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Eliminating spatiotemporal chaos and spiral waves by weak spatial perturbations
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The possibility of eliminating spatiotemporal chaos and spiral waves by weak spatial perturbations in a
spatially extended dynamical system is demonstrated numerically through the example of a wide-aperture
laser. The time-independent weak spatial perturbation can effectively migrate the system from the state of
spatiotemporal chaos or spiral waves to that of traveling waves. The threshold and the controllable range of the
control parameters are given. By varying the amplitude or the spatial wave vector of the perturbation, drastic
changes in the spatiotemporal dynamics are found.

PACS numbdis): 05.45—a, 42.65.5f, 47.54.r

Spatiotemporal chaos and spiral waves exist extensivelgdisappear, it is a powerful way of controlling spatiotemporal
in dynamical systems with spatial extension, such as cardiadynamics from the point of view of practical usefulness due
tissue, the Belousov-Zhabotinsky reaction, hydrodynamicalo its experimental feasibility.
systems, and optical systems. In some cases spatiotemporal For a demonstration of our method, we use a coherently
chaos and spiral waves are undesirable because of thedptically pumped two-level laser model which has received
harmfulness. For example, a Strong tornado can do gre&pnsiderable attention in the inVeStigation of chaotic dynam'
damage to human beings; fibrillation in the ventricular myo-ics [28]. The spatially extended laser system is described by
cardium causes fatal cardiac diseases. Therefore, an effecti®e normalized Maxwell-Bloch equations with transverse
way of eliminating them is highly desirable. Since the firstcoupling through diffraction:
suggestion of controlling chaos by Ott, Grebogi, and Yorke
(OGY) [1], considerable research has been focused on this E:U(its_ 1)E+oP+iV2E (1)
field of controlling both tempordll—14] and spatiotemporal dt o
chaos[15-20. The method developed to control temporal P
chaos can be classified into three main schemes: discrete .
feedback[1-5], continuous feedbacf6,7], and weak peri- ot (i6+1)P+RE-ED, 2
odic perturbatiorf8—14). Early efforts toward suppression of
spatiotemporal chaos were made by the extension of the D N N
OGY algorithm[15,16|. Later Lu et al. [19] extended the —r = bD+2(EP*+E*P), )
delayed feedback method suggested by Pyraghto con-
trol spatiotemporal chaos in an optical system. Maetiral.  whereE, P, andD are the electric field, atomic polarization,
[20] suggested a Fourier space method to control unstablgnd population inversion, respectivelfj? is the two-
patterns in a mean-field model for a two-level medium in angimensional transverse Laplacianandb are the damping
optical cavity. Hochheiseet al. [21] applied a spatial filter rate of the electric field in the cavity and the damping rate of
with delayed feedback to a wide-aperture laser model foghe population inversion, respectively, normalized to the
controlling optical turbulence. Phase Fourier filters were alsqiamping rate of the atomic polarizatios,is the detuning
used in manipulating spatiotemporal dynamics in a spatiallyyetween the electric field and the resonator, & the
extended nonlinear optical system with a feedb&2R].  nump parameter. Considering experimental feasibility, we

Mamaev and Saffmaj23] and Jenseet al.[24] experimen-  apply a spatial perturbation to the pump. The perturbed
tally suppressed optical turbulence by Fourier plane filteringpymp can be written as

On the other hand, controlling spiral waves has also attracted

much attention recentlf25] due to its great potential appli- R=Rg[1+ af(r)], 4
cations. Herein, we wish to find out whether a time-

