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In this work, using three-dimensional intermittent dust acoustic wave turbulence in a dusty plasma as a
platform and multidimensional empirical mode decomposition into different-scale modes in the 2þ 1D
spatiotemporal space, we demonstrate the experimental observation of the interacting multiscale acoustic
vortices, winding around wormlike amplitude hole filaments coinciding with defect filaments, as the basic
coherent excitations for acoustic-type wave turbulence. For different decomposed modes, the self-similar
rescaled stretched exponential lifetime histograms of amplitude hole filaments, and the self-similar power
spectra of dust density fluctuations, indicate that similar dynamical rules are followed over a wide range of
scales. In addition to the intermode acoustic vortex pair generation, propagation, or annihilation, the intra-
and intermode interactions of acoustic vortices with the same or opposite helicity, their entanglement and
synchronization, are found to be the key dynamical processes in acoustic wave turbulence, akin to the
interacting multiscale vortices around wormlike cores observed in hydrodynamic turbulence.
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Turbulence is not completely disordered spatiotempor-
ally. In hydrodynamic turbulence with a continuous power
spectrum, multiscale convective vortices with worm- or
filamentlike cores, appearing in the form of intermittent
bursts, have been observed as the basic coherent excitations
[1–4]. Strong correlations (e.g., phase synchronization and
core entanglement) between different-scale vortices were
also found [1–6].
Wave turbulence, which widely exists in various non-

linear media [7–13], such as water waves [7,8], optical
waves [9], chemical waves [10], and acoustic waves
[11,12], also exhibits a continuous power spectrum. Past
studies mainly focused on the energy cascades and scaling
of the continuous power spectra, multifractal and non-
Gaussian dynamics, wave mixing, etc. [7–9,11–13], but to
a lesser extent on the spatiotemporal waveform dynamics,
especially for three-dimensional (3D) acoustic-type wave
turbulence. Whether and how wave turbulence can be
decomposed into different-scale coherent excitations, and
their interactions, remain unexplored fundamental issues.
In the weakly disordered state before the transition to

turbulence, the modulation instability for nonlinear wave
systems governed by nonlinear Landau-Ginzburg or
Schrödinger equations induces amplitude and phase modu-
lations of the single-scale ordered wave. It slightly broadens
the sharp peaks in the power spectrum, and generates
topological defects, coinciding with amplitude holes where
amplitudes are null and phases are undefined [14–20].
Moreover, in weakly disordered traveling nonlinear optical
and dust acoustic waves (DAW), amplitude hole filament
(AHF) pairs with opposite topological charges, winded
around by helical waves with opposite helicities, named

as optical vortices and acoustic vortices (AVs), respectively,
were experimentally observed [14,18]. The rupture and
reconnection of sequential wave crests, induced by wave-
formundulation of the single-scaleDAW,was found to be the
key for the spontaneous pair generation of AVs that can
propagate in space and pairwise annihilate [18]. Namely,
those AVs are the basic spontaneous coherent excitations for
characterizing weakly disordered single-scale acoustic-type
waveform dynamics, akin to single-scale vortex excitations
in incompressible flows.
However, for wave turbulence with a continuous spec-

trum, the absence of spectral gaps disables spatiotempor-
ally decomposing it into multiscale modes in the Fourier
representation [3,5]. Certainly, it is intriguing to ask
whether and how acoustic-type wave turbulence can be
decomposed and viewed as a zoo of multiscale AVs, and
how multiscale AVs are correlated spatiotemporally. In this
work, by extending the acoustic vortex defect analysis of
Refs. [17,18] and using a novel method, multidimensional
empirical mode decomposition, these issues are experi-
mentally tackled in the 2þ 1D spatiotemporal space of the
intermittent dust acoustic wave turbulence, exhibiting a
continuous power spectrum with power-law decay over two
decades, rather than being dominated by distinguished
modes of well-defined frequencies.
The dust acoustic wave (also named dust density wave),

