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We experimentally investigate the cooperative excitations in the transition from a self-excited
three-dimensional ordered plane wave to a defect-mediated turbulence (DMT) state with multiple unstable
defect filaments in a dusty plasma system. It is found that, with increasing effective driving, a single acoustic
vortex (AV) with positive or negative helicity winding around a long straight defect filament with small wiggling
in the 2 + 1D (dimensional) space-time space starts to emerge along the center axis of the small dust cluster.
The sequential ruptures of the crest surfaces from the cluster boundary followed by their reconnection with
adjacent ruptured crest surfaces, or repelling one of the pairwise generated defects out of the boundary, are the
key for the single AV generation. Further increasing driving makes the single defect filament exhibit helical
excursion in the 2 + 1D space. The system eventually enters the state with a few short-lived AVs and the DMT
state with multiple AVs. The gradual increasing defect filament fluctuations and defect number in the transition
to the DMT more strongly distort the nearby waveforms, which leads to the transition from the emergence of
distinct sideband peaks to the broadened peaks in the power spectra of temporal dust density fluctuation. For the

system with a larger cluster size, the single AV states are skipped in the transition to the DMT state.
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I. INTRODUCTION

Under increasing driving, the ordered wave state can be
changed to the wave turbulent state through the weakly dis-
ordered wave state. It occurs ubiquitously in many extended
nonlinear dissipative media, such as acoustic, fluid, plasma,
and optical systems [1-6]. For the weakly disordered state,
modulation instability can cause waveform undulation with
phase and amplitude modulations, and the broadening of
the sharp peaks (fundamental and harmonic modes) in the
power spectrum for systems governed by nonlinear wave
equations such as Landau-Ginzburg or nonlinear Schrédinger
equations [7—12]. Fluctuating defects emerge at the troughs of
modulation envelopes, where amplitudes are null and phases
are undefined. It leads to what is termed defect-mediated
turbulence (DMT) for the weakly disordered wave state dom-
inated by a single wavelength scale. For two-dimensional
(2D) and three-dimensional (3D) systems, defects appear in
the form of fluctuating filaments with various lengths in the
2+ 1D and 3 + 1D space-time space, respectively [13—-16].
Nevertheless, the detailed transition from the ordered plane
wave state to the DMT state with many fluctuating defect
filaments, especially for the 3D traveling wave and associated
spatiotemporal waveform dynamics, remains elusive.

The screw-type dislocation with a helical waveform wind-
ing around the defect filament is the fundamental singular
excitation in 3D traveling plane waves [17-22]. In acoustic
and optical waves, screw dislocations are also called acous-
tic vortices (AVs) and optical vortices (OVs), respectively
[14,17,23]. Their defect filament cores with null amplitudes
are also referred to as amplitude hole filaments, the lines
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of silence and darkness, respectively [23,24]. In past exper-
imental studies, AVs and OVs have been mainly passively
generated, through the interference of waves with the same
frequency but different phases excited through passing phase
plates or by oscillating driver arrays with programed phase
delay [14,17,19-21].

On the other hand, for the 3D traveling acoustic type wave
in the DMT state, recent studies on the self-excited dust
acoustic wave (DAW) demonstrated the spontaneous pairwise
generation and annihilation of AVs with opposite helicities
winding around a pair of defect filaments in 2 4 1D space-
time space, which conserves the topological charges (AV
helicities) and angular momentum [24,25]. The multiscale
temporal fluctuations of defect number in xy space following
power-law decay in the power spectrum, and the defect fila-
ment trajectories with uncertain lengths and motion, manifest
in the absence of long-time predictability of defect motion
in xyt space [25]. Note that the 2D xy space is the plane
normal to the wave propagation direction. The waveform
undulation through modulation instability induces sequential
rupture and reconnection of adjacent wave crest surfaces.
It is the key for the spontaneous pairwise generation and
annihilation of AVs with opposite helicities, located at the
two ends of the rupture and reconnection lines with finite
lengths on wave crest surfaces. Those spontaneously excited
moving and interacting AVs are the basic coherent excitations
for characterizing 3D acoustic-type waveform dynamics [24].
The emergence of those fluctuating defects is also associated
with the broadening of the sharp peaks in the power spectrum
of the temporal local density fluctuations in the ordered plane
wave state [25].
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Nevertheless, the previous works were conducted in the
DMT state mainly with pairwise defect generation and an-
nihilation [24,25]. The following fundamental issues in the
transition from the ordered plane wave state to the DMT
state with fluctuating multi-AVs remain unexplored. (A) Is
it possible to spontaneously enter a single AV state, which
seems to violate topological charge conservation? (B) If yes,
what is the generation mechanism? (C) What is the transition
scenario from the ordered plane wave state to the above
DMT state with multi-AVs? (D) How are the dynamics of
mono-AV to multi-AVs and the broadening of the dust density
fluctuation spectra correlated?

