+a)x—0 (2.8)
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If the dissipation function is a constant, f(H) = mb, Eq. (2.8)
represents the classical linear damped harmonic oscillator,
where b is the damping coefficient. The linear damped
harmonic oscillator dissipates energy with the rate

dE , (4 2
— =—-mb|—) .
dt dt

We use Egs. (2.5) and (2.8) to derive an alternative expression
for the rate of energy dissipation, which will prove helpful
later on:

(2.9)

dE dx d*x , dx

dt dt ar? dt
_ ﬂd(vz) mw? d(x?) 2.10)

2 dt 2 dt

We consider the case of a random dissipation function f(H),
due to fluctuations of the damping coefficient b around its
mean value. We replace b by b[1 + ¢(#)], where ¢(¢) is noise
with zero mean. We focus on the case where the noise is either
Gaussian white noise or Poisson white noise (i.e., white shot
noise). The dissipation function and the friction force F' now
read

J(H) =mb[1+ ()],
F = —mb[1 + ¢(®)]v.

@2.11)
2.12)

The equations of motion for the fluctuating canonical-
dissipative system are given by
dx

i =, (2.13a)

D o wx — be(r)
— = —bv—wx — v,
dt ¢

and the energy dissipation rate is

dE . )
o= mb[l + ¢()]v".

We combine Egs. (2.13a) and (2.13b) to obtain the stochastic
differential equation for the damped harmonic oscillator:

2y
a2

Note that fluctuations in the damping coefficient lead to a

stochastic differential equation with multiplicative noise.

Our main concern is how the fluctuations in the damping
coefficient affect the stability of the oscillator. We employ
three notions of stability. (i) Stability in the mean corresponds
to (x(¢)) — 0 ast — oo. (ii) Stability in the mean square cor-
responds to {x(#)?) — 0 and (v(¢)>) — Oast — oo. Since the
energy of the oscillator is given by E = mv?/2 + maw?x?/2,
stability in the mean square is equivalent to energetic stability
of the oscillator, i.e., (E) — 0 as t — oo. (iii)) We define
thermodynamic stability to correspond to a nonpositive mean
rate of energy dissipation at all times, i.e., (dE/dt) < 0 for
t > 0. Averaging Eqs. (2.14) and (2.10), we find that

(2.13b)

(2.14)

+b[1+§(t)]—+wx—0 (2.15)

@ —mb([1 4+ ¢(H)v?), (2.16)
or
dE) _md o metd
g 2aV Tt g @17
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III. DAMPED HARMONIC OSCILLATOR
WITH GAUSSIAN WHITE NOISE

In this section we consider the case that the damping
coefficient b undergoes uncorrelated Gaussian fluctuations.
In other words, ¢(¢) is a Gaussian white noise with

(@) =0,
(¢(C @) =2D5(t — ).

To determine the stability of the oscillator in the mean and the
mean square, we need to calculate the mean values (x) and (v)
and the mean-square values (x2) and (v?).

3.1)
(3.2)

A. Stability in the mean

To obtain the mean values, we average Eqgs. (2.13a) and
(2.13b):

‘ii—f) = (v), (3.3a)
% = —b(v) — &*(x) — b{CV). (3.3b)

This system of equations is not closed, and (¢ v) must be deter-
mined separately. To this end we employ Novikov’s theorem
for Gaussian noise [22], which allows us to calculate the mean
values of terms affected by the noise in a multiplicative way.
The system (2.13) can be written in the general form

d
d_l; = f(u) + g (1), (3.4)

where u = (uy,...,u,). (All vectors should be read as column
vectors. For ease of notation, we omit the transpose symbol
for all vectors.) For Eq. (2.13) we identify

u = (uy,uz) = (x,v), (3.5)
f@) = (ua, — buy — o*uy), (3.6)
g(m) = (0, — buy). 3.7
Novikov’s theorem for Eq. (3.4) states that
n 8 ;
(g:i(w¢ (1) = D Z< §:7)gj<u)>, (3.8)
j=1 !