associated with the longitudinal oscillation of negatively
charged micrometer-sized dust particles in gaseous plas-
mas, can be self-excited through the interplay of dust
inertia, screened Coulomb interactions, and ion streaming
in a dusty plasma [21–23]. This fundamental nonlinear
acoustic-type density wave, governed by modulation-type
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nonlinear dynamical equations [21,23,24], has been used to
evidence and understand generic behaviors of unstable
nonlinear waves, such as defects [17–20], AHFs [17,18],
rogue waves [24,25], wave turbulence [11,12], oscillons
[26], and wave breaking [27]. The proper dust particle size
and the spatiotemporal dynamical scales of DAW allow
exploring spatiotemporal waveform dynamics in the 2þ 1D
space-time space through optically visualizing large-area
dust density evolution illuminated by a laser sheet [17,18].
The experiment is conducted in a cylindrical radio

frequency dusty plasma system, as sketched in Fig. 1(a)
(see more details in Supplemental Material [28]) and also
Refs. [17,18]. The self-excited intermittent turbulent wave,
evidenced by the irregular waveform with large amplitude
intermittent bursts and a continuous power spectrum
exhibiting power-law decay over two decades, propagates
downward in the −z direction [Figs. 1(b), 1(c), and 2(a)].
The dust image in the xy plane illuminated by an expanded
thin horizontal laser sheet is captured by a fast charge-
coupled device (CCD). The normalized local dust density
ndðx; y; tÞ can be obtained by measuring the coarse-grained
image brightness Id, normalized by its temporal average.
Through the sifting process in the empirical mode

decomposition (EMD) based on Hilbert-Huang transform
for a single time series, ndðtÞ, from a local point in the xy
plane, is successively decomposed in terms of adaptively
obtained, amplitude-frequency modulated oscillatory IMF
with zero mean, ndjðtÞ (j ¼ 1; 2;…; N), until reaching the
residue rðtÞ describing the mean trend [6,29–31]. Namely,
ndðtÞ ¼

P
N
j¼1 ndjðtÞ þ rðtÞ and ndj ¼ ajðtÞ cosϕjðtÞ.

This complete and nearly orthogonal reconstruction
reveals time-dependent variations of the amplitude aj and
the phase ϕj for mode j, with a typical timescale τ̄j, the
mean oscillation period of mode j. It has been widely used
for characterizing nonstationary multiscale fluctuations

[6,29–31], but not for spatiotemporal waveform dynamics
in wave turbulence. For example, it was used to decompose
the single point magnetic field time series in solar wind
turbulence [6].
From temporal variable ndðx; y; tÞ at all local points on

the xy plane, the single variable EMD is further expanded
to the multidimensional EMD. For mode j, the spatiotem-
poral evolution of the phase and the amplitude, i.e.,
ϕjðx; y; tÞ and ajðx; y; tÞ obtained from ndjðx; y; tÞ, are
used to identify the excitations of AVs with cores along
AHFs in the xyt space, and determine their helicities, which
are the same as the topological charges [28].
Figures 1(b) and 1(c) show the temporal evolutions and

power spectra of a typical local nd and its decomposed IMFs.
Obviously, there are strong amplitude and frequency mod-
ulations of all the IMFs, which cause the widely spread
spectra of all IMFs in Fig. 1(c) and the large amplitude
fluctuation of nd in Fig. 1(b). The superposition of those
widely spread IMF spectra with similar power-law depend-
ence (IMF2 to IMF5) leads to the continuous power spectrum
of nd exhibiting a power-law decay with exponent equaling
−2.4 in Fig. 1(c). Although the shapes of the modulation
envelopes of IMFs of nd look irregular, there are strong
correlations between the envelopes of different IMFs. The
large spikes ofndðtÞ (e.g., as labeled by arrowA) are from the
simultaneous occurrence of the envelope peaks of several
IMFs in which their peaks are also phase locked. The
amplitude holes [i.e., at the troughs of the ndðtÞ envelope]
are caused by simultaneous occurrence of the amplitude
holes of some IMFs (e.g., at time labeled by arrowB) and the
destructive interference of some IMFs with out-of-phase
nonsmall amplitudes (e.g., at time labeled by arrow C).
Figure 2(a) shows the spatiotemporal waveform of

ndðx; y; tÞ in the xyt space. Note that ndðx; y; tÞ averaged
over time equals 1. Basically, the irregular waveform

