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Coherent flows of self-propelled particles are characterized by vortices and jets that
sustain chaotic flows, referred to as active turbulence. Here, we reveal a crossover be-
tween defect-free active turbulence and active turbulence laden with topological defects.
Interestingly, we show that concurrent to the crossover from defect-free to defect-laden
active turbulence is the restoration of the previously broken SO(2) symmetry signaled
by the fast decay of the two-point correlations. By stability analyses of the topological
charge density field, we provide theoretical insights on the criterion for the crossover to the
defect-laden active turbulent state. Despite the distinct symmetry features between these
two active turbulence regimes, the flow fluctuations exhibit universal statistical scaling
behaviors at large scales, while the spectrum of polarity fluctuations decays exponentially
at small length scales compared to the active energy injection length. These findings reveal
a dynamical crossover between distinct spatiotemporal organization patterns in polar active
matter.

DOI: 10.1103/PhysRevFluids.8.063101

I. INTRODUCTION

Recent developments in active matter have shed light on a form of chaotic flows sustained by
living microswimmers at low Reynolds numbers, often known as active turbulence [1]. A distinctive
feature of active turbulence, compared to classic inertial turbulence, is the continuous injection of
energy at the scale of individual constituents of the active material. Striking examples are dense
bacterial suspensions [2,3], cellular monolayers [4,5], and assemblies of subcellular filaments [6,7],
which are all composed of active elements—i.e., individual bacterium, single cell, or motor proteins
walking on single filaments—each capable of converting chemical energy to mechanical work
[8-10]. Although, most of the work so far has been limited to visual resemblance with inertial
turbulence, recent works suggest the existence of universal scaling features in active turbulence
[7,11] and even show [12] that crossover to a confined active turbulence belongs to the same directed
percolation universality class as in the inertial turbulence [13].

Nevertheless, a majority of studies of active turbulence so far, including the works suggesting
universal scaling laws and universality classes of turbulence transition, have focused on a subclass of
active materials known as active nematics [14—19], which models flows generated by dense assem-
blies of elongated particles [10]. Within the active nematic framework, the particles are essentially
characterized as shakers [20]: they have neither any polarity nor ability to propel themselves and
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instead generate head-tail symmetric (nematic) active stresses in the fluid. The active stresses in
turn drive hydrodynamic instabilities in the flow and the orientation field of particles, resulting in
a chaotic flow state that is interleaved with topological defects—singular points in the orientation
field where the order breaks down [8,10,21].

Previous studies of polar active matter have characterized spontaneous flows [22,23] and asso-
ciated nonequilibrium steady states [24,25]. On the other hand, studies of self-propulsion effects
on active turbulence have mostly neglected orientational couplings. Instead, the focus has been
put on generalized Navier-Stokes equations, where activity is introduced through the addition of
phenomenological higher-order terms in the momentum equation, corresponding to a second-order
negative viscosity and a fourth-order hyperviscosity, to give characteristic vortex length to active
turbulence [2,26-28]. As such, characteristics of active turbulence in models of polar active fluids
in the presence of topological defects have only been marginally explored in the context of
polar active emulsions [29] and polar flocks with inertia [30]. Additionally, notwithstanding the
interesting recent characterization of the annihilation of topological charges in colloidal flocks
[31] and despite the emerging roles of topological defects in various biological fluids [32-35], the
majority of research so far has focused on nematic topological defects [10,34,36] and studies of
active turbulence in polar fluids in the presence of polar topological defects are lacking.

Here we use numerical simulations of continuum polar active matter together with analytical
arguments to shed light on the turbulence characteristics of active fluids laden with topological
defects, accounting for both hydrodynamic effects and polar ordering. We first show how increasing
active stresses results in a regime shift from defect-free active turbulence to active topological
turbulence, where chaotic flows are interleaved with chaotic arrangements of full-integer topological
defects. We provide theoretical arguments to predict the activity threshold for the crossover to active
topological turbulence, based on the stability analyses of the topological charge density field. We
further show that ordering and symmetry characteristics are different within these two dynamical
regimes: while SO(2) symmetry is broken within the defect-free active turbulence, the defect-laden
turbulence restores the global SO(2) symmetry. Additionally, we demonstrate the existence of
universal scaling behavior in the power spectra of enstrophy and polarity. This is observed for all
activities and within both defect-free and defect-laden active turbulence.