In this work, the above unexplored fundamental issues
are addressed experimentally in self-excited DAWs. Defect
filament trajectories and surrounding waveforms in xyr space
are tracked, where the xy plane is the plane normal to the
wave propagation direction. For the small dust cluster that
is 13 mm in diameter, we demonstrate the transition from
the ordered plane wave state I to the DMT state V through
the emergence of a single AV with helical waveform winding
around straight and helical defect filaments (states II and III,
respectively; see also Sec. III. C), and a few short-lived AVs
(state IV). The gradual loss of the defect filament stability
more strongly distorts the surrounding waveforms. It leads to
the transition from the emergence of distinct sideband peaks
to the broadened peaks in the temporal power spectra of
dust density fluctuations. The sequential rupture of wave crest
surfaces from the boundary followed by their reconnection
with the adjacent ruptured crest surfaces, or repelling one of
the pairwise generated AVs to the boundary, is the key for the
single AV generation. If the dust cluster diameter is increased
to more than 15 mm, the system skips the single AV states
IT and III before the transition to states IV and V from the
ordered plane wave state.

The DAW, also called the dust density wave, associ-
ated with the longitudinal oscillations of negatively charged
micrometer-sized dust particles in the low-pressure plasma, is
an acoustic-type density wave [26-34]. It can be self-excited
in the laboratory plasma system through the interplay of
dust inertia, screened Coulomb interaction, and ion streaming
[29,30]. This fundamental acoustic-type density wave, with
dynamics governed by modulation-type nonlinear dynamical
equations [35], has been widely used to investigate many
ubiquitous dynamical behaviors of nonlinear waves. Shock
waves [36], solitary waves [37], wave-breaking [27], wave-
particle interaction [27], defects [24,25,32], AVs [24], rogue
waves [38], and wave turbulence [34,39] are good examples.
Especially, the proper dust particle size and spatiotemporal
dynamical scales allow us to explore spatiotemporal wave-
form dynamics in 2 + 1D space-time space through visual-
izing large-area dusty density evolution illuminated by a laser
sheet [24].

II. EXPERIMENT SETUP

The experiment is conducted in a cylindrical symmetric
rf dusty plasma system, similar to our previous experiment
[27], as sketched in Fig. 1(a). The weakly ionized glow
discharge (n, ~ 10° cm™3) is generated in an argon/oxygen
gas mixture using a 14-MHz rf power system operated at
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FIG. 1. Sketch of the experimental setup, similar to our previous
experimental setup [27].

2.3 W. A hollow cylindrical glass with 25 mm inner diameter
is put on the center of the bottom electrode to confine dusty
plasma with MF (melamine-formaldehyde) particles (5.3 um
in diameter, 1.1 x 107" g in mass, and 1.5 g/cm? density).
The estimated Debye length Ap and dust particle charges are
in the order of a few tens of micrometers and a few to ten
thousands of electrons per particle, respectively. The system
is fine-tuned from the ordered plane wave state to the DMT
state by decreasing oxygen partial pressure. Note that in the
argon/oxygen mixture, the formation of negative oxygen ions
can reduce the loss rate of negatively charged species because
of the much lower mobility of negative oxygen ions than that
of electrons [40]. It thereby reduces the plasma floating po-
tential with respect to the electrode and consequently reduces
the ion streaming to drive DAWs. Namely, the system can
be tuned to the more disordered state by decreasing oxygen
pressure.

The top view image of dust particles illuminated by an
extended laser sheet in the horizontal (xy) plane is captured by
a charged-coupled device at 400 Hz sampling rate. The nor-
malized local dust density n,(x, y, t) is obtained by measuring
the coarse-grained image brightness with a Gaussian weighted
circle (0.3 mm full width at half-maximum), normalized by
its temporal average. For identifying defect filaments and
plotting the wave crest surfaces of the surrounding defects, the
amplitude and phase are obtained through Hilbert transform
of the fundamental mode from band-pass filtered (from 22 to
50 Hz) local dust density ng4(x, y, t), similar to our previous
study [24,25].

