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Stochastically forced Hopf bifurcation: Approximate Fokker-Planck equation
in the limit of short correlation times

V. Altares and G. Nicolis
Faculté des Sciences, Université Libre de Bruxelles, Campus Plaine, CP 231, Boulevard du Triomphe,
1050 Bruxelles, Belgium
(Received 8 February 1988)

We derive an approximate Fokker-Planck equation up to first order in the correlation time for
a stochastically forced Hopf bifurcation. The general results are illustrated on the Brusselator
model. In the range of validity of our approximation, it is shown that the noise always postpones
the bifurcation point (appearance of new extrema of the probability distribution). This shift is a
decreasing function of the correlation time. Qualitative agreement is found with recent experi-
mental observations [L. Fronzoni, R. Mannella, P. McClintock, and F. Moss, Phys. Rev. A 36,

834 (1987)].

In recent years extensive investigations have been de-
voted to nonlinear systems driven by colored noise. Par-
ticular attention has been focused on the stationary'~” and
dynamical®'® properties of one variable system. In this
case there seems to be agreement between different
theories in the literature.'®!! On the other hand, the un-
derstanding of higher-dimensional systems is much less
complete: '*-1¢ Here the stationary probability density is
not, in general, known, even in the white-noise limit.

In this paper we are concerned with two-variable sys-
tems forced by colored noise and operating in the vicinity
of a Hopf bifurcation. In the absence of fluctuations, the
normal form theory!” provides a powerful tool for the
study of dynamical systems. This permiits the reduction of
the dynamical flow to a local universally valid form.
When external noise is incorporated into the normal form
approach, the situation becomes more delicate. One way
to tackle the problem is sim léy to let fluctuate the param-
eter of the normal form.'®!® However, because of the
complexity of the nonlinear variable change inherent in
the passage to the normal form, the above description does
not contain all terms describing the system-noise coupling
as they arise when the parameters fluctuations are studied
in the original system.!>222 A more satisfactory ap-
proach should therefore start by including the noise in the
original variables and then perform the reduction to the
normal form, keeping consistent track of the stochastic
terms in the successive transformations. 2-2?

Following this last point of view, we consider the nor-
mal form of a Hopf bifurcation with arbitrary coupling
between normal form variables and noise. The expres-
sions of the multiplicative functions in the stochastic
terms depend on the particular system under considera-
tion. By use of cumulant-projector techniques we derive
an approximate Fokker-Planck equation (FPE) up to first
order in the correlation time of the noise. To this order
our equation turns out to be identical with the best FPE
type”!® which would be obtained by a small-D approxi-
mation.

We apply our general result to the Brusselator model?
perturbed by multiplicative colored noise. This system
has been the subject of both recent analytical'* and exper-
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imental®* works. Our results which extend those of Lefev-

er and Turner explain qualitatively well the decrease of
the postponement of the transition on increasing the
correlation time of the noise observed by Fronzoni, Man-
nella, McClintock, and Moss. **

We study the normal form of a Hopf bifurcation'” in a
system in which some parameters are fluctuating:

F=f(r)+g(r,¢)z ,
¢))
o=o(r)+g)(r,0)z, .

Here f(r)=ar—pr3+0(3), w()=a+sr2+0(*)
are the standard deterministic parts of the normal form;
the functions g,(r,9), g2(r,¢), which depend on which pa-
rameters are varying, account for the coupling of the orig-
inal system with the colored noise z;. The noise is as-
sumed to be a Ornstein-Uhlenbeck process with a correla-
tion function given by>

-l (2)

We adopt here an approach based on cumulants and on
projection operator methods. Our procedure is similar to
the cumulant expansion scheme of Terwiel?® applied re-
cently by Sancho, Sagues, and San Miguel® in the context
of mean first passage times. We indicate briefly the main
steps in the derivation, referring to the abundant literature
for details. 2528

For each realization z;, we consider an ensemble of sys-
tems obeying to Eq. (1) with different initial conditions.
The probability density p(r,¢,t;z,) of finding one system
at a given point r,¢ of the phase space at time ¢ satisfies a
stochastic Liouville equation: 2%%7

0:p(r,0,t;z,) = —[98,(f + g1z, ) + 8,(0+ g22:) 1 p(r,0,1;2,) .

(3)

The probability density is obtained by avcraging
p(r,0,t;z) over the different realizations of the noise.2’ In
terms of operators we have

P(r,p,t) =Pp(r,¢,t;z,) , (€))

(z120) = % eye =7l

where the projection operator averages any function de-
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with
L- _e(a’f+a’m)‘(arg]+a’g2)21e -'(6,f+6,m)t . (8)

pending on the noise over all realizations of z:

Py(r,0,t) =(y)(r,0,t) ,

P2y =Py . ) Applying P and (1 —P) successively to Eq. (7), eliminat-
ing (1—P)®, and assuming uncorrelated initial condi-
In the interaction picture, tions between the system and the external noise source
ields a closed tion for P®:

<l>(r,¢,t;z,)-e(8’/ “'”)'p(r,d),t;z,) , 6) yields a eque‘x ton for
Eq. (3) becomes 8,Po=PL [ 'di'’K(t|1)L(Po") . ©)
0, 0=Ld , (7)  The operator K(¢|¢') is given by the following expansion:

|
4 t t

K@l =1+ [ an=PILe)+ [ a0 [ a1 =PILGDA -PILG) + - - - . (10)

With the strength ¢ and the correlation time 1/a of the noise being small, this formal expression may be seen as an expan-
sion in powers of ¢/y. All terms higher than the first three in Eq. (10) give contributions which are, at most, of order
€%/y? [note that owing to the Gaussian property of the noise and (z) =0, the second, fourth, etc., terms of Eq. (10) do not
contribute to Eq. (9)]. In order to derive an approximate FPE which contains the effects of the noise up to order 1/y, we

need to keep the first and third terms of Eq.(10).

Neglecting all corrections of order higher than 1/y and transforming back to original variables yields

t
9,P(r,p,t)=—@,.f+ 6,a>)P+j; ds(zez,—)(,81+0,g2) [1 —5(8,81+9,82)] {1+5[0,f+0,0— +€(d,81+3,g2) 21} P

t t 1
+ [Lar [ an [ dalaiz Nz )+ iz, Ka 2 Brg1+ 9,820 P | (an

After straightforward algebra, Eq. (11) becomes, for 1>>1/7,

0P =—9, [f + %e(gngx,gx,gz) + ‘;’f(frglgl, — /8t —f21,82, — wg182t @:8181,)

_a’

+ 192

812+'17(er? ‘fglgl,"wglgl,)]l’

+ ;— 63,6,

+ 1 €0}

with the notation y, =48,y, y,=d,y. The remarkable
fact is that as a consequence of the Gaussian character of
the noise, the contribution of order e2/y (which could pos-
sibly break the FPE structure) cancels. This implies that
Eq. (12) is identical, up to order 1/y to “the best FPE ap-
proximation.”"!° In our approach, the best FPE would be
recovered by truncating engansion (10) to the first term
(Bourret approximation®?’), discarding second-order
terms in ¢ in Eq. (11) (small-D approximation;”?’ linear
response theory?®), and summing up all the orders in
1/7.%7 As pointed out recently,!! care has to be taken
when using the best FPE beyond the first order in 1/y. In
fact, terms of order €2/y? neglected in the best FPE give
rise to third-order derivatives which, in the small noise
limit, could be of diffusive nature to order ¢/y%. Here we
bypass these difficulties by invoking the vicinity of the
white-noise limit and adopting 1/y as our expansion pa-
rameter in the derivation of Eq. (12). Note that, as ex-

P

1 1
ot “2‘6(8132,+81,gz) + '?:'—:j(frglgz, —f22,82,~ 021,85, — 0gl, — 0,8122,) ]P

1
28182+ 7Urgngz —f(182), — wg1,82— wgg2, + wrgf] ]P

g+ i( /8282, 0gaga,t a»gngz)]P , (12)

'pccted, in the white-noise case, Eq. (12) gives the Stra-
tanovitch version of the FPE associated with Eqgs. (1).12

A perturbative analysis!® of Eq. (12) shows that in the
limit e— 0, and in view of the circular symmetry of the
normal form, the stationary probability density P;(r,¢)
factorizes as

Py(r,0) =P(¢|r)P;(r) =Qx) ~'P,(r) . (13)

The radial part P(r) obeys a closed-form equation ob-

tained by integrating Eq. (12) over the angular variable.
We now investigate the effects of colored noise on the

two-variable chemical system known as the Brusselator?®

X=4—(1+B)X+X%Y ,
) (14)
Y=BX—-X?% ,

where X and Y are reactant concentrations, 4 and B con-
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trol parameters. This system undergoes a Hopf bifurca-
tion for the critical value B, =1+ A2 of the control pa-
rameter B. Following the ideas of previous works on this
model, '32* we consider here the bifurcation parameter as
a fluctuating quantity

B— B.(1+z,) . (15)

Our next step is to transform Eq. (14) together with (15)
to the normal form [Eqgs. (1)]. This is a very classical cal-
culation.!” Putting 4=1 for the sake of simplicity, we
finally arrive at the following expressions of the functions

appearing in Egs. (1):
fP)=%pr—3r3, o(r)=1—¢r?

g1(r,0) = —[cosp+2rcosp+ % r2cosp(2cos?p— 11 ,

1 (16)
g2(r,¢)=— 7[-—sin¢ —2rcos¢sing

+ & r25ing2sinZp — 1)1 ,

where g =(B) — B, is the unfolding parameter assumed to
be small, < 1. Recall that the normal form (1), (16) is a
local Taylor expansion of the dynamical flow valid in a
neighborhood r~pB'2. In this sense, terms higher than
the cubic one are neglected in the expression of f(r).