independent weak spatial perturbation, which has been sughereR; is the unperturbed pump is the amplitude of the
cessfully used to stabilize, select, and track unstable spatiglerturbation, and(r) is the two-dimensional spatial pertur-
patterns both theoreticalj26] and experimentally27], can  bation function with an amplitude of unity. In order to keep
eliminate spatiotemporal chaos and spiral waves in a spdhe perturbation weak, the perturbation amplitudshould
tially extended dynamical system. In this work the spatialbe much smaller than 1. In cases without spatial perturbation,
perturbation method is used to control spatiotemporal dyprevious theoretical and experimental studi2g] in lasers
namics which do not exist in the system of Rgf6] where  and nonlinear optical systems have shown that these spatially
all the patterns are time independent. Although our method isxtended optical systems ubiquitously possess spatiotempo-
intrusive because more or less variations are introduced comal chaos and spiral waves. We wish our perturbation func-
pared to the original system and the perturbation does ndton in Eq. (4) to have a taming effect on spatiotemporal
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FIG. 2. Spatial power spectra of the figl) corresponding to
Fig. 1.
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FIG. 1. Temporal evolution of the transverse field distribution wave state because of the spatial perturbation. A typical re-
[Re®)] for the process of eliminating spatiotemporal chaos. Thesy|t of eliminating spiral waves is shown in Fig. 4, with the

time after exerting the spatial perturbation@ t=0 (no perturba- corresponding spatial power spectra shown in Fig. 5. Figures
tion), (b) t=6000,(c) t=19 700, andd) t=26 000. The parameters 4(5) and Fa) show the original spiral wave without spatial
are 6=0.25,R,=1.8, andk=1.152. In all figures the parameters a1 rhation. We can see that the rotation of the spiral wave
and variables are dimensionless unless otherwise indicated. is first broken by the spatial perturbation and a pacemaker
appears at the position of each spiral core at an early stage of

chaos and spiral waves and to migrate the system to thge elimination{ Fig. 4(b)]. Gradually, only the local defect at
desired uniform traveling wave state. Recalling the apthe position of the original spiral core that is most robust
proaches to controlling temporal chaos by using a weak peexists[Fig. 4(c)]. Finally, the system asymptotically evolves
riodic forcing[8-14] and the form of spatial perturbation in to the final traveling wave statgFig. 4b)] with a single
stabilizing roll patterns[26], we choose the perturbation spatial Fourier componefiFig. 5(d)]. The amplitude of the
function asf(r)=€'*", which is the spatial part of a travel- spatial perturbation used is=0.045. In this case the thresh-
ing wave, wherek is the wave vector with a magnitude of old value of the amplitude of the spatial perturbation for
k=|K|. eliminating the spiral waves is aroung;,~0.035, anda

The results that we will present were obtained by numerimust be larger thany, in order to eliminate the spiral waves.
cally integrating Eqgs(1)—(3) with the spatially perturbed In order to explore the global responses of the system to
pump defined in Eq(4). The integrations were performed the spatial perturbation, we systematically studied, in detail,

using a split step spectral method on ax@# grid with a  the spatiotemporal dynamics in the plane of the control pa-
box size of 16r. We fix the parameters=3 andb=1. A

typical result of eliminating spatiotemporal chaos is shown 1.5 @ 1.5 )
in Fig. 1, where the real part of the field is presented in grayt 197 Lot

scale. Figure () is the spatiotemporal chaotic state before & 0> oo

the spatial perturbation is exerted on the system. From theg _q 5 —0.5

successive Figs.(f), 1(c), and 1d) obtained after the spatial & -1.0f -1.0 }
-1.5

perturbation is exerted, we can see that the spatiotempore ~1!-5

. . .. . . 0 100 200 300 400 500
chaos is effectively eliminated and a uniform traveling wave

0 100 200 300 400 500

is finally obtained. The amplitude of the perturbation used is 1.5 o '° @
«=0.045. In this case, the threshold value for the amplitude2 1.0} 1.0}
is arounday,~0.032. If the value ofr is smaller tharwy, the 2 05 0.5 L
spatiotemporal chaos cannot be eliminated. The spatias ool o0 L

power spectra of the field corresponding to Fig. 1 are shown®
in Fig. 2, from which we can clearly see that all the chaotic
components disappear gradually after the spatial perturbatior
is exerted and finally only the component of the traveling t t

wave can be found. Figure 3 shows the local temporal wave |G, 3. Wave forms of the local field at the center of the inte-
forms of the real part and the intensity of the field at thegrating box:(a) Real part without spatial perturbatidspatiotem-
center of the integration box. As expected, the real part angoral chaoj (b) real part with spatial perturbatidtraveling wave,