II. METHODS

A. Hydrodynamic model

We consider an incompressible polar active fluid in two spatial dimensions, with the local
orientational order described by a two-component order parameter p pointing in the direction of
self-propulsion. Let then u and p be the velocity and density of the polar fluid, respectively. Coarse-
grained hydrodynamic equations can be derived by phenomenological considerations [8,30,37] and
take the form

Dui 1

Br = 0% (1a)
Dpi  GE i = Lh (1b)
Dt ij ij)Pj = Y is

along with the incompressibility condition d;u; = 0. Here % = 0, +u;0; is the usual advective
derivative. The strain rate tensor E;; = (d;u; + 0;u;)/2 and the vorticity tensor £2;; = (dju; —
d;u;)/2 are respectively the symmetric and antisymmetric parts of the velocity gradient tensor. In the
momentum balance Eq. (1a), the stress tensor o;; is broken into a sum of three parts: viscous stress

o> = 2nE;j, passive stress of = —P8;j + Cijupih;, and active stress o = —¢(pip; — 58;))
[38,39]. The first term in the passive stress is the usual hydrodynamic pressure. The second term
accounts for elastic stresses through the anisotropic tensor C;jx; = xT“(S,-kﬁ il = %8[ 0k + ’\7718[,8 ks

with A being the flow alignment parameter and h = —§F/ép [40,41] being the molecular field
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defined here from the free energy

=12 =14 K
F= /d&{A(—% + “%l) + Eaip,iaipj}- )

The free energy contains a local energy density with an energy scale A that controls the isotropic-
polar transition favoring the emergence of finite polarity at |p| = 1, and a nonlocal energy
contribution with an elastic constant K that penalizes deformations in the polarity field [42]. It
is important to note that we do not treat the polarity as a unit vector, with fixed magnitude. Instead,
in this formulation the polarity modulus is an important dynamical variable.

B. Numerical method and the simulation parameters

We simulate Eqgs. (1a) and (1b) using a hybrid lattice-Boltzmann method, combining the finite-
difference method for the evolution of the polarity vector, Eq. (1b), and the lattice-Boltzmann
method for solving the incompressible Navier-Stokes equation, Eq. (1a), with p = 40 and n = 3.6in
lattice Boltzmann units, ensuring that the Reynolds number in the simulations is negligible (Re < 1)
[12,43]. The other relevant dimensionless numbers describing the system are (i) the dimensionless
ratio of the viscosities 7/y, (ii) the ratio of micro to macro length scales (/K/A)/L, (iii) the flow
alignment parameter A, and (iv) the dimensionless active stress Z = ¢ /A. Unless otherwise stated,
we fix the viscosity ratio to 7/y = 3.6, micro to macro length scale to (\/K/A)/L =2 x 10~*
(assuring that the coherence length [, = \/K/A is significantly smaller than the domain size L), and
the flow alignment parameter to A = 0.1.

Simulations were initialized with quiescent velocity field and noisy polar alignments close to the
uniformly oriented state p = €, under periodic boundary conditions, on quadratic domains of linear
dimension L = 1024, unless otherwise is stated.