where we have used Eq. (3.2) and the Stratonovich interpre-
tation [23] for the stochastic calculus. Applying Eq. (3.8) to
Eq. (3.7), we find

(¢v) = —=Db(v), (3.9)
which can be substituted into Eq. (3.3):
d*(x) dx) = 5
b(1 —bD)— = 0. 3.10
b ) @) (3.10)

Equation (3.10) is the equation of a damped harmonic
oscillator for the mean position with an effective damping
coefficient b* = b(1 — b D) that depends on the noise intensity
D. This result was also obtained by Gitterman [14,18] by
integrating formally Eq. (2.15). The mean position of the
damped harmonic oscillator tends to 0 as t — oo if bD < 1.
In other words, the stochastic oscillator is stable in the mean.
However, stability in the mean is a weak notion of stability.
Indeed, if (x) — O but the standard deviation grows as ¢t — o0,
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then the oscillator can hardly be said to be stable in any
practical sense. If (x?) = 0 as t — oo, then the oscillator
is stable in the mean square, which is a more relevant and
restrictive concept in the dynamics of stochastic systems. In
particular, if a system is stable in the mean square then it is
stable in the mean. Further, if the oscillator is stable in the mean
square, then it is energetically stable, as discussed above.

B. Mean-square stability

To determine (x2) and (v?), we multiply Eq. (2.13a) by 2x
and Eq. (2.13b) by 2uv:

it _ % s (.11a)
= XV, 1la
dv? d
00— opy® — 2b20® — 20Pxu. (3.11b)
dt dt

Multiplying Eqgs. (2.13a) and (2.13b) by v and x, respectively,
and summing, we find

d(xv) dv dx ) 2 0

I _xdt+vdt =v bxv —btxv —wx°. (3.12)
Averaging Egs. (3.11a), (3.11b), and (3.12), we obtain a
hierarchy of ordinary differential equations for (x2), (v?), and
(xv). To close the system, we need to determine ({v?) and
(¢xv) and we employ again Novikov’s theorem. Rewriting the
systems (3.11) and (3.12) in the form of Eq. (3.4), where

u = (uy,uz,u3) = (x*,0%,xv), (3.13)
fu) = Qus, — 2buy — 2w usz, — buz — w’u; + us), (3.14)

g(u) = (0, — 2buy, — bus), (3.15)

and applying Eq. (3.8) to Eq. (3.15), we find
(cv?) = =2Db(v?), (3.162)
(¢xv) = —Db(xv). (3.16b)

These expressions can be substituted into Eqs. (3.11b) and
(3.12). The system of equations for the second moments can
be written in the form

% = M(u), (3.17)
where
0 0 2
M=] 0 —2b(1-2bD) —2w? (3.18)
—w? 1 —b(1 —bD)
The solution of Eq. (3.17) has the form
3
() =" Aje™". (3.19)
i=1

The coefficients A; must be determined from the initial
conditions and depend on b, D, and w. The exponents ¢; are the
solutions of the characteristic polynomial — det(M — «l) = 0,
where | is the 3 x 3 identity matrix:

4@’ +coa+c;=0. (3.20)
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The coefficients are given by

c1 = b(3 = 5Db), (3.21)
¢y = 4* + 2b*(1 — 2bD)(1 — bD), (3.22)
¢y = 40*b(1 — 2bD). (3.23)

We are interested in the long time behavior of Eq. (3.19). We
determine if the exponentials in Eq. (3.19) grow or decay with
time by applying the Routh-Hurwitz theorem [24,25] to the
third-order polynomial (3.20). The Routh-Hurwitz conditions
state that all the roots of the polynomial (3.20) have a negative
real part if and only if ¢3 > 0, ¢; > 0 and cjc; — ¢3 > 0. This
implies that if bD < 1/2, then (x?) — 0 and (v?) — 0 as
t — 00. Our result for the threshold of mean-square stability
agrees with that for the oscillator studied in [18], where an
uncorrelated additive Gaussian white noise force is present in
addition to the random damping. We conclude that the additive
noise does not affect the mean-square stability in this case.