the intensity of the field become periodic and constant, refc) intensity corresponding tts) and(d) intensity corresponding to
spectively, after the system has migrated to the travelingb). The parameters are the same as in Fig. 1.
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FIG. 6. Magnitudek, of the output traveling wave vector versus
FIG. 4. Temporal evolution of the transverse field distribution (a) the amplitudex of the perturbation an¢b) the magnitudek of
[ReE)] for the process of eliminating spiral waves. The time afterthe wave vector of the perturbation. The points represent actual
exerting the spatial perturbation (8 t=0 (no perturbatiopy (b) t results and they are connected by lines to guide the eye. The pa-
=40, (c) t=2000, and(d) t=6000. The parameters arz=0, R, rameter values: solid dotk=2.074; circlesk=1.152; squaresy
=5, andk=1.152. =0.12; empty trianglesg=0.045; solid trianglesg=0.033.

rameters(the amplitudea and the magnitudé of the wave that even in the case of a very small perturbation amplitude

vector of the perturbation signalwe find that in a large the control is successful in a large rangekofFor large «

range ofa andk the spatiotemporal chaos and spiral waves ; : .

: P . values, we find that there exists an upper liajf; of « for
can be effectively eliminated and the system migrates to A.chk For example. we et ~0198 for k=2.074
traveling wave statéwe say it is controllable For eachk ' P, g€y ~0. R

: . . Defect-mediated turbulence appears above this limit. It is
value there exists a threshodg,, of the perturbation ampli- interesting to show the dependence of the magnitugdef
tude a. Only whena> ay, is the system controllable. Below 9 P 9

oy, the traveling waves become unstatilee Eckhaus insta- the wave vectors of the controlled traveling waves on the

bility). The thresholdry, is dependent on the value kf but control parameters an_dk in the controllable region. Some
. results are shown in Fig. 6. It is seen that they are nonmono-
stays small in the whole controllable range lof For ex-

N - - tonic and the value ok, is not the same as that &f These
inlp;ez,gfg:]ga— 220502?35(0;21 087 4W§ogr]jt:a6ha30éot2héocrokn_ results demonstrate how a time-independent spatial perturba-
troII.abIe rangéhfok.is betweenll 0§5 and 2 5;35 We thus seetlon’ even i relatn_/ely wgak, can c_hange the dynamics of the

' ' ' system in a drastic fashion—spatiotemporal chaos and spiral
waves can be eliminated, stable traveling waves can be ob-
tained, and nonmonotonic behavior kbf versusk and «
emerges. Similar phenomena were found in the temporal sta-
bilization of multimode solid state lasers by using small pe-
riodic modulationg14]. The mechanism can be understood
as follows. Because the spatiotemporal dynamics is ex-
tremely sensitive to variations of the system parameters, a
very weak perturbation to one of the system parameters can
effectively migrate the spatiotemporal chaotic state to a pe-
riodic one. On the other hand, if the perturbation is too
strong(e.g., the amplitude of the perturbation signal is com-
parable to that of the laser outpuhe external force will
compete with the intrinsic dynamics. This competition in-
duces new instabilities.

In conclusion, we have shown that a weak spatial pertur-
bation can effectively eliminate spatiotemporal chaos and
spiral waves. With the example of a wide-aperture laser sys-
tem, we have demonstrated that a time-independent spatial
perturbation migrates a spatially extended dynamical system

FIG. 5. Spatial power spectra of the figlf) corresponding to  from a state of spatiotemporal chaos or spiral waves to a
Fig. 4. uniform traveling wave state. These results may present a

Power Spectra (Arbitrary Units)
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clue to understanding why tornadoes are usually and morspiral wave of electrical activity into multiple spirals leading
easily born in plaingbecause fewer spatial perturbations ex-to a spatiotemporal chaotic stdt80]. Therefore, our spatial
ist therg and suggest construction of proper obstacles on thgerturbation method of controlling spatiotemporal dynamics
ground, as weak spatial perturbations, to eliminate them. Dug of general relevance and great importance.

to the experimental feasibility of realizing spatial perturba-

tions, this method may also be used to eliminate fatal cardiac This research was supported by the National Natural Sci-

fibrillation, which is widely believed to be the breakup of a ence Foundation of China.
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