III. RESULTS

A. Activity-induced crossover to defect-laden turbulence

We begin by introducing global measures of the flow fluctuations and polar order parameter
as functions of the activity parameter ¢. The flow is globally characterized by the dimensionless
root-mean-squared (rms) velocity Vims = Vims /V, that is normalized by the characteristic velocity of
passive relaxation of polarity V,, = VAK /7. The polar order parameter is associated with the SO(2)
symmetry and carries full-integer topological defects. Its global measure is given by the average
density of topological defects p; = (Ny)/L?. The averaging is done both over space and time in the
statistical steady-state regime. As evident from Fig. 1, increasing activity beyond a certain threshold
results in a continuous increase in the defect density for both extensile (¢ > 0) and contractile
(¢ < 0) systems. We have carefully checked that the activity thresholds do not depend on the
system size L, by simulating different domain sizes of 512 x 512, 1024 x 1024, and 4096 x 4096
and finding precisely the same quantitative dependence of defect density on the activity (see
Fig. 2; square and circle symbols). Interestingly, simultaneous measurement of the rms velocity
V.ms indicates that even below the critical activity for defect nucleation, active stresses disturb the
polarity field such that spontaneous flows are generated within the system, for any nonzero activity
[Fig. 1(c)]. A closer look at the velocity field of the system below the defect nucleation threshold
shows that chaotic flows characterized by flow vortices and jets span the system [Fig. 1(a); only a
fraction of the entire domain is shown], although no topological defects are present in the polarity
field. Qualitatively similar chaotic flows manifest at higher activities with a smaller typical length
scale L, defined below, though with the distinctive feature that the flows are now laden with the
presence of full-integer topological defects (unbound vortex and antivortex pairs) in the polarity
field [Fig. 1(b)]. Together, these results establish that there is a well-defined activity threshold for
the crossover from defect-free and defect-laden active turbulence in polar active matter.
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FIG. 1. Crossover from defect-free to defect-laden active turbulence upon increasing strength of active
stresses. Shown here are the averaged defect density (blue dots) and the rms velocity (orange dots) in units
of V, = VAK /1, characterizing the passive relaxation velocity of the polar particles. Active turbulence arises
as soon as the activity is nonzero, but topological defects form and persist in the polarity field only beyond
a finite threshold in both contractile ({ < 0) and extensile systems (¢ > 0). Results were averaged over time
and for ten simulations from different initial conditions; the error bars stand for the corresponding standard
deviation. The excess kurtosis «; values of both quantities are also represented at the bottom. For large activity
levels, k(ps) >~ 0, which indicates the population of defects is typically equilibriumlike and follows a normal
distribution law. For small activity levels, there are no defects at all and « is set by convention to —3. In between,
the crossover is characterized by very rare formation and annihilation events, as evidenced by the peaks in x
(blue highlighted areas). There are no such peaks for the kurtosis of the rms velocity, which indicates there
is no equivalent crossover regime. (a) and (b) illustrate the polarity field (left panels) and the corresponding
velocity field (right panels) characterized by streamlines (solid black lines) colored by the normalized vorticity
@/ Wmax- Only a small subset of the full domain (1/16th zoomed-in region) is shown. Within the polarity field
positive and negative integer topological defects are marked by red asters and blue squares, respectively.

B. Global symmetry is restored in the defect-laden active turbulence

We next investigate whether the emergence of topological defects leads to alterations in the
global ordering features of the polar active turbulence. To this end, we first introduce the global
polarization ¥ as the spatiotemporal average value of the polarity field p:

- dt dzxt 3
—/T/FP(»X)- 3)

The magnitude of this global polarization |W¥| is a macroscopic order parameter for polar order akin
to total magnetization in spin systems: |W¥| = 0 is associated with disordered states (i.e., continuous
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FIG. 2. Global symmetry restoration. (a) Averaged defect density p,, blue solid line, and averaged mag-
nitude of the global polarization ¥ [Eq. (3)], orange solid line. (b) The correlation length £ (in units of
I, = /KJ/A) defined by fitting an exponential to the pair-correlation function I'(r). The square and circle
symbols in panel (b) correspond to the simulations results for 4096 x 4096 and 1024 x 1024 domains,
respectively, showing no detectable difference.

rotational symmetry) while |W¥| > O is associated with ordered states (discrete or broken rotational
symmetry). We use this global measure to probe the crossover between the two active turbulence
regimes as shown in Fig. 2(a) (orange solid line). Upon increasing the active stress from zero, the
active turbulence state immediately manifests a broken SO(2) symmetry evident from a nonzero
value of |W¥| in the absence of topological defects. The global polarization decreases in magnitude
with increasing activity and, remarkably, drops to zero beyond a critical activity for the nucleation
of topological defects. This is indicative of the restoration of the SO(2) symmetry in the active
defect-laden turbulence.

