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Response of vesicle shapes to dense inner active
matter†
Myeonggon Park,ab Kisung Leeac and Steve Granick
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We consider experimentally the Takatori–Sahu model of vesicle shape fluctuations induced by enclosed
active matter, a model till present tested only in the absence of collective motion because few enclosed
bacteria were used to generate the desired active motion (S. C. Takatori and A. Sahu, Phys. Rev. Lett.,
2020, 124, 158102). Using deformable giant unilamellar vesicles (GUVs) and phase contrast microscopy,
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we extract the mode-dependence of GUV shape fluctuations when hundreds of E. coli bacteria are

DOI: 10.1039/d2sm00781a

vortex flow, dipolar flow, and chaotic motion, all of which influence the GUV shapes. The Takatori–Sahu

contained within each GUV. In the microscope focal plane, patterns of collective bacteria flow include
model generalizes well to this situation if one considers the moving element to be the experimentally-
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determined size of the collecively-moving flock.

1 Introduction
Active materials in or on a membrane are ubiquitous in many
biological materials. For example, morphogenesis and embryogenesis of starfish, Drosophila, and Hydra are interconnected
to dynamics of internal materials.1–5 Also, in prokaryotic cells,
the shapes and dynamics of nucleoids are associated with cell
division by interaction with their cell membranes.6 In addition,
chromatins in the nucleus execute collective motion and
enhance fluctuations of the nucleus membrane.7–9 Since these
phenomena occur in complicated environments, giant unilamellar vesicles (GUVs) have been exploited as a model system to
mimic biological cells and to study membrane responses to
external or internal stimuli.10–13 We were inspired by the
seminal paper by Takatori and Sahu, who encapsulated within
GUVs a small number of bacteria and introduced a pioneering
analytical model to explain their experimental results. However,
their experiments were limited to the situation of few enclosed
bacteria, too few to generate collective flow.14
In many biological systems, the substances confined in
membranes are dense and active enough to produce collective
activity.2,3,5,8,15 Motivated by this, we try to understand the
interplay between membrane shapes and dense inner active
matter. For the purpose, we encapsulate dense bacteria, E. coli,
a
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in GUVs composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC). The confined bacteria exhibit intermittent collective
motion such as vortices and dipolar flows (which is a directional jet because clockwise and anti-clockwise vortices coexist),
and also chaotic activity. These patterns of irregular occurrence
in chaotic flow are reminiscent of active turbulence.
We analyse the membrane shape responses using continuous wavelet transforms (CWTs) and height fluctuation spectra. Selecting for study GUVs of large radius and low tension, we
are able to discriminate up to high mode numbers in the height
fluctuation spectrum, a situation for which the bending modulus is more dominant than the tension.16

2 Materials and methods
2.1

Chemicals

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased
from Avanti Polar Lipids. Texas red 1,2-dihexadecanoyl-snglycero-3-phosphoethanolamine-triethylammonium salt (TRDHPE, excitation 595 nm, emission 615 nm) was purchased from
Thermo Fisher Scientific. D-(+)-glucose, paraﬃn oil, sucrose,
chloroform, ethanol, and LB powder as medium for the growth
of bacteria, were purchased from Sigma Aldrich.
2.2

Bacteria strains

Two wild-type E. coli strains were used: HCB1737 (a derivative of
E. coli AW405 obtained from H. Berg, Harvard University) and
HCB1737 GFP, which is HCB1737 with constitutive expression
of green fluorescent protein encoded on the plasmid pAM06tet37 (excitation wavelength 482 nm, emission wavelength
536 nm), obtained from A. Mukherjee and C. M. Schroeder,
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University of Illinois at Urbana-Champaign. Single-colony isolates were grown overnight (13–14 h) with shaking (180 rpm) in
LB medium (1% v/v Bacto-tryptone, 0.5% v/v yeast extract,
0.5% v/v NaCl) at 30 1C to stationary phase. For HCB1737 GFP,
kanamycin (50 mm mL1) was added to the growth medium to
maintain the plasmid. Except for the purpose of taking fluorescence images, only HCB1737 was used for experiments.

were extracted by particle imaging velocimetry (PIV) analysis of
phase contrast microscope images, using the PIVlab function in
MATLAB.22 For each pair of consecutive images, the PIV
interrogation-box size was 15.6 mm  15.6 mm and ended at
3.9 mm  3.9 mm after three iterations. The grid size of the
resulting velocity field was 1.85 mm. This is the spatial resolution of the velocity fields.