If we consider the noise intensity D as the control
parameter, we arrive at the following conclusions. If D is
below 1/2b, the oscillator is stable both in the mean and in the
mean square. If D increases and falls between 1/2b and 1/b,
the oscillator is stable in the mean but unstable in the mean
square. If D further increases and exceeds 1/b, the oscillator
is unstable both in the mean and in the mean square.

Let us now analyze the borderline cases bD = 1/2 and
bD =1 separately. As determined previously, if bD = 1/2,
then the oscillator is stable in the mean as confirmed by the
equation for the mean position:

d*(x)  bdx)
dt? 2 dt
The second moments (x2) and (v?) are obtained by solving

the system (3.17) with the initial conditions (x2(0)) = a2,
(v¥(0)) = 0 and (xv(0)) = 0.If bD = 1/2, then

®*(x) = 0. (3.24)

2
(x*(1)) = % {1 + e /4 [cos(m) + 4i~ sin(/lt)} } (3.252)
e

2.2
W) = 22 {1 e [cos(,at) + b sin(,at)“,
2 47
(3.25b)
where
2
= J4w? — ll’—. (3.26)

As t — o0, the second moments approach constant nonzero
values, (x?(00)) = a?/2 and (v*(c0)) = w?a?/2. This implies
that the oscillator is not stable in the mean square and (E) does
not go to zero for t — oo.

If bD = 1, the equation for the mean position is that of the
undamped oscillator:

d*(x)

dr?

The mean effect of the noise is to compensate the damping.
The characteristic polynomial (3.20) in this case reads a® —
2ba® + 4w’a — 4w*b = 0 and has a positive real solution. As
t — 00, the second moments (x?) and (v?) behave as exp(6bt)
where 6 depends on w/b and 1 < 6 < 2. In particular, 6 =2

w?(x) = 0.

(3.27)
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when w < b and 6 =1 when w > b. In this case (x)
oscillates between —a and a and the second moments diverge
exponentially. The oscillator is unstable both in the mean and
in the mean square or energetically.

C. Thermodynamic stability

As stated above, we say that the oscillator is thermody-
namically stable if the average rate of energy dissipation is
nonpositive at all times. For Gaussian white noise, Eqs. (2.14)
and (3.16a) imply that

AE) _ b1 — 2Db) 02,

7 (3.28)

If bD > 1/2, then d(E)/dt > 0 for t > 0 and the oscillator
is thermodynamically unstable. In other words, the conditions
for thermodynamic and mean-square instability coincide for
Gaussian white noise. If the oscillator is stable in the mean
square, then it dissipates energy; fluctuations in the damping
coefficient do not change the nature of the dissipation function
on average. If the oscillator is unstable in the mean square,
then on average the noise pumps energy into the oscillator and
renders it thermodynamically unstable.

IV. DAMPED HARMONIC OSCILLATOR
WITH WHITE SHOT NOISE

In this section we determine the stability conditions for the
damped harmonic oscillator where the damping coefficient b
is subjected to white shot noise with zero mean. Gaussian
white noise can take on negative values, which change the
character of the friction term, namely, from dissipating energy
to pumping energy. If the noise intensity is large enough, this
effect leads to an instability of the oscillator. White shot noise
has a finite lower bound, which allows us to control or even
remove the effect of negative values of the fluctuating damping
coefficient.

As for the case of Gaussian white noise, we first explore
stability in the mean. White shot noise can be obtained as an
appropriate limit of asymmetric dichotomous noise [26]. Let
¢ (¢) now be an asymmetric dichotomous noise that randomly
switches between the values —A and A’. We assume that
A’ # A, and both A and A’ are positive. We denote by k and
k' the transition probabilities per unit time between these two
states. The average lifetime of each state is then given by 1/ka
and 1/ka/, respectively. For the noise to have zero mean, we
must impose A’/kar = A/ka. The autocorrelation function
of the asymmetric dichotomous noise is given by

(C(De)) = are =" (4.1)

withoy = AA and A; = ka + kar.