To further characterize the signature of this crossover, we also measure the equal-time, spatial
pair-correlation function for the polarity field I'(r) = (8 p;(x)dp;(x 4 r)), where §p;(r) = p;(r) —
(pi(r)) is the deviation from the local mean value and the averaging is performed over ten different
realizations, with distinct initial conditions and over time, once the system has reached a statistical
steady state. Accordingly, the correlation length £ is obtained by fitting an exponential to the
pair-correlation function I'(r). Similar to the global polarization, the correlation length § = §/1,,,
normalized with respect to the coherence length [, = /K/A, decreases with increasing activity
(Fig. 2). The regime shift is marked by the crossover from the fast decay to the slow decay of the
correlation length €, which matched with the onset of defect nucleation and the vanishing of |¥| = 0
as evidenced in Figs. 2(a) and 2(b). We have carefully checked that correlation measurements
are independent of the domain sizes for very large systems up to 4096 x 4096. We note that the
behavior of the correlation length shares interesting similarity to that in frustrated two-dimensional
Heisenberg magnets, where a crossover between a topological defects dominated regime at high
temperatures, and a spin-wave regime at low temperatures is observed [44]. Together, these mea-
surements of the global polarization and the correlation length indicate that the crossover from
defect-free to defect-laden active turbulence is marked by significant alterations in both the global
symmetry of the collective organization and in the local correlations between the polarities of active
constituents.
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FIG. 3. Defect pair nucleation process. (a), (b) Temporal evolution of the average bulk free-energy Fou =
(Fouk + A/4)/AL,. (top panels) measured in units of AL, relative to the background field —A/4; along with
(c, d) simulation snapshots depicting the polarity field and diffuse charge density (heat plot) before, at, and after
the nucleation of one pair of oppositely charged topological defects (bottom panels). Panels (a) and (c) are
contractile, and panels (b) and (d) are extensile. The blue regions in panels (a) and (b) mark the period of
existence of the defect pair considered. Time 7 is measured in units of the passive relaxation time of polarity
over the simulation domain #, = % (see also Supplemental Movies [46]).

It is important to note that the observed restoration of the SO(2) symmetry is solely activity-
driven and is in the noiseless limit of the equations of motion. Furthermore, the results presented
in Fig. 2 demonstrate that, point-by-point, for any activity, (i) the correlation length, (ii) the
polarization, and (iii) the defect density for domain sizes 1024 x 1024 and 4096 x 4096 fall
exactly on top of each other. This strongly suggests a system-size independent behavior, at least
for the numerically accessible system sizes. The question about the existence of a well-defined
thermodynamic limit of this symmetry-breaking or symmetry-restoring transition remains open for
future studies. Additionally, it is constructive to note that we do not observe any difference between
longitudinal and transverse correlations in the polarity. The correlation length does not diverge with
the system size within the ordered state, which we conjecture is due to the nonequilibrium nature of
the system and the breaking of detailed balance [45] through activity-induced flows that couple to
the dynamics of the order parameter.

C. Mechanism of defect pair nucleation in active turbulence of polar particles

Having established the significant impact of the topological defects on the collective organization
of polar active matter and its spontaneous flows, we next explore the mechanism of how topological
defects are formed within the active turbulence state as the activity approaches the threshold
value. Figure 3 illustrates zoomed-in snapshots of the polarity field at the onset of one defect pair
nucleation. Three snapshots are shown at simulation times corresponding to the following: before,
at, and after a single pair nucleation for both extensile and contractile active stresses. To identify and
track topological defects, we make use of the diffuse charge density, defined in the next section as
D = %ei j€k0;prd;jp;: it carries the 1 charge of the integer topological defect at the singularities
in the polarity field and is zero elsewhere. Shortly before the onset of defect pair nucleation, the
polarity field is characterized by locally ordered domains separated by lines of kink walls (Fig. 3
and Supplemental Movies [46]). At the onset of defect pair nucleation the polarity within one of the
kink walls flips locally, leading to spontaneous emergence of a pair of full-integer defects (Fig. 3).
After the nucleation event, the defect pair gets separated by an ordered region of polarity alignment
(Fig. 3). While the negatively charged antivortices (—1 topological defects) have similar structures
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in both extensile and contractile systems, the positively charged +1 topological defects take the
form of asters and vortices in contractile and extensile systems, respectively [Figs. 3(c) and 3(d)],
in agreement with earlier analytical predictions on the stability of defect structures in polar active
matter [47].

In order to gain more insight into the defect pair nucleation process, we measure the averaged
bulk free-energy of the system from Eq. (2) during the time leading to a single defect pair
nucleation event, as depicted in Figs. 3(a) and 3(b). For both extensile and contractile systems
the onset of defect nucleation coincides with a burst in the bulk free-energy. This is consistent with
the spontaneous flipping of the polarity within the kink walls that occurs when activity-induced
fluctuations in the polarity overcome the energy barrier of local flipping, set by the bulk free-energy.
Once the defect pair is formed, the bulk free-energy drops as the high energy stored in the kink
walls is released. In the following section, we look more closely at this defect nucleation process
and derive an analytical description of the activity threshold that is set by the competition between
bulk and elastic energies of the system and by activity-induced flows.