2.3

2.7

Buﬀer preparation

For the inner medium of the vesicle, sucrose and LB media
were mixed to give final sucrose concentration 0.2 M and 1% w/
w Bacto-tryptone, 0.5% w/w yeast extract, 0.5% w/w NaCl. For
the outer medium, glucose and LB media were mixed to give
final sucrose concentration 0.2 M and the other concentrations
the same as enclosed within the membrane. Therefore, osmotic
pressure was balanced across the membrane.
2.4

Encapsulation of bacteria inside GUVs

To fabricate GUVs, various methods have been developed,
probably most prominently the method of gentle hydration,
the method of electroformation, and an emulsion method.17–20
In order to encapsulate dense bacteria, we employed the emulsion method.20,21 Firstly, the outer medium was put in a conical
tube. Then, the solution surface was covered by a DOPC lipid
monolayer in paraffin oil. After waiting for about 12 h, lipids
spontaneously organized at the interface between oil and the
aqueous solution. Separately, 0.2 M sucrose and LB solution
containing bacteria were prepared and then mixed with paraffin oil including lipids, then sonicated by a homogenizer to
generate water-in-oil emulsions whose typical diameter was a
few tens of microns. These emulsions were placed on the lipid
monolayer in the conical tube that was made earlier. Placed in a
centrifuge at 3000 g for 1 min, they sediment by centrifugal
force. During centrifugation, penetrating the single lipid layer,
lipid monolayers of emulsions trapping bacteria become a
bilayer and move into the outer medium. Since the inner
medium is denser than outside, the GUVs containing encapsulated bacteria settle to the bottom of the sample cell.
2.5

Kinetic energy spectra

Kinetic energy spectra, E(k), allow analysis of how much energy
is concentrated in certain length scales. To obtain E(k), we first
calculated Et(x, y) = (v2x + v2y )/2 in each image, which is the
kinetic energy per unit mass in space, from the velocity field
obtained from PIV analysis. Then, we applied 2D discrete
Fourier transform in MATLAB to convert Et(x, y) into Et(kx, ky),
which is the kinetic energy per unit mass in momentum space.
Et(k) with k = (k2x + k2y )1/2 calculated by summation of Et(kx, ky)
residing in [k, k + dk]. Finally, the kinetic energy spectrum E(k)
was calculated by averaging Et(kx, ky) in all images.

3 Results and discussion
3.1

3D shapes of the GUV and its enclosed bacteria

To confirm that bacteria were enclosed within a given GUV, we
took confocal microscope images. In Fig. 1(a–c), bacteria and
GUVs emit green and red fluorescence, respectively. The GUV
membrane shows a circular boundary with a little bit of roughness. In Fig. 1(d and e), we observe the 3D structure of inner
bacteria and the spherical shape of the membrane.
3.2

Shape of membranes with diﬀerent tension

Bacteria motion within this confined volume induces various
membrane shapes depending on the tension, which can be
roughly controlled by adding hypertonic or hypotonic solutions
to the environment.23 In Fig. 2(a), we show representative of the
contour of GUVs with high tensions. It maintains circular shape
and only small radial fluctuations occurs, even though bacterial

Imaging

To image GUV interiors and contours, GUVs and bacteria were
observed using phase contrast microscope with a 40x objective
(NA = 0.65, Zeiss) and 63x objective (NA = 0.75, Zeiss) mounted
on an inverted microscope (Zeiss Axio Observer Z1). Images
were recorded at 20 fps using an sCMOS camera (Hamamatsu,
C13440-20CU). To confirm bacteria encapsulated in vesicles,
fluorescent 3D images of GUVs and bacteria were taken using a
63x oil immersion objective (NA = 1.4, Leica) mounted on a
confocal laser scanning microscope (Leica TCS SP5). For height
fluctuation analysis of each GUV, we acquired about 3000
frames at 20 fps. The contours of the GUVs were tracked by
our homewritten MATLAB codes.
2.6

Particle imaging velocimetry (PIV)