A. Stability in the mean

The starting point is again system (3.3). The term ({v)
now cannot be determined via Novikov’s theorem because
the noise is not Gaussian. However we can employ the
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Shapiro-Loginov formulas of differentiation for exponentially
correlated random functions [27]:

d(¢v) [ dv
7 —<§E>—M<§U>y 4.2)
d
ftx) = (zv) — M (LX) 43)
Combining Egs. (4.2), (4.3), and (3.3), we find
d(x)
7 = (U), (443)
d(v) - _p 2
— = b = x) —blgv), (4.4b)
d
ftw = —(b+M)(Cv) — b(g%v) —w*(Cx),  (44c)
d
ftx D (ev) = mea). (4.4d)

For dichotomous noise, (¢2v) = o1(v) + A2(Cv), where
Ay = A’ — A, and the system (4.4) can be written as

% — (). (4.52)
% = —b{v) — &*(x) — b(¢v), (4.5b)
dft” = —bo(v) = (b + A1 +bA) (V) — @ (Cx), (4.50)
d

ftx> = (¢v) — M ({¢x). (4.5d)

Asymmetric dichotomous noise converges to white shot
noise of zero mean for A’ — 400 and kx — +00 as the
ratio A’/ ks remains constant [26]. We define wg = A’/ kar =
A/ka. We need to apply the white shot noise limit to the
constants Ay, Ay, and oj. Since A; = ka + kar, kar = +00
implies A; — +00. On the other hand,

o1 AN A A
M katka kw14
oo A A?
Gl N (4.6)
kn© kn
he AN —A kyoiee A A
2 fwots 2 2, 4.7)

)"_l - kA+kA’ A'—+00 kAf - K

This implies that oy — 400 and A, — +00 as A; — +o00.
White shot noise (Poisson white noise) is defined as [12,28]

n(t)

t) =Yzt — 1) — Bz), 4.8)

where z; are positive random amplitudes (weights) of the Dirac
8 pulses (kicks) and the random instants #; are the arrival
times of a Poissonian counting process n(t) with parameter
B. The time interval between two successive impulses is a
random variable that is exponentially distributed according
to Be~P'. The parameter B represents the mean number of
impulses per unit time; i.e., 87! is the mean time between two
successive impulses. The amplitudes are independent random
variables that are also exponentially distributed according to
e~/ Juy, where wyg is the mean amplitude. To establish the
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connection between the limit of the asymmetric dichotomous
noise and the white shot noise, we need to express 8 and wy in
terms of A and k. Since ™! is the mean time between two
successive impulses and k;l is the mean time in the state A,
both quantities must be the same, i.e.,

B = ka.

Equation (4.8) implies that the average and the correlation
function of the white shot noise is given by [12,28]

(4.9)

(¢() =0,
L)) = 2Bwys(t —1').
Taking the white shot noise limit, oy — 400 and A; — 400,

of the correlation function (4.1) of the dichotomous noise, we
find

(4.10)
@.11)

lim (¢@)¢@)) = lim  ope 1
oA +00 01,A1—>+00
201 ,
=0 —1). (4.12)
A
Comparing Eqgs. (4.12) and (4.11), we identify
o1 A2 )
N P , 4.13
n ka Pwy (4.13)

and the noise intensity is given by D = ﬂw%. In contrast
to zero-mean Gaussian white noise, zero-mean white shot
noise is defined by two parameters, either 8 and wy, or the
noise intensity D and the non-Gaussian parameter wy. In the
limit wyg — 0 with D = ,Bw(z, = constant, white shot noise
becomes Gaussian white noise with noise intensity D [26].
Equations (4.9) and (4.13) establish the connection between
the two noises. We conclude that in the white shot noise limit

o] —> ﬁwékl and A, —> woA; as A — +oo. (4.14)