(a)

(b)

(c)

FIG. 1. (a) Sketch of the experimental system. The self-excited wave propagates downward. (b) Temporal evolution of the typical
localized dust density nd, and its decomposed ndj. The gray lines indicate the zero level. Arrow A labels the example of the giant peak
event in nd, attributed to the simultaneous occurrence of the high amplitude peaks of many intrinsic mode functions (IMFs). The low
amplitude regions at the troughs of the ndðtÞ envelope are caused by simultaneous occurrence of the low amplitude holes of some modes
(e.g., at the time labeled by arrow B), or the destructive interference of some modes (e.g., at the time labeled by arrow C).
(c) Corresponding power spectra of (b), with scaling exponent ¼ −2.4 for the power-law decay.
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exhibits strong waveform undulations. The top two rows of
Fig. 2(b) further depict the waveforms of ndjðx; y; tÞ and
their corresponding AHFs of major modes 2 to 4. Figure S1
of Supplemental Material [28] shows the phase [ϕjðx; y; tÞ]
plots for modes 1 to 4, with examples labeling defect
locations.
Regardless of the chaotic appearance of those AHFs in

the xyt space, as shown in the middle row of Fig. 2(b), their
dynamics is not completely disordered. For each mode,
AHFs winded by AVs with opposite helicities can be
pairwise generated and annihilated, similar to those in
weakly disordered single-scale DAW [18]. As the examples
show in the bottom row of Fig. 2(b), zoomed up from the
AHF pairs with the pink edges in the corresponding panels
of the middle row of Fig. 2(b), each AHF pair indicated by
the thick filaments is winded by helical wave crests with
opposite helicities. They are the silent cores of AVs. As
illustrated in video 1 in Ref. [28] showing the temporal
evolutions of AVs for modes 2–4, AVs in each mode can be
spontaneously and pairwise generated, propagate in space,
and annihilate with their twin sisters or another AV with
opposite helicities from other pair generation to conserve
the total topological charges (helicities). Namely, the
generic behaviors of AV dynamics in weakly disordered
single-scale DAW [18] can be further extended to each
decomposed mode of DAW turbulence.

Figure 3(a) shows the histograms of the AV lifetime τ of
different modes (see more statistical details in Ref. [28]).
The larger jmodes have larger spread of τ. After rescaling τ
by the averaged period τ̄j of ndj, the histogram of each
mode obeys the similar stretched exponential decay indi-
cated by the gray line [Pd ∝ exp−3.6ðτ=τ̄jÞ0.6], with a
descending tail starting around τ=τ̄j ¼ 1 in the double
logarithmic plot of the inset of Fig. 3(a). The increasing
averaged AV lifetime with j can also be evidenced from the
second row of Fig. 2(b) and video 1 in Supplemental
Material [28]. The self-similar rescaled lifetime histograms
and the self-similar IMF spectra [rescaled by the peak
frequencies; see Fig. 1(c)] of different modes indicate that
similar dynamical rules are followed over a wide range of
scales.
Are there any correlations between two AVs with