In order to analyse motion of bacteria inside GUVs, v(r) = [vx
(x, y), vy(x, y)], which is two-dimensional in-plane velocity fields,
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Fig. 1 Confocal fluorescence images of bacteria (green) encapsulated
inside a GUV (red). (a) Overlay of bacteria and GUV membrane; (b) bacteria
image only; (c) GUV membrane only. (d) Overlay of bacteria and GUV
membrane.; (e) 3D reconstruction of bacteria in GUV. White bars on each
photo are the scale bar, 5 mm. All images are from the same GUV.
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Fig. 2 Bacteria motion deforms GUVs depending on membrane tension
(l). The rigidity of the membrane is reduced by hypertonic solution; the
membrane deflates and the membrane tension decreases. Top row:
schematic images; bottom row: optical images taken using a phase
contrast microscope. (a) When the membrane is rigid, bacteria activity
cannot deform the GUV. (b) When less rigid, the GUV often elongates.
(c) When least rigid, the membrane protrudes severely because bacterial
activity sometimes stretches the membrane locally, as highlighted by the
red arrow. Videos for each case can be found in ESI† Videos S1–S3. Black
bars in each image are the scale bar, 5 mm.

dynamics is violent inside this GUV (see ESI† Video S1). This
membrane is too stiﬀ to be deformed.
To observe significant fluctuations of vesicle shapes, we
reduced GUV membrane tension by adding hypertonic
solution. With lower tension, the membrane becomes more
flexible and fluctuations become more dramatic. For example,
in Fig. 2(b), the outer medium was exchanged to 0.25 M glucose
solution. Then, the membrane displays nonspherical shapes
such as ellipsoid and trimer, but it is rigid enough not to be
significantly distorted by individual bacteria (see ESI†
Video S2). Its overall contour is smooth and can be described
using low wavenumbers, though the bacteria activity inside it is
vigorous.
In Fig. 2(c), we replaced the outer medium by 0.35 M glucose
solution, so the GUVs became soft enough to be stretched by a
single bacterium. In this case, as indicated by a red arrow,
bacteria sometimes overwhelm the restoring force of the elastic
membrane and produce long protruding tubes (see ESI†
Video S3). These membrane tubes persist until the bacteria
reorient and swim back to the vesicle center. They sometimes
fluctuate out of the microscopic focal point; in those cases, we
could not trace their morphology for quantitative analysis.

3.3

Dynamics of bacteria enclosed within the GUV

Concentrated suspensions of active matter are known to exhibit
complex spatiotemporal patterns on scales larger than the
individual motile units.24,25 In 3D confinement, they can generate active turbulence; in bacteria systems, this depends on
the bacteria density and activity.26,27 Observing bacteria motion
within the focal plane of microscope images, we analysed these

This journal is © The Royal Society of Chemistry 2022

Fig. 3 Analysis of confined bacterial dynamics within the 2D focal plane,
illustrated for a single GUV. (a) PIV (particle imaging velocimetry) of the
same GUV at diﬀerent times. Left panel illustrates representative vortex
dynamics. Right panel illustrates representative dipolar flow. oz is the
vorticity. (b) Quantifying how energy is concentrated on diﬀerent length
scales, we plot kinetic energy spectra for three diﬀerent GUVs as a function
of normalized wavenumber, k/kb, where kb = 2p/lb; smaller k reflects larger
vortex. E(k) displays power-law decay compatible with 1/k3, a scaling that
has been suggested to be characteristic of 3d active turbulence.30,31
(c) Normalized velocity spatial correlation functions (VSCFs), hv(t, r)v(t,
r + R)i averaged for all images, decay to 0 around at R = 6 mm. They show
that the correlation length scale of velocity is a few microns, which is 10fold larger than the width of bacterial body, lb = 0.5 mm. Equivalent colors
between (b and c) indicate that they are from the same GUVs.