Applying the limit (4.14) to Egs. (4.5¢) and (4.5d), we find
that —bBwi(v) — (1 + bwp)(¢v) = 0, i.e.,

_ bﬁwé
(¢v) = 1+bw0<v), (4.15)
and that
(¢x) =0. (4.16)

We have performed numerical simulations of Eq. (2.15)
with white shot noise to evaluate Egs. (4.15) and (4.16). The
results are shown in Fig. 1. The left- and right-hand sides of
Eq. (4.15) have been determined independently from the sim-
ulations and have been plotted together to verify the validity of
Eq. (4.15). The simulation results for (¢ x) have been compared
to (x) to verify Eq. (4.16). The figure demonstrates excellent
agreement between the analytical and numerical results. Sub-
stituting Egs. (4.15) and (4.16) into the system (4.5), we obtain

dix)
dv) 1 + bwy — bBw; e
o =b Tt e (V) — @*(x). (4.18)
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FIG. 1. (Color online) Results from numerical stochastic sim-
ulations to verify Egs. (4.15) and (4.16). (a) (x) and ({x) versus
time. (b) Left-hand side (circles) and right-hand side (solid line)
of Eq. (4.15). We have performed averages over 10° realizations,
8t =0.005, wo =02, w=3,b=1,and B = 5.

These equations can be rewritten as an equation for the mean
position of the damped oscillator equation with an effective
damping coefficient:

d*(x) d{x)
b*—L + w?*(x) =0, 4.19
o2 TP + o™ (x) (4.19)
where
b 2
pr=p(1- PP¥ Y. (4.20)
1+wa

Note that in the Gaussian white noise limit wy — 0 with
Bwj — D, we recover Eq. (3.10) as expected. The sign of b*
defines the condition

Co = Bbwi — bwy — 1. 4.21)

If Cy < 0, the oscillator subjected to white shot noise is stable
in the mean, (x) — 0 as t — oo. The lower bound for the
fluctuations of the damping coefficient b[1 + ¢(¢)] is given
by b(1 — A). Equations (4.9) and (4.13) imply that A = Bwy,
and the condition (4.21) turns into

1 / 48
0<A<A*=—-|1 I+—.
<A< 2(+ +b>

If A < 1, the white shot noise does not change the nature of
the friction term. The fluctuating damping coefficient is never
negative and the fluctuating rate of energy dissipation is never

4.22)
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positive. In contrast to Gaussian white noise, there are no
random instances where the friction term represents an energy
pump. As expected, the oscillator is stable in the mean if
subjected to white shot noise with a nonnegative lower bound.
Indeed, since A* > 1, the condition A < 1 ensures that
(x) = 0 as t — 00. On the other hand, condition (4.22) also
clearly implies that negative fluctuations do not compromise
the stability of the oscillator in the mean, if their amplitude
is sufficiently small. The mean position of the oscillator still
goes to zero, (x) — Qast — oo, for 1 < A < A*. However,
as discussed in Sec. III, stability in the mean is a weak notion
of stability, and we analyze the second moments to determine
the conditions for which the oscillator is mean-square stable.

B. Mean-square stability

Using the Shapiro-Loginov formula for the averages (£ v?),
(¢xv), and (¢x?),

d(¢v?) _ dv? 5
o _<§W>_M<§U ), (4.23)
d(¢x?) | dx? )
T —<§W>—/\n<§x ), (4.24)
d(¢xv) [ d(xv) _
T <g“ yr > A (¢ xv), (4.25)
Egs. (3.11a), (3.11b), (3.12), and
(2%xv) = o1 (xv) + A2 (CxV), (4.26)
(%) = 01 (V%) + Ao (C0?), (4.27)

we write the system of six ordinary differential equations for
(x?), (v?), (xv), (¢v?), (¢ xv), and (¢x?) in the form

d(x?) .
Tl 2(xv), (4.28a)
2
dilvt - —2b(v?) — 2b(¢v?) — 207 (xv), (4.28b)
d(;tw = (v?) — b(xv) — b(xv¢) — w?(x), (4.28¢)
2
di: ) —2bo (V) — [2b(1 + Ay) + A1 1(Cv?) — 2% (x),
(4.284d)
d(i;tcv) = —boi(xv) — [b(1 + 12) + A1 [{¢xv)
+ (2v%) — o (¢x?), (4.28¢)
2
dflf D — aiex) — a(ea?). (4.28f)