III. RESULTS AND DISCUSSION

A. Transition from the plane wave state to the DMT state

Let us first start from the results using a dust cluster 13 mm
in diameter. Figures 2(a) and 2(b) show the spatiotemporal
waveforms of n,; and their corresponding defect trajectories
in the xyr space of states I to V, at oxygen partial pressure
Po = 60, 55, 49, 43, and 34 mTorr, respectively, and con-
stant argon pressure at 240 mTorr. With decreasing oxygen
pressure, the increasing modulation instability causes wave-
form undulation. The transition from the defect-free plane
wave state I to the multidefects (multi-AVs) state V with
increasing degrees of disorder runs through the following
three intermediate states: (a) state II with a single straight
defect filament exhibiting small amplitude wiggling at the
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FIG. 2. (a) and (b) Color-coded plots of n, on the xy, xt, and yt planes and defect filaments in the xyt space, showing the transition from
the defect-free plane wave state I to the weakly disordered wave state V (DMT state), through state II with a single defect filament exhibiting
small amplitude wiggling, state III with a single helical defect filament, and state IV with a single to few chaotic defect filaments. The crosses
in (a) label defect locations with null amplitudes and undefined phases. The orange and blue defect filaments (trajectories) in (b) represent the
left- and right-handed helicities of the surrounding AVs, respectively. Their corresponding projections on the bottom xy plane are also plotted.
In (a) and (b), the panels in the same row share the same spatial and temporal scales.

dust cluster center, (b) state III with a single defect filament
exhibiting large amplitude unstable helical excursion around
the cluster center, and (c) state IV with intermittent emergence
of a single or few short-lived defect filaments in the xyt space.
Obviously, the longtime predictability of the defect filament
is poor in states IV and V due to the uncertain lifetime and
motion of the defect, similar to those observed in our previous
experiment [25]. However, the stable defect filament with a
long lifetime of state II manifests in long-time predictability.
In state III, although the defect lifetime is also very long, the
defect predictability is deteriorated due to the unstable helical
motion of the defect filament.

Figure 3 shows the typical waveforms of wave crest sur-
faces surrounding the defects in states II-IV. The single AV
with either a left- or right-handed helical waveform winding
around the single defect filament can be sustained in states
II [see Figs. 3(a) and 3(b)] and IIl. The above single AV
generation breaks the right-left-handed symmetry through the
spontaneous symmetry breaking process depending on the
details of the wave surface fluctuations in the initial forming
stage.

Figures 4(a) and 4(b) show the temporal evolution of n,; at
points A and B, located at the dust cluster center and 2 mm
from the center [see their locations on the bottom plane of

state III in Fig. 2(b)] of different states, and the corresponding
waterfall plots of the power spectra averaged over a circular
area 8 mm in diameter and centered at point A, respectively.
Increasing effective driving causes modulation of the dust
density oscillation. It makes the spatially averaged power
spectra of local dust density evolution exhibit (a) distinct
narrow peaks of fundamental and harmonic modes in state
II, (b) the emergence of sideband peaks in state III, and (c)
gradual broadening of fundamental and harmonics peaks in
states IV and V.

B. Correlation between fluctuating defects and the power
spectra of local dust density fluctuations

Now, let us focus on the dynamics of fluctuating defects
and their correlation with the averaged power spectra of local
dust density fluctuations of each state.

State II is the state with a single straight defect filament ex-
hibiting small amplitude wiggling, located around the center
point A of the xy plane [Fig. 2(b)]. Since the wave amplitude
is null and small at and around the defect location, respec-
tively, the small amplitude wiggling of the defect trajectory
(defect filament) in the xyr space (also see its trajectory in
the xy plane) makes n,(¢) at point A exhibit small amplitude
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FIG. 3. Stereo waveforms of wave crest surfaces winding around the orange and blue defect filaments in the xyr space, representing the
left- and right-handed helicities of states II to V, respectively. Either a left- or right-handed single AV can be spontaneously excited in state 11
[e.g., (a) and (b), respectively] and state III (not shown). The same spatial and temporal scales are used in plotting for all the waveforms.