different combinations of mode number and helicity?
Figure 3(b) shows an example of AHFs (AV cores) for
modes 3 and 4 in the xyt space. Beyond their chaotic
appearance, Fig. 3(c) shows the radial pair correlation
functions CðrÞ of the core locations (in the xy plane) of
finding two AVs with different combination of mode
number and helicity, at separation r in the xy plane (see
more statistical details in [28]). Basically, for the same
mode, the AVs with the opposite (same) helicity (topo-
logical charge) exhibit short range attraction (repulsion),
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FIG. 2. (a)Color-codedplots ofnd on thexy,xt, andytplanes showing the turbulent spatiotemporalwaveforms. (b)Toprow: similarplots of
the decomposedwaveformsnd2,nd3, andnd4 of the threemajormodes 2 to 4 (seemore details of the phase plots and the corresponding defect
locations inFig.S1ofSupplementalMaterial [28]).Middle row:chaoticAHFsof threemajormodes2,3,and4 in thexyt space.TheAHFswith
lighter (darker) color in each panel coincidewith the defect filamentswithþ1 (−1) topological charges. Bottom row: examples ofwaveforms
showing theAVswithhelicalwavecrest surfaceswindingaround theAHFpair (the thick tubesalong theedgesof the ribbonlike crest surfaces),
zoomed up from the AHF pairs with red labeled by pink edges in the middle row. They manifest the pair generation, propagation, and pair
annihilation of AVs with opposite helicities. In each row of b, all the panels share the same scales as those of the left panel.
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which leads to the higher (lower) CðrÞ in the small r
regime. It implies the higher energy needed for sequential
kinking and rupture of adjacent wave crest surfaces [18], to
generate and separate an AV pair.
However, from different modes, two AVs with the same

helicity [third quadrant of Fig. 3(c)] exhibit short range
attraction, especially with the stronger attraction between
AVs from adjacent modes. The tendency to approach each
other can be further illustrated by the plots of the wave crest
surfaces surrounding the AHFs of the two and the three
AVs in Fig. 3(d), showing their temporary entanglement
and bunching, respectively. When the two AVs [corre-
sponding to the two AVs with pink edges, and starting point
indicated by the red arrow in Fig. 3(b)] approach each
another, they wind around each other. The entanglement
lasts a short period of time, in which their phases are
locked, as evidenced by the synchronized evolutions of the
orientations of the AV crest surfaces in the locking period.
Similar synchronization can also be found for the crest
surfaces of the three AVs when they approach one another.
Note that, in hydrodynamics turbulence, the winding and

merging of wormlike vortex cores with two different scales

and their synchronization have also been reported [3,5].
Also note that two AVs from different modes but with
opposite helicities exhibit very weak attraction [see the
fourth quadrant of Fig. 3(c)], probably indirectly induced
through the attraction from the third AV with the same
mode number but with opposite helicity to those of any one
of the two AVs. The detailed mechanisms for the observed
correlation between AVs need to be further investigated.
In conclusion, through novel multidimensional EMD,

we demonstrate for the first time that the 3D dust acoustic
wave turbulence can be decomposed and viewed as a zoo of
interacting multiscale AVs as basic spontaneous collective
excitations, exhibiting attraction, repulsion, entanglement,
bunching, and synchronization, in the 2þ 1D spatiotem-
poral space. For each mode, the AV pair with opposite
helicities winding around the wormlike AHF cores can be
pairwise generated, propagate, and be pairwise annihilated,
similarly to that in the weakly disordered single-scale
DAW. AV lifetime, rescaled by the mean period of each
mode, follows a common stretched exponential distribu-
tion. Two AVs with the opposite (same) helicity from the
same mode exhibit short range attraction (repulsion), while
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two AVs with the same helicity but different mode numbers
exhibit short range attraction. The latter intermode AV
attraction leads to the observed temporary entanglement or
bunching of two or even three AVs with the same helicity
but different mode numbers, in which their phases are
locked.
Our study sheds light on decomposing and understand-

ing the basic multiscale coherent excitations of 3D density
wave turbulence in plasma and gaseous media, and 3D
traveling wave turbulence in other nonlinear media.
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