in-plane motions to understand dense bacterial dynamics in
this situation of 3D confinement within GUVs.
Specifically, we measure using PIV the quantity v(r) = (vx, vy),
which is the bacteria in-plane velocity vector field. Based on this
velocity field, we calculate oz(r) = qxvy  qyvx, which is the local
in-plane kinetic energy and vorticity.28,29
As shown in Fig. 3(a), we observe bacterial various types of
bacterial collective motion. In the left panel A, we show the
representative case of the largest vortex pattern. Meanwhile, in
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the right panel B, we observe a diﬀerent pattern: the coexistence of a clockwise vortex and an anticlockwise vortex. This
generates a dipolar jet flow that, functioning as motion tending
to escape the confinement, can stretch spherical GUVs into
ellipsoidal shapes. This signifies that the dynamics of inner
bacteria are associated with the shape of GUVs. Events in A and
B occur repeatedly during observation and chaotic dynamical
patterns of bacteria appear between them (see ESI† Fig. S1).
This pattern of behaviour has been interpreted to suggest active
turbulence in confinement.30,31
Testing the hypothesis that they exhibit turbulent-like
motions, we measure the kinetic energy spectrum, E(k) in
Fig. 3(b). It is related to the mean kinetic energy by
Ð1
hEi ¼ 0 E ðkÞdk, where h  i represents an average of multiple
images from diﬀerent times. It quantifies the kinetic energy at
diﬀerent length scales in terms of wave number k = np/R0,
where n is an integer and R0 is the radius of the GUV. In
Fig. 3(b), the wave number k is normalized by kb = 2p/lb, where
lb = 0.5 mm is the width of bacterial body. Between k/kb = 0.1 and
1, E(k) decays as a power-law whose exponent is around 3,
which has been interpreted to be typical of active turbulence in
3D.30,31 The kinetic energy concentrates at larger scales than
the size of a single bacterium, even though the flow is produced
by the swimming of individual bacteria. The PIV analysis lacks
resolution to detect E(k) when k/kb 4 1.
Addressing collective behaviour within GUVs, we measured
velocity spatial correlation functions (VSCFs), hv(t, r)v(t, r + R)i
averaged for all images.32 In Fig. 3(c), the normalized VSCFs
decay from 1 to 0 at around R = 6 mm, signifying that the velocity
of a bacterium is correlated with others up to a distance of a few
microns, which is 10-fold larger than the width of the bacterial
body, lb = 0.5 mm. This implies that bacteria confined in GUVs
behave as flocking clusters, whose size is much larger than a
single bacterium.
To address temporal features, we calculate normalized velocity time correlation functions VTCFs, hv(t, r)v(t + t, r)i, where t
is a lag time. This decays rapidly within a second in the inset of
Fig. 433 but shows subsequent quasi-periodic oscillations every
few seconds. This may indicate that there exist repeatedly
appearing transient vortices switching their rotational axes, as
has been observed in a dense bacteria system confined in a
disk-like liquid drop.34
3.4

Radial fluctuations of the GUV contour

To assess the impact of bacterial motion, we measure the
contour of the membrane, r(f, t). In Fig. 5(a), r(f, t) is defined
following the red line and its centre is expressed on the image
(see ESI† Fig. S2). The quantity R0 = hr(f, t)i is the vesicle radius
averaged over f and t. The contour of the membrane fluctuates
with time and is shown by the stack of contour images over t in
Fig. 5(c).
Local bumps are generated randomly by bacterial dynamics
but the GUV maintains overall circular shape. Based on the set
of r(f, t), we measure the radial fluctuations Drj  r(f, t + j) 
r(f, t), where j is a lag time. According to Fig. 5(b and c),
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Fig. 4 Normalized velocity time correlation functions (VTCFs), hv(t, r)v(t +
t, r)i averaged for all images, where t is a lag time. They display rapid decay
within a second as shown in the inset, which means bacteria move quickly.
They also exhibit subsequent oscillations, apparently switching their rotational axes every a few seconds.

distributions of Drj/R0 have long tails regardless of j, which
reflects the active dynamics. On the other hand, distributions
of Drj/R0 of passive GUVs are Gaussian (see ESI† Fig. S3).
To measure of the tailedness of the probability distribution,
we measure the kurtosis of distributions of Drj, which is a.
Kurtosis is largest at the lowest j and decays monotonically with
increasing j (see ESI† Fig. S4). The significance is to show that
our experimental limitation of data acquisition at 20 fps
suﬃces to capture these nontrivial active fluctuations of the
GUV membrane.
3.5

Wavelet transform analysis and height fluctuation spectra

Next, we study membrane shapes induced by encapsulated
bacterial active motion. In order to achieve significant active
shape fluctuations, GUVs as flexible as shown in Fig. 2(b) were
selected (see ESI† Video S2).
We apply continuous wavelet transforms (CWT) to visualize
local features of GUV shape, by simultaneously decomposing
data on space and spatial frequency domains.35 In Fig. 6(a and
b), two representative situations and corresponding CWTs are
introduced. Here, |Xt(f, m)|2 is the intensity of CWTs:
1
Xt ðf; m ¼ kx RÞ ¼ pﬃﬃﬃﬃﬃ
kx

