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We study the motion of advected particles in the Kuramoto-Sivashinsky equation. We give numerical
evidence as well as analytical arguments for anomalous diffusion in which the particle displacement Ar
satisfies ([Ar(£)12)~t" where n> 1. We show that if the flow is initially seeded with many particles,
they will coalesce in time and that a passive scalar density tends to an asymptotic (time dependent) dis-
tribution, which, for given initial conditions on the velocity field, is independent of the initial distribution

of the passive scalar.

PACS numbers: 47.27.Qb, 05.40.+j, 05.45.+b, 47.52.+j

The problem of understanding the motion of advected
particles in a turbulent fluid is of both fundamental and
practical importance. Unfortunately it is also a very hard
problem of which our knowledge is far from complete
[1,2]. In the following we shall describe some new results
obtained in a simplified variant: fluid flow in one dimen-
sion. More precisely, we shall describe the advection of a
passive scalar in a simple nonlinear equation for a veloci-
ty field—the so-called Kuramoto-Sivashinsky (or Kura-
moto-Sivashinsky-Burgers) equation [3,4], which is,
perhaps, the simplest nonlinear field equation exhibiting
turbulence (i.e., spatiotemporal chaos) and applicable to
a wide class of phenomena from chemical turbulence [3]
to flame fronts [4]. When the motion of a single “dust
particle,” immersed in this one-dimensional turbulent
“fluid,” is followed, we find anomalous diffusion [5-10],
i.e., the mean squared distance ([Ar(z)]1?) traversed in
time ¢ grows as

([Ar ()12 ~¢7, )]

where n is larger than unity.

Similar effects are seen in the phase space of low-
dimensional chaotic systems [11] and experimentally in
the spreading of dye of a turbulent fluid surface [12].
Related phenomena have been seen in fluids with ordered
roll structures, as, e.g., convective rolls where an exponent
n=1% was theoretically predicted [13] and found experi-
mentally [14], and in Richardson’s famous “% law” [15]
for relative diffusion is fully developed turbulence, which
corresponds to n=3. Further one should note that such
anomalies are to some extent expected in low-dimensional
systems, being the analogs of the “long time tails” seen in
higher-dimensional transport coefficients (see, e.g., [16]).
Anomalous diffusion has also been studied in relation to
particle motion in models of 2D turbulence [17], when an
anomalous power spectrum for the stream function is as-
sumed, and by renormalization group methods (in arbi-
trary dimension) by assuming different forms of the
subgrid velocities [18].

In the Kuramoto-Sivashinsky (KS) equation we find

that particles coalesce instead of drifting apart, but the
motion of a single particle shows the anomalous ex-
ponent. The effect seems to be intimately connected with
the cellular structure being caused by large scale motions
of the pattern as a whole. As we shall see the strongly ir-
reversible character of the motion of random walkers
(Fig. 4) is a powerful probe of the underlying dynamics.
The equations we study are the following:

ou

=t uVu=—-Viu—viy, )
ot
ar (1) 3)
dt

where u(x,t) is a velocity field in one dimension and r(z)
is the trajectory of a particle immersed in the fluid. The
velocity field becomes turbulent with an irregular cellular
structure and the particle is attracted to the points where
the (strongly compressible) fluid converges, i.e., the zeros
in the velocity field, where u is positive to the left and
negative to the right. The other zeros are repelling.

We have initiated (2) with a random initial condition
(and periodic boundary conditions on a system of length
L) and let them evolve in time until a statistically steady
turbulent state is obtained [19,20]. Then we start (3) at
some random position and study the subsequent evolution
of r(¢) and u. Although the motion appears random, the
particle moves almost ballistically for long stretches— of
the order of several thousands of time units in a system of
L =1000. This anomalous appearance can be quantified
by looking at the mean square of the traversed distance
([Ar(£)1?) which is defined by averaging the square of the
displacement [Ar(1)12=1[r(t'+¢) —r(z')1? over the start-
ing time ¢'. In Fig. 1 a typical plot of ([Ar(z)1?) is shown.
It was obtained by averaging over ¢’ in (several) histories
r(¢) of 50000 time units in a system of effective size
L =4277.5 (using a spectral method [19]). It is seen
that, for times ¢ up to around 10000, we can fit very well
by the form (1) with an exponent n==1.4. For the largest
times normal diffusion is regained.