temporal fluctuations [Fig. 4(a)]. However, at point B, 2 mm
away from point A, n,(¢) exhibits stable oscillations similar to
that in state I at point A. It also causes the sharp fundamental
and harmonics of the spatially averaged n; spectrum over
the xy space of state II, which are similar to those of state I
[Fig. 4(b)]. Figure 5(c) further shows the power spectra of
X(t) and Y (¢), where (X,Y) is the defect location in the
xy plane. The defect trajectory spectra exhibit turbulent-like
spectra with weak intensity and a widespread descending tail.
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As shown in Fig. 2(b), in state III, the single defect exhibits
large helical motion in the xy? space (also see its excursion
trajectory in the xy plane). The power spectra of X (¢) and Y (¢)
in Fig. 5(c) both show a broad bump peaked at f; = 4.2 Hz,
associated with a high-frequency tail exhibiting a power-
law decay. Since the amplitude of n,; gradually decreases
with the decreasing distance to the defect filament, the wave
crest surface winding around the helical defect filament [see
Fig. 3(c)] also causes the amplitude modulation of n; at both
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FIG. 4. (a) Temporal evolution of n,(¢) at points A and B, located at the dust cluster center and 2 mm from the center, respectively [see their
locations on the bottom xy plane of state III in Fig. 2(b)] from states I to V. (b) Waterfall plots of the corresponding averaged power spectra
of the local n,(t) over a circular area 8 mm in diameter and centered at point A. The defect trajectories determine the surrounding helical
waveforms, which modulate dust density and consequently determine how the sharp peaks in the dust density power spectra are broadened.
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FIG. 5. (a) Temporal evolution of total defect number N(¢) in a circular area 8 mm in diameter and centered at the xy plane, for states 11
to V. The gray lines indicate the zero level of defect number. (b) Power spectra of N(z) for states IV and V. (c) Waterfall plots of the power
spectra of X (¢) (blue) and Y (¢) (cyan) for states II to V, where (X, Y) is the defect location in the xy plane. In state III, the dominant frequency
is labeled by f;. The numbers by the gray lines in (b) and (c) indicate the scaling exponents of the descending tails in the power spectra.

points A and B [Fig. 4(a)]. Unlike the averaged n, spectrum
of state II, two distinct sideband peaks emerge in each sharp
peak of the fundamental and harmonics of the averaged n,
spectrum state III, with a 4.2 Hz spectrum band gap, which
coincides with the bump peaked at f; in the defect trajectory
spectrum [Fig. 5(c)]. Namely, the helical defect filament with
a dominant gyrating frequency f; in the xy space is associated
with the amplitude modulation of n,(¢), which consequently
causes the emergence of the distinct sideband peaks adjacent
to the main peaks in the n, spectrum.

In state IV, a single to a few short-lived defects with chaotic
trajectories in the xy space can be intermittently excited [see
Fig. 5(a) for the temporal evolution of defect number N(¢)
inside a center circle 5.5 mm in radius], which is associ-
ated with the highly fluctuating n; at both points A and B
[Fig. 4(a)]. Comparing with state III, the more chaotic defect
trajectories lead to the extension of the scale-free power
spectrum of defect trajectories to the lower frequency end
[Fig. 5(c)]. It consequently induces more chaotic modulation
on the stereo waveform [Fig. 3(d)] and the oscillating n, at all
points [e.g., see Fig. 4(a)], and in turn smears out the sharp
sidebands and the main peaks of the fundamental and the sec-
ond harmonic modes in the averaged n,; spectrum [Fig. 4(b)].

The system enters the DMT state V with a strong fluc-
tuation of defect number around the higher averaged defect
number (13 in a circle 5.5 mm in radius of the xy space)
[Fig. 5(a)], associated with the stronger modulation on the
stereo waveform [Fig. 3(e)] and the oscillating n; in both
points A and B [Fig. 4(a)]. Comparing with state IV, the power
spectrum of the temporal defect number fluctuation of state

V also exhibits a steeper spectrum extending to the lower
frequency end [Fig. 5(b)]. The more chaotic defect trajectories
with shorter lifetimes lead to the absence of the low-frequency
part in S(f)x,y. It consequently further enhances the broaden-
ing of the fundamental and second harmonic in the n,; power
spectrum comparing with those of state IV [Fig. 4(b)].

C. Single AV generation mechanism

As reported in our previous work, modulation instability
leads to crest surface undulation [25]. In the DMT state,
initiated with the formation of a kink with a finite length
on the crest surface, the trailing crest surfaces are ruptured
along with the kink sequentially [Fig. 6(a)]. The sequential
reconnection of the upward bending crest surface with the
downward bending part of the trailing ruptured crest surfaces
along the kink line heals the ruptured crest surfaces. It causes
the formation of a pair of AVs with opposite helicities winding
around the pair of defect filaments at both ends of the ruptured
and reconnected crest surfaces. Through the opposite process,
a defect can annihilate with its twin brother or another defect
with opposite helicity from another pair generation process.
In the above pair generation and annihilation processes, the
overall topological charges (helicity of AVs) in the system are
conserved.

