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Fig. 1. Realization sketch of a polarized electric field™: E,
E, are two ac electric fields perpendicular to each other,
where Ep, we are the amplitude and the frequency of the
electric field, respectively, and ¢e, ¢zy are the initial

phase and the phase difference, respectively.
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Fig. 2. Polarized electric fields at different phase differences.
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Fig. 3. Clockwise (cw) rotating spiral waves without electric

(a) 3R 3%

field 9 (a) Highly excitable medium; (b) weakly excitable

medium.
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Fig. 4. Drifting behaviors of cw spirals under the influence of a polarized electric field™: (a),(b) Drifting behaviors of spirals under
the influence of a cw ( ¢y = 0.5n) and a counterclockwise (ccw) (@zy = 1.5m) circularly polarized electric fields (CPEFs) with
we=2w, ¢pe =0, ®=0, and w being the frequency of the spiral waves; (c),(d) dependence of theoretical (lines) and numerical
(circles) drift speeds on the phase difference ¢.y; (€),(f) dependence of theoretical (lines) and numerical (circles) drift angles on the
phase difference ¢gy. When the drift speed is 0 (¢zy = 1.5m), the drift angle cannot be defined. (a),(c),(e) Highly excitable medi-
um; (b),(d),(f) Weakly excitable medium.
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Fig. 5. Trajectories of spiral tips without control (a)—(e) and under control (f)—(j) of CPEFPY. The size in the same column is

identical.
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Fig. 6. Arnold tongue of the (we, Eg)-plane of CPEFP!:
Lines and circles denote the theoretical and the numerical

results, respectively.
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Fig. 7. Coherent state out of defect-mediated turbulence ac-
companied by chiral symmetry breaking®®l: (a) An initial
defect-mediated turbulence state consists of ccw spiral de-
fects (black dots) and cw ones (white dots); (b) coherent
state with only ccw spiral waves exists in the asymptotic
state when the system is coupled to a ccw CPEF with
we = 1.25 and Eg = 0.20; (c) similar to (b) but with a cw
CPEF, and in such a case, only cw spiral waves survive in

the system.
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Eo=1.0, we =1.22.
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Fig. 13. Ordering of scroll wave turbulence by switching on
a ccw CPEF at t =0 with Ep = 0.4 and rotation fre-
quency we = 1.2455 equal to the natural spiral wave fre-
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quency wp . Filaments are shown in yellow.
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Fig. 16. Distribution of the membrane potential induced by CPEF and uniform electric field (UEF)): (a) CPEF in Luo-Rudy model,
Eyp =0.05 V/em, we =0.2rad/ms; (b) UEF in Luo-Rudy model, Ey = 0.05 V/cm; (¢) CPEF in Barkley model, Ey = 0.05,
we = 4; (d) UEF in Barkley model, Ey = 0.05.In Luo-Rudy model, the obstacle size R = 0.32 cm, and in Barkley model, R = 3.
The red dotted arrows represent the directions of electric fields. The red curved arrows mean CPEFs rotate counterclockwise. The

red and the blue regions around obstacles demonstrate de-polarizations and hyper-polarizations, respectively.

t =20 ms t =40 ms t =105 ms

17 e Ak F 37 25 B 00 I 41 5 5% 0 T FLIRE B 49 (a) Luo-Rudy BB | W2UjiE 9% 47 % ws = 0.136 rad/ms , [& % 1k #1357
Eo=0.7V/em, we = 0.1 rad/ms ; HLIH/E AT £ = 0—46.2 ms, BEALHE G T BRI AAL N de ; WEHE W AR T 2 489
BIAHADE ¢ps = 0 (b) Barkley £ 5, SR TE I 451 % ws = 1.024, B AL By = 1.8, w. = 3.686; HLIHIER BT t = 0—6. NFI
N 3R A [a) g 220 B A3 Ak HRL 35 980 7 A W A I8, S R ST 43 3ol R W0 AR ) BT LIS RE 38 . 25 5T 4L 5 mo R e . 1 € 7 Sk FRom B iy £%
#7519

Fig. 17. Unpinning the cw rotating anchored spiral by CPEFY): (a) Luo-Rudy model, the frequency of spiral ws = 0.136 rad/ms ;
Eo=0.7V/em, we = 0.1rad/ms; CPEF is applied from ¢t =0 to ¢t = 46.2 ms. ¢ is the initial phase of CPEF relative to z axis;
¢s is the initial phase of the anchored spiral front relative to z axis and sets as zero; (b) Barkley model, ws =1.024, Eo =1.8,
we = 3.686 ; CPEF is applied from ¢t =0 to t = 6. N and N’ represent different new waves nucleated by CPEF in different time. S

and S’ represent the initial anchord spiral and the new free spiral, respectively. White arrows are the propagation directions of waves.
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Fig. 18. Unpinning scope of CPEF (gray) and UEF 1000 ms; (¢) ¢ = 1800 ms; (d) ¢ = 2800 ms
(shaded) in Barkley model™: SW, NW, RW and BI re- Fig. 20. Suppression of spiral turbulence by CPEF[®%:
gions represent spiral waves, no wave, retracting waves and Eo=1.0V/em, wepgr = 0.14rad/ms: (a) t = 0; (b) ¢t =
bi-stability, respectively; for CPEF, Eg = 1.8, we = 3.6 ws 1000 ms; (c) t = 1800 ms; (d) ¢ = 2800 ms.
and for UEF, Ep = 7.
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Fig. 19. The frequency relations between the circular wave
train and CPEF in a two-dimensional quiescent medium!*?:
Eo=1.0V/ecm, 0.065 rad/ms < weppr < 0.22 rad/ms; weir
is the frequency of the circular wave trains, and wyr is the

dominant frequency of the spiral turbulence.
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Fig. 21. The frequency relations between the circular wave
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train and UEF in a two-dimensional quiescent medium!*’:
Ey =1.0V/ecm, 0.065 rad/ms < 0.22rad/ms ; the

pulse duration is 10 ms; w is the frequency of the circu-

< WCPEF

lar wave trains, and wy,r is the dominant frequency of the

spiral turbulence.
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(New York: Springer-Verlag) pp258—302
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Control of spiral waves in excitable media
under polarized electric fields®
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Abstract

Spiral waves are ubiquitous in diverse physical, chemical, and biological systems. Periodic external fields,
such as polarized electric fields, especially circularly polarized electric fields which possess rotation symmetry
may have significant effects on spiral wave dynamics. In this paper, control of spiral waves in excitable media
under polarized electric fields is reviewed, including resonant drift, synchronization, chiral symmetry breaking,
stabilization of multiarmed spiral waves, spiral waves in subexcitable media, control of scroll wave turbulence,

unpinning of spiral waves in cardiac tissues, control of spiral wave turbulence in cardiac tissues, etc.
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