We have simulated the Kuramoto-Sivashinsky equa-
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Lal where the limit means t— oo (to get a stationary pro-
0% N cess) and infinite system size, L — oo,
' c In general, if we consider the Langevin equation
0 ° #=f(t) we can express the diffusion in terms of the
107 correlation function for f by the so-called Green-Kubo
N formula (see, e.g., [16]):
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o where again t must be large enough for the process to be
ol ° stationary. Now, in the equation for the advected parti-
. T R Y R cle, (1) =u(r(t),1) which we do not know until r(z) has
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FIG. 1. <IAr(t)]1%) vs t. The two dashed lines have slopes >
and %, respectively. The best fit gives n=1.38. The inset
shows the logarithmic derivative.

tion in different ways: by simple finite differencing with
different spatial resolution (lattice spacing 1 and 0.5) and
time steps (0.1 and 0.05) and further by a spectral
method [19]. In all cases the diffusion is clearly anoma-
lous, in the L =1000 case for times up to a few thousand.
The value of the exponent n varies, however, in the range
% <n< 3. For a system size L =1000 and lattice spac-
ing 1 we thus find n=1.33, whereas we find n=1.45 for
lattice spacing 0.5 (which is as small as we can make it
since every doubling of the spatial resolution costs a fac-
tor 16 in computing time). For smaller systems we see
similar behavior, but the crossover happens at shorter
times. We have also looked at higher moments of Ar(z),
with moments p up to 8, and we find that the scaling is
characterized very well by one scaling exponent indepen-
dent of p. Thus (|Ar(t)|?~¢"/2 and there is no sign of
“multifractality.”

To understand these results from an analytic point of
view, we shall use the well-known equivalence between
the Kuramoto-Sivashinsky equation and the Burgers
equation with noise [19-23]. In the latter equation

—?ﬁ+uVu=vV2u+n(x,t), (4)
the instability supplied by the negative surface tension in
(2) has been replaced by the noise n, where (n(x,t)
xn(x',t'))=—TV*(x —x")8(t —t') and a positive sur-
face tension.

For short times and small systems the statistical prop-
erties of (4) can be found from the linearized version [24]

du 2
= == V + . 5
5 Vu n(x,t) (5)

For this equation it is easy to compute correlation func-
tions. The general two-point correlation function for (5)
is

been calculated. To overcome this difficulty in a self-
consistent way, we shall now make the bold assumption
that we can describe the statistics of the advected particle
by the Green-Kubo formula, where the correlation func-
tion (f(z)f(0)) is replaced by (u(x+r,t+t)u(x,1))
evaluated at Ar =Ar(z) ={[r(z) —r©0)1>}'2. Thisis a
kind of mean field approach akin to those used in classi-
cal turbulence theory [2]. Although this approximation
will certainly get numerical factors wrong, we hope that
the scaling exponent n will be correctly reproduced.

We first apply this approximation to the linearized
equation (5) together with (3). If we let [Ar()1>=4vt
x¢(t) we get

1 | _
O=—5 | ——e W4z, (8)
o (1) td/ZJ; \/2_;6’ T
where [25] 1g=167v%/T"2. The solution is
[Ar ()12 =4vtp(1) =4veInl1 + (t/19) /2], 9)

which means that the diffusion is anomalous with ex-
ponent n=3% up to time 7o and then crosses over to the
behavior

(Ir(t) —r(O)1® ~¢Int . (10)

Unexpectedly, it never becomes quite normal. Such loga-
rithmic corrections have been predicted earlier in the con-
text to fluid flows through porous media [26]. For finite
systems the diffusion does finally become normal. The
largest correction to (6) in the limit L>1 is L ™!
xexpl — (27/L)?vt] (coming from the replacement of the
discrete sum over Fourier components k, =2zn/L by an
integral) and will lead to normal diffusion for times
larger than t; =L 2/4x?v.

For the nonlinear case (4) the precise form of the
correlation function is not known. Only the scaling form

(ux+ri+ulx,0))— 1t V"HGY ), an

where the scaling function H(E)— 0 for £— oo and
H(£)— const for £&— 0, and where the dynamical ex-
ponent z=7% [21]. Applying the same mean field ap-
proach as above we now see that there exists a self-
consistent solution
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FIG. 2. Space-time plot of many walkers. The flow was ini-
tially seeded with 46 walkers.

([r(e) —r(0)]12y~¢ 473 (12)

even asymptotically, in contrast to the case z =2 treated
above. We thus expect the diffusion to be anomalous in
the nonlinear case, cut off only by finite system effects. It
is interesting that asymptotic power law behavior is only
possible when z = 3 .