Applying the limit (4.14) to Eq. (4.28d), we find that
—2bBwi(v?) — 2bwy + 1)(¢v?) =0, i.e.,

0 Zbﬁw% 2
(Cv7) = —wa0+1(v ).

Applying the limit (4.14) to Eq. (4.28e), we find that
—bBwi(xv) — (bwy + 1){¢xv) =0, i.e.,
bﬂwé
bwy + 1

(4.29)

(Cxv) = (xv). (4.30)
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FIG. 2. (Color online) Results from numerical stochastic simula-
tions to verify Egs. (4.29), (4.30), and (4.31). (a) (x?) and (¢ x?) versus
time. (b) Left-hand side (circles) and right-hand side (solid line) of
Eq. (4.30). (c) Left-hand side (circles) and right-hand side (solid line)
of Eq. (4.29). We have performed averages over 10° realizations,
8t =0.005, wo =02, w=3,b=1,and B = 5.

Application of the limit (4.14) to Eq. (4.28f) yields

(cx?) =0. 4.31)

In Fig. 2 we plot the left- and right-hand sides of Egs. (4.29)
and (4.30) determined via numerical simulations. To verify
the validity of Eq. (4.31), we plot (¢x?) together with (x?).
The figure demonstrates again excellent agreement between
the numerical and analytical results. Substituting Egs. (4.29),
(4.30), and (4.31) into the system (4.28) we obtain

d 2
Sct ) = 2{(xv), (4.32a)
4> 2bwo + 1 — 2bBu?
W _pp2hwet PW0 02y _ 2wt ixu).  (4.32b)
dr 2bwo + 1
d{xv) 5 bwy + 1 — bpw} 5
=ty p 0T IOy W), (432
ar (v) —b bwg & 1 (xv) —w(x). (4.320)

The solution of the system (4.32) can be written in the form
of Eq. (3.19) with

1 + 2bwy — 2bBw}

— 2 4.33
“ 1+ 2bw, (4.33)
bbwy+1— b,Bw(z)
0[2’3 = -
2 bwy + 1
1 b 1—bpw?\’
+ — . [p2 u — 8w?2. (4.34)
2 bwy + 1
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FIG. 3. (Color online) Stability diagram in the A-b/f plane for
the damped oscillator under white shot noise for w/g = 0.1. We
represent the critical curves provided by the conditions Cy = 0 and
C, = 0. In the upper (white) region, the oscillator is unstable in the
mean and in the mean square, (x) — oo and (x?) — coast — co.In
the intermediate (yellow) region, it is stable in the mean but unstable
in the mean square, (x) — 0 and {(x?) — oo ast — oo. In the lower
(blue) region, it is stable both in the mean and in the mean square,
(x) = 0and (x?>) - Oast — oo.

Note that the sign of «; depends on the sign of the new
condition

Ci = 2bBw}i — 2bwg — 1, (4.35)
while the sign of o, and w3 depends on the sign of Cy. In
Fig. 3 we have plotted conditions Cy and C;. In the blue
region, below the curve C; = 0, we have o} 3 < 0 and the
oscillator is stable in both the mean and the mean square. In
the region lying between Cy = 0 and C; = 0, the oscillator is
unstable in the mean square due to «; > 0. In the region above
Cp =0, we have a3 > 0 and the oscillator is unstable in
the mean as well as in the mean square. Note that in the
Gaussian limit wy — 0 with D = ,Bw(% = constant, condition
(4.35) reduces to bD < 1/2, and the condition for stability in
the mean, Eq. (4.21), turns into bD < 1, in agreement with
our previous results.