ð 2p
0

 0

 f  f df0
rðf0 ; tÞc
kx

where c is the complex conjugate of the Morse wavelet, and m
is the mode number. |Xt(f, m)|2 tells us which m is dominant at
r(f, t).
When the membrane contour is a circle, the CWT intensity
is low and homogeneous (see ESI† Fig. S5). In contrast, in
Fig. 6(a), the membrane shape is ellipsoidal and the excitation
of low mode numbers (m = 2, 3) is seen at all f. Meanwhile, the
intensity of the intermediate m 4 3 is low for all f, which
reinforces that the overall membrane contour is ellipsoidal.

This journal is © The Royal Society of Chemistry 2022
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Meanwhile, our experimental results are diﬀerent. On these
log–log scales, the power-law decay is larger in the range m = 2–
5; the observations overlap with predictions of the Helfrich
theory only at high m. This indicates that large dynamical
length scales contribute to the membrane fluctuation, as discussed in the kinetic energy spectrum in Fig. 3(b). In addition,
the experiments merge with the Helfrich theory only for
m 4 10, which underscores that the role of a single bacterium
is relatively minor for the active membrane fluctuations. Note
that in this graph, experimental height fluctuations at m 4 35
cannot be resolved because of the resolution limit.
This experimental result can be analysed using the theoretical model, proposed by Takatori and Sahu, that considers
height fluctuations resulting from physical contacts of discrete
individual bacteria assuming a sphere.14 Briefly, for this model,
protrusion is Gaussian and combined with the Helfrich Hamiltonian, it yields the equation for the height fluctuation:

2 
^

hðkx Þ ¼

Fig. 5 Analysis of time scales of membrane dynamics driven by bacteria
motion. (a) The contour of the membrane and its centre are marked red on
this raw image. r(f, t) is extracted from images as the radial positions of the
contour along the vesicle edge. (b and c) Probability distribution function
(PDF) of normalized radial fluctuations Drj/R0, where Drj = r(f, t + j)  r(f, t)
at j (lag time) of 0.05 s (b) and 1 s (c). R0 = hr(f, t)i is the vesicle radius
averaged over f and t. Both have long tails, regardless of j, which suggests
the presence of non-equilibrium membrane height fluctuations. (d) Contours of the GUV are stacked as a function of time; the color bar shows
elapsed time. Local transient protrusions, which are randomly located, are
interesting to notice.

In the left panel of Fig. 6(b), there is a small protrusion on
the ellipsoidal shape – a rare event. It is induced by a single
bacterium pushing strongly at the local membrane, as indicated by the red arrow. Hence, the CWT intensity of high m are
excited near f = 901. Meanwhile, despite this bump, the CWT
intensity at m = 2–5 remains significant, reflecting the overall
ellipsoidal shape. Therefore, we estimate that the contribution
of collective behaviour to the membrane shape dominates over
that from individual bacteria (see ESI† Video S2).
These characteristic aspects of CWTs in diﬀerent cases are
reflected in a h|ĥ(kx)|2i (height fluctuation) spectrum. In the top
panel of Fig. 6(c), the points labelled Helfrich show, for
perspective, the height fluctuation of a passive membrane
predicted by the classical Helfrich Hamiltonian, in this case
with bending modulus k = 30 kBT, tension l = 3 pN mm1 and
vesicle radius R0 = 10 mm (see Section 3 of ESI†).36–38 On these
log–log scales, the power law switches from 1 to 3 because
tension and bending modulus dominate at low m and high m,
respectively.