We are now in the position to apply our preceding re-
sults. Focusing our attention on the most probable values
of the radial variable, we introduce the stochastic poten-
tial U(r):

P(r) =Nre V¢ an

Here N is a normalization constant and the factor r ac-
counts for the passage to polar coordinates.!*?? As men-
tioned above the equation for P(r) is obtained by in-
tegrating Eq. (12) combined with Egs. (16) over ¢. After
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some lengthy calculation, the expression of the stochastic
potential reduces to

7
-+
6

U(r)--——2—{%ﬁr2—%r4+2e =h
€ 2y

rZ] . (18

The extrema of the potential, which determine the most
probable values satisfy the equation

L Brm—tri+2e|— L4 =0 (19)
6 2y

This relation gives us explicitly the role of the correlation
time of the noise in the transition leading to new extrema
in the probability density. We see that the postponement
found in the white-noise limit tends to be weakened by the
finiteness of the correlation time. We believe that here we
have a qualitative explanation of the decrease of the post-
ponement of the transition on increasing the correlation
time observed experimentally.?*

Noteworthy is the fact that in order to keep (r?) finite, ¢
should scale as!’

e=p% §=12 . (20)

This implies that the corrections introduced by the noise
in Eq. (19) are at most of the same order of magnitude as
the deterministic term (~r°) neglected in the normal
form. However, this term would only give an additive
contribution to the shift of the bifurcation point in the ab-
sence of noise. It will not affect the stochastic terms to
dominant order and will not modify our previous con-
clusions.

We wish to thank Dr. R. Lefever for critical comments.
V.A. acknowledges a fellowship from [I’Institut pour
I’Encouragement de la Recherche Scientifique dans
I'Industrie et I’Agriculture (IRSIA).

1C, Gardiner, Handbook of Stochastic Methods (Springer, Ber-
lin, 1984).

2W. Hortshemke and R. Lefever, Noise Induced Transitions
(Springer, Berlin, 1984).

3L. Arnold, W. Hortshemke, and R. Lefever, Z. Phys. B 29, 367
(1978).

4K. Lindenberg and B. West, Physica A 119, 485 (1983).

5V. Altares and G. Nicolis, J. Stat. Phys. 46, 191 (1987).

6P. Jung and P. Hanggi, Phys. Rev. A 35, 4464 (1987); R. Fox,
ibid. 34, 3405 (1987).

7J. M. Sancho, M. San Miguel, S. Katz, and J. Gunton, Phys.
Rev. A 26, 1589 (1982).

8P. Hanggi, T. Mroczkowki, F. Moss, and P. McClintock, Phys.
Rev. A 32, 695 (1985).

9J. M. Sancho, F. Sagues, and M. San Miguel, Phys. Rev. A 33,
3399 (1986).

10J. Masoliver, B. West and K. Lindenberg, Phys. Rev. A 35,
3086 (1987).

1S, Faetti and P. Grigolini, Phys. Rev. A 36, 441 (1987).

12B, West and K. Lindenberg, Phys. Lett. 95A, 44 (1983);
K. Lindenberg and B. West, Physica A 128, 25 (1984).

13A. Schenzle and T. Tel, Phys. Rev. A 32, 596 (1986).

141, Fronzoni, P. Grigolini, P. Hanggi, F. Moss, R. Mannella,
and P. McClintock, Phys. Rev. A 33, 3320 (1986).

I5SR. Lefever and J. W. Turner, Phys. Rev. Lett. 56, 1631
(1986).

I6R. Fox and R. Roy, Phys. Rev. A 35, 1838 (1987).

175, Guckenheimer and P. Holmes, Nonlinear Oscillations,
Dynamical Systems and Bifurcation of Vector Fields
(Springer, Berlin, 1983).

18R, Graham, Phys. Rev. A 25, 3234 (1982).

19F. Baras, M. Malek Mansour, and C. Van den Broeck, J. Stat.
Phys. 28, 577 (1982).

20, Knobloch and K. A. Wiesenfeld, J. Stat. Phys. 33, 611
(1982); M. Schumaker, Phys. Lett. A 122, 317 (1987).

21p, Coullet, C. Elphick, and E. Tirapegui, Phys. Lett. A 111,
277 (1985).

22C. Nicolis and G. Nicolis, Dyn. Stab. Sys. 1, 249 (1986).



RAPID COMMUNICATIONS

31 STOCHASTICALLY FORCED HOPF BIFURCATION: . .. 3633

23G. Nicolis and I. Prigogine, Self Organization in Non Equilib- 28R, Zwanzig, J. Chem. Phys. 33, 1338 (1960); S. Chatuverdi

rium Systems (Wiley, New York, 1977). and F. Shibata, Z. Phys. B 35, 297 (1979); M. San Miguel
24 Fronzoni, R. Mannella, P. McClintock, and F. Moss, Phys. and J. M. Sancho, J. Stat. Phys. 22, 605 (1980).

Rev. A 36, 834 (1987). 29L. Fronzoni, P. Grigolini, R. Mannella, and B. Zambon, Phys.
25R. Kubo, J. Math. Phys. 4, 174 (1963). Rev. A 34, 3293 (1986); P. Grigolini, Phys. Lett. A 119, 157
26R. H. Terwiel, Physica 74, 248 (1974). (1986).

27N. G. Van Kampen, Phys. Rep. 24, 171 (1976).