For the Kuramoto-Sivashinsky equation the true
asymptotic properties should be given by the nonlinear
case above with the result n=1%. We know, however,
that (2) behaves like the linear system for small L and
that the crossover to (4) is very slow [19,20). Further we
know that the effective surface tension v is very large, of
the order of 10, due to the cellular structure [20], which
means that ¢ defined above is huge. Finally we know,
also from [20], that the precise way in which we simulate
(2) changes the effective parameters in (4) and thus
changes the crossover point. Thus we should in principle
be able to see both ¥, ¢1nt, 1, and t*? depending on sys-
tem size and effective parameters. Of course we cannot
rule out the possibility that the asymptotic value of 7 is
different from 3 since we do not know the accuracy of
the mean field approximation made.

If we seed the flow with several particles, again pro-
pagated by (2) and one (3) for each particle we find that
they coalesce in time. Figure 2 shows the fate of 46 par-
ticles. After 2000 iterates only 5 remain. In this plot we
do indeed see some indication that the long stretches of
almost ballistic motion are caused by coherent motion of
patches in the cellular structure, since nearby walkers
tend to follow each other. This can also be seen in Fig. 3
where the zeros of the velocity field are shown. The thick
lines are the “attractive” zeros, where the particles like to
sit, whereas the thin lines are the repelling zeros. We see
that attractive lines do not split in time. They only
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FIG. 3. Space-time plot of the zeros of the velocity field.

coalesce, and pairs of attractive/repelling lines can be
created. The splitting, on the other hand, takes place
around the unstable zeros. This asymmetry is related to
the invariance of (2) under u— —u, x— —x, t— —1t;
i.e., attractive lines can be changed to repelling lines
backwards in time. If we think of Fig. 3 as a small part
of a long time history, the walkers will populate some of
the attractive lines emerging at the bottom of the picture.
Subsequently these lines meander and coalesce with other
attractive lines, but do not split. Thus the walkers will
diffuse and coalesce as well. Figure 2 is extremely remin-
iscent of paths formed by directed polymers in a random
environment [27]. In fact, the scaling exponent n=% is
precisely the one found there.

The *‘attracting,” i.e., coalescing, property of the many
particle system can be seen clearly when we study the
properties of a passively advected scalar field—i.e., a den-
sity of particles. The equation for a passive scalar, con-
served density T is (see, e.g., [28])

ST 1 v(Te) =xV1T, (13)
ot
combined with the KS equation (2). What we have stud-
ied above is the limit x— 0.

In Fig. 4 we show the field T after 10° times units (for
L=1000 and x=2). The initial condition was 7 =0
everywhere except at x =500, where it was 1, i.e., a ‘‘sin-
gle drop of ink™ in the center. Again, the final density
clearly reflects the cellular structure. And, strangely
enough at first sight, the distribution is unique: Although
it will still vary in time, different initial distributions
T(x) will all lead to the same final state— provided, nat-
urally, that the initial conditions for the velocity field are
the same. Thus Fig. 4 could be obtained just as well with
a uniform initial 7(x) =const. It is amazing that the dy-
namics of the passive scalar retains this attracting proper-
ty even though the velocity field is turbulent in the sense
of having many positive Lyapunov exponents (see, e.g.,
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FIG. 4. The passive scalar field 7, evolved from a single
“drop of ink in the center.”

[29]). It would be of importance to understand the valid-
ity of the “mean field” approximations used here to cal-
culate the exponent 1. Two recent papers analyze prop-
erties of passive scalar motion by path integrals [30] and
by renormalization group flows [31]. Maybe these tech-
niques can be extended to the problem treated here.

We would like to thank C. Jayaprakash, P. Cvitanovié,
M. Jensen, P. Grassberger, J. Kurths, J. J. Rasmussen, E.
Ching, G. Grinstein, P. Saffman, J. Krug, and T. Hwa
for stimulating discussions and to Y.-C. Zhang for pro-
viding us with Ref. [30]. A.P. thanks the Niels Bohr In-
stitute for hospitality, while this work was initiated. T.B.
would like to thank Novo-Nordisk Foundation for sup-
port and the Institute for Theoretical Physics in Santa
Barbara for hospitality while this work was completed.
This research was supported in part by the National Sci-
ence Foundation under Grant No. PHY89-04035.