C. Thermodynamic stability

If A = Bwy < 1, then the friction force F is a true friction
force at all instances; the oscillator always dissipates energy.
This can also be clearly seen in Fig. 3, where the region
below A =1 corresponds to stability for any value of b and
B.If A =pBwy > 1, or if {(¢) is Gaussian white noise, the
fluctuations change the character of F at random instances. If
the fluctuations lead to negative values of b(¢) = b[1 + ¢ ()],
the fluctuating energy dissipation rate becomes positive. In
other words, the damping term corresponds to an energy pump.
We showed in Sec. III C that stability in the mean square and
thermodynamic stability coincide for Gaussian white noise.
This turns out to be true also for white shot noise. Indeed we

041137-7



MENDEZ, HORSTHEMKE, MESTRES, AND CAMPOS

find for the case of white shot noise from Eqs. (2.14) and (4.29)
that

d(E) 3 bl + 2bwy — 2bﬂw(2) ).

=-m
dt 1 4 2bwg

The sign of d(E)/dt for t > 0 depends only on condition Cy,
which is the condition for the stability in the mean square.

(4.36)

V. CONCLUSIONS

We have studied the instabilities of the stochastic linear
damped oscillator induced by a fluctuating damping parameter.
Due to the multiplicative character of the noise, the oscillator
is unstable in the mean and in the mean square if the noise
intensity is high enough. Given the form of the Hamiltonian,
stability in the mean square is more physically relevant than
stability in the mean, since the former guarantees the energetic
stability of the damped oscillator. We have considered a second
physically relevant stability criterion, namely, thermodynamic
stability. If the oscillator is indeed damped due to friction
forces for mechanical systems, or due to other dissipative
mechanisms in other types of applications that can be modelled
by simple harmonic motion, then the average rate of energy
dissipation should be nonpositive. This is a priori a stronger
stability criterion than mean-square stability. The latter is an
asymptotic criterion; the second moments must vanish as
t — oo. Thermodynamic stability requires that the average
energy dissipation rate be nonpositive at all times. Further, this
rate depends not only on (v?) but also on the cross correlation
between the velocity and the noise, (£ v?).

We have derived analytically conditions for stability in the
mean, in the mean square, and for thermodynamic stability for
two types of white noise, namely, for Gaussian white noise
and white shot noise. If the damping coefficient is subjected to
Gaussian white noise, then the fluctuations inevitably change

PHYSICAL REVIEW E 84, 041137 (2011)

the nature of the friction force. Gaussian white noise has
no lower bound, and negative fluctuations, which occur with
the same probability as positive fluctuations, turn the friction
mechanism into an energy pump. On the other hand, white
shot noise does have a lower bound and provides us with a
way to assess the effect of negative values of the fluctuating
damping coefficient on the stability of the oscillator.

If the noise intensity is considered as a control parameter,
then the dynamics of the stochastic oscillator undergoes
two bifurcations between three possible phases: (i) stable
(stable both in the mean and in the mean square), (ii)
thermodynamically unstable (stable in the mean but unstable in
the mean square), and (iii) unstable (unstable both in the mean
and in the mean square). For low values of the noise intensity,
the oscillator is stable. When the noise intensity increases and
reaches the lowest stability threshold, the oscillator becomes
thermodynamically unstable. When the noise intensity reaches
the second threshold, the oscillator becomes unstable.

We have shown analytically that stability in the mean
square, which is equivalent to energetic stability, coincides
with thermodynamic stability for Gaussian white noise and
Poisson white noise. This is an unexpected result, because
thermodynamic stability does not depend solely on the mean-
square values of the position and the velocity. As mentioned
above, it is also affected by the cross correlation between the
velocity and the noise. This poses the interesting open problem
of delineating the family of noises for which energetic and
thermodynamic stability coincide.
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