This journal is © The Royal Society of Chemistry 2022

 2
2
kB T
Np tR
a p=R0
2 2
þ
ea k
kk4 þ lk2 tT þ tR kk4 þ lk2

where l is the tension, k is the bending modulus, a is the size of
a swimming body assuming a spherical shape, tR is the
bacterial reorientation time, tT is the time it takes the bacteria
to travel one side of vesicle to another, Np is the number of
bacteria confined to a GUV, and p% is the maximum pressure
applied to the membrane by a bacterium.
TS theory results in a plot shown in Fig. 6(c) with the
parameters Np = 100 bacteria, each with a = 0.25 mm that is a
half-width of bacteria (see Section 3 of ESI† for the rest
parameters). It lacks quantitative agreement with the data.
We attribute this disagreement to that TS model is focused
on the activity of single individual bacteria, not the flocking
cluster. Therefore, it suggests the influence of collective bacteria behaviour is critical in the situation where the bacteria
are dense.
Seeking to take collective behaviour into account heuristically using the Takatori–Sahu (TS) model, we model this situation as activated by a single flocking cluster composed of
hundreds of bacteria traveling within the GUV. As TS model
did, the moving cluster is defined as a sphere and its radius (a)
is quantified from experiments (see ESI† Fig. S7). The vesicle
has protrusions whose width is around 6 mm, which means the
radius of the flocking cluster can be approximated as a sphere
with a = 3 mm. This number is comparable to the dynamical
length scale estimated from Fig. 3(b and c). Also, the reorientation time (tR) is defined as 0.25 s (see ESI† Fig. S6), which is
commensurate with the correlation time scale, which is less
than a second, discussed in Fig. 4. These suggest that the
spatiotemporal properties of bacterial behaviour in GUVs are
correlated with membrane fluctuations.
Prediction of heurestical Takatori–Sahu model following
these is shown in Fig. 6(c). It displays rapid decay in the range
m = 2–5, in excellent agreement with experiment without
arbitrary fitting parameters. This supports the view that contact
force of individual flocking clusters to the membrane is a major
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Fig. 6 Raw images of GUVs at diﬀerent time, corresponding intensity (|Xt(f, m)|2) of CWTs (continuous wavelet transforms) of membrane contours, and
h|ĥ(kx)|2i (height fluctuation) spectrum of GUVs. CWT shows which modes dominate at r(f, t). (a) GUVs are frequently stretched into ellipsoidal shapes
that represent a high CWT intensity at low m = 2. (b) A Local bump highlighted by a red arrow occurs due to individual bacteria colliding with membrane.
It corresponds to a high CWT intensity at f = 901 over all m. Black bars on each photo are 10 mm. (c) Height fluctuations, shown here for three diﬀerent
active GUVs, show a distinct decay at low m = 2–5, which is consistent with the heuristic Takatori–Sahu (TS) model if the moving element is the flock size,
but not consistent with the TS model if the moving element is size of an individual bacterium (see Section 3 of ESI† for fitting values). The data can be
resolved up to m = 35.

factor determining membrane fluctuations and may capture
the essential physics in the membrane including dense active
matter.

4 Conclusions
We have conducted experiments investigating membrane
responses to dense confined active matter, using the example
of GUVs encapsulating highly crowded E. coli. According to our
observation, the dense bacteria behave collectively inside the
GUV and exhibit varying vortex sizes. Kinetic energy spectra,
E(k), represents how energy is concentrated over spatial wavenumber (k), and implies that energy is concentrated across a
wide range of length scales larger than a single bacterium. It
implies that dense bacteria can display various size of collective
behaviours, as shown in PIV (particle imaging velocimetry)
pictures. VSCFs (velocity spatial correlation functions) also
shows that bacteria move like a swarming cluster of about a
few microns in average. Therefore, we estimate that the major
factor influencing GUV shape fluctuations is the flocking
cluster, not the action of individual bacteria. Furthermore, we
have shown that the correlation time scale of velocity, which is
shorter than a second, and transient vortices appear quasiperiodically through VTCFs (velocity time correlation functions). To describe membrane responses to the dense bacterial
dynamics, we combined these spatiotemporal properties of
bacterial dynamics with the Takatori–Sahu model originally

6424 | Soft Matter, 2022, 18, 6419–6425

developed to explain active membrane fluctuations induced by
sparse bacteria. To consider the effect of flocking cluster,
we modified the Takatori–Sahu model heuristically using
size of a moving element (a B 3 mm), and reorientation time
(tR B 0.25 s) that were experimentally determined. The heuristic Takatori–Sahu model shows a good agreement with our
experimental result of h|ĥ(kx)|2i. Based on these experimental
and theoretical results, we conclude that the governing factor of
the GUV fluctuations encapsulating dense active matter is the
collective cluster, not the individual active elements.
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