How can a single defect be generated in states II and II1?
As shown in Fig. 6(b), it can be first generated through the
pair generation similar to the above process, followed by the
escaping of one defect to the cluster boundary [41]. It can also
be generated starting from rupturing the crest surface from
the dust cluster boundary, followed by the sequential crest
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FIG. 6. (a) Stereo waveforms of the wave crest surfaces around
pairwise generated and annihilated defects with opposite helicities
in state V. See our previous report [24] for more details. (b) and
(c) Generation of the single defect filament by repelling one of the
pairwise generated AVs to the cluster boundary, and by rupturing
crest surfaces from the cluster boundary followed by crest surfaces
reconnection, respectively. The same spatial and temporal scales are
used in plotting (b) and (c).

rupture and reconnection of trailing crest surfaces [Fig. 6(c)].
Namely, the spontaneous symmetry breaking process through
one of the above two processes is the key for a single defect
generation process, which leaves a net topological charge in
the system. The spontaneous symmetry breaking of defect
charge (AV helicity) is determined by the initial forming
condition of wave surface fluctuations.

Note that the above results from Figs. 2-6 are obtained
from a dust cluster 13 mm in diameter. However, for clusters
with diameters larger than 15 mm, the system directly changes
from the ordered plane wave state I to states [V and V by skip-
ping states II and III each with a single long-lived defect. The
larger dust clusters can more easily allow long wavelength
modes to modulate waveforms. It causes the spontaneous
generation of a few defects followed by multidefects, even
with the slight increase of effective driving from that of the
ordered plane wave modes. Namely, for a larger dust cluster,
the boundary plays a less important role for defect absorption
and crest rupturing, which are the two keys for entering a sin-
gle defect state. Similar boundary effects on defect absorption
were also reported in different open dissipative systems such
as confined active nematics and cardiac scroll waves [41,42].

IV. CONCLUSION

In conclusion, by tuning the effective driving in DAWS,
we experimentally demonstrate the transition from the plane

wave state | to the weakly disordered DMT state V with
multiple fluctuating defects, through the three intermediate
states: (a) state II with a single stable defect filament
exhibiting small amplitude wiggling, (b) state III with a
single filament exhibiting helical excursion at dominant
frequency, and (c) state IV with few defect filaments. Each
defect filament is wound around by the acoustic vortex with
helical waveform. Repelling one of the pairwise generated
AVs (defects) to the cluster boundary or the sequential rupture
of the crest surfaces from the cluster boundary followed by
crest surface reconnection to the adjacent ruptured crest
surfaces is the key for generating a single AV in states II and
III. The detailed initial waveform fluctuations in the above
spontaneous symmetry breaking process of AV generation
determines the sign of AV helicity.

In state II, the ordered waveform of the stable AV winding
around the straight defect filament still sustains the ordered
dust density fluctuation and the sharp peaks without sideband
peaks in the dust density spectra for the region away from the
defect filament core. In state III, the helical defect filament
with the dominant defect gyrofrequency f; causes amplitude
modulation of dust density. It in turn induces the sideband
peaks with frequency gap f; from the fundamental and har-
monic peaks in the averaged n; spectrum. In state IV, AVs
winding around defect filaments with more chaotic excursion
and shorter lifetimes smear out the dominate peaks in the
scale-free trajectory spectrum. It causes more chaotic modu-
lation of n4(x, y, t), and consequently leads to the broadening
of fundamental and second harmonic modes in the averaged
ng power spectrum.

Increasing the dust cluster diameter to larger than 15 mm
allows a long wavelength mode for waveform modulation. It
consequently makes the system more vulnerable for multiple
defect generation. The system changes from the ordered plane
wave state directly to the state IV with few short-lived defects
and the DMT state V with multi-short-lived defects by skip-
ping the states II and III each with a long-lived single defect
under increasing driving.

Our study sheds light on the transition dynamics from the
plane wave state to the DMT state through the intermediate
states with a single AV to few AVs, especially the dynamical
origin for single AV generation. It paves the way for future
experimental and theoretical studies on nonlinear acoustic
type waves in various nonlinear media.
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