[11 A. S. Monin and A. M. Yaglom, Statistical Fluid
Mechanics (MIT Press, Cambridge, 1975), Vol. 2.

[21 W. D. McComb, The Physics of Fluid Turbulence (Ox-
ford Univ. Press, Oxford, 1991).

[31 Y. Kuramoto, Chemical Oscillations, Waves and Tur-
bulence (Springer, Berlin, 1984).

[4] G. L. Sivashinsky, Acta Astron. 4, 1177 (1977).

[5]1 P. Lévy, Theorie de I’ Addition des Variables Aléatoires
(Gauthier-Villars, Paris, 1937).

[6] B. B. Mandelbrot, The Fractal Geometry of Nature
(Freeman, San Francisco, 1982).

[71 J. Feder, Fractals (Plenum, New York, 1988).

[8] J. Klafter, A. Blumen, and M. F. Shlesinger, Phys. Rev.
A 35, 3081 (1987).

[9] M. F. Shlesinger, Physica (Amsterdam) 38D, 304 (1989).

[10] A. Chernikov, B. Petrovichev, A. Rogal’sky, R. Sagdeev,
and G. Zaslavsky, Phys. Lett. A 144, 127 (1990).

[11] T. Geisel and J. Nierwetberg, Phys. Rev. A 29, 2305
(1984); J. B. Weiss and E. Knobloch, Phys. Rev. A 40,
2579 (1989); V. V. Afanasiev, R. Z. Sagdeev, and G. M.
Zaslavsky, Chaos 1, 143 (1991).

[12] R. Ramshankar, D. Berlin, and J. P. Gollub, Phys. Fluids
A 2, 1955 (1990).

[13] Y. Pomeau, A. Pumir, and W. R. Young, Phys. Fluids A
1, 462 (1989).

[14] O. Cardoso and P. Tabeling, Europhys. Lett. 7, 225
(1988).

[15]1 L. F. Richardson, Proc. R. Soc. London A 110, 709
(1929).

[16] Y. Pameau and P. Resibois, Phys. Rep. 19, 63 (1975).

[17]1 A. R. Osborne and R. Caponio, Phys. Rev. Lett. 64, 1733
(1990); A. V. Gruzinov, M. B. Isichenko, and Ya. L. Kal-
da, Zh. Eksp. Teor. Fiz. 97, 476 (1990) [Sov. Phys. JETP
70, 263 (1990)]; M. Ottaviani, Europhys. Lett. 20, 111
(1992); M. B. Isichenko, Rev. Mod. Phys. 64, 961
(1992).

[18] M. Avellaneda and A. J. Majda, Phys. Rev. Lett. 68,
3028 (1992).

[19]1 S. Zaleski, Physica (Amsterdam) 34D, 427 (1989).

[20] K. Sneppen, J. Krug, M. H. Jensen, C. Jayaprakash, and
T. Bohr, Phys. Rev. A 46, 7351 (1992).

[21] D. Forster, D. R. Nelson, and M. J. Stephen, Phys. Rev.
A 16, 732 (1977).

[22] M. Kardar, G. Parisi, and Y. C. Zhang, Phys. Rev. Lett.
56, 889 (1986).

[23] V. L’vov, V. V. Lebedev, M. Paton, and I. Procaccia,
“Proof of Scale Invariant Solutions in the Kardar-Parisi-
Zhang and Kuramoto-Sivashinsky Equations in 1+1 Di-
mensions: Analytical and Numerical Results” (to be
published).

[24] S. F. Edwards and D. R. Wilkinson, Proc. R. Soc. London
A 381, 17 (1982).

[25] The value of the crossover time #o is only expected to be
correct up to a numerical factor due to our mean field ap-
proach.

[26] G. de Josselin de Jong, Trans. Amer. Geophys. Union 39,
67 (1958); P. G. Saffman, J. Fluid Mech. 6, 321 (1959).

[27] M. Kardar and Y.-C. Zhang, Phys. Rev. Lett. 58, 2087
(1987).

[28] L. D. Landau and E. M. Lifshitz, Fluid Mechanics (Per-
gamon, New York, 1959).

[29] Y. Pomeau, A. Pumir, and P. Pelcé, J. Stat. Phys. 37, 39
(1984).

[30] Y.-C. Zhang, ““‘1/6 Law of a Passive Scalars in Turbulent
Fluids™ (to be published).

[31] A.L. Barabasi, Phys. Rev. A 46, R2977 (1992).

2895