D. Onset of active defect-laden turbulence

To gain more theoretical insights into the onset of defect pair nucleation, we perform a stability
analysis of the topological charge density field. A stability analysis of the polarity field to probe
the nucleation of topological defects is unfeasible since it is intrinsically nonlinear. However, we
take advantage of the property of the topological charge density field being zero for low-energy
excitations of the polarity field (aka kinks and domain walls) to study the onset of defect nucleation
as an instability to a nonzero and localized charge density field. To this end, we employ the
Halperin-Mazenko method [48—50] of topological defects as zeros in the polarity vector field p, i.e.,
localized regions where p vanishes in magnitude while its orientation is undefined (multivalued).
The associated topological charge is a quanta of the phase jump measured around an arbitrary
contour C, enclosing the defect

2w g, = % dl-vo, 4)
Co
where 6 = arg(p). By Stokes’ theorem, we see that topological defects correspond to phase singu-
larities where the phase ceases to be irrotational,

271%/ d’xX 8(x — Xy) =/ d’xV x Vé. (5)
Aq A
As shown in Ref. [50], the topological content inside an area region A, can be also obtained from
the corresponding integration in the order parameter space p = (py, p2):

27y / d*>x8(x — x4) = / d’pdet(Vp)s(p). (6)
Ay
We relate the topological defect density D with the Jacobi determinant of the transformation to the
order parameter space, which is the same as the determinant of the distortion tensor Vp, to define

D = Le;jendipid;pr, (7

which is a smooth scalar field that vanishes where p is smooth and becomes nonzero and localized
at the core of topological defect, picking up the phase singularity. We have validated the defects
detected by D field against our routine approach of using winding angles and have obtained identical
results, in agreement with previous studies on active nematics, where the D field was defined as
the diffuse charge density [51-53]. The D field has the physical interpretation of a nonsingular
topological charge density field which follows the conservation law [50]

oD +9:J; =0, ®)
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with the corresponding topological current density

Ji = —eijek13;pk3jpl, ®)

which is fully determined by the evolution of the polarity p and the flow field u through the main
equations, Egs. (1b) and (1a).

We perform a stability analysis of Eq. (8) around the ground state of zero D associated with
slowly varying polar order to estimate the critical activity for the onset of defect nucleation,
identified as an instability where D becomes nonzero because polar order vanishes locally. In
general, the evolution of D, resulting from inserting the evolution of p from Eq. (1b) into Eq. (8),
cannot be closed only in terms of the D field. However, in the limit of retaining only the shear flow
alignment contribution and the molecular field, the evolution of p from Eq. (8) can be reduced to

1
D = €;jen [)»35(Eknpn)3jp1 + ;3ihk8jpli|- (10)

Now, by balancing viscous stress with the active stress in Eq. (1a), we relate the traceless strain
rate Ey, directly to the nematic order parameter, namely,

¢ »
Ew = — wPk — = Onk | 11
o= o (P Pk = 5 Onk (11
such that the flow alignment contribution dominated by orientational distortion has a closed form
given by

£ PP = 2 3iprd 2 3 Pmd
ﬂeijekl (P Pe)djpr = E(P €€k 0ipk0;pr + 2€; €11 PrPm0iPmd;p1)

LA LA gA

= 2=p’D+ 2= p (d1p1daps — hp1dipa) = == p°D. (12)

2n 2n n

The molecular field is due to the elastic distortions and the ordering potential
he = KV2pe + Al — pPpi,
and it leads to the contribution
€ijendihd;pr = KV2D + 2A(1 — 2p*)D.

Thus, within this limiting case, the evolution of the D field reduces to a diffusion-reaction equation:
K_, 2A ) A,
D~ —V°D+|—(1—-2p7)+ —p° |D. (13)
14 14 n

First, we notice that the polarity stiffness K enters as an effective diffusivity coefficient and sets
the scale of the diffusive core. The kinetic rate coefficients arise from the stabilizing passive contri-
bution through the energy scale parameter A of the local order potential and its relaxation timescale
y, as well as from the destabilizing contribution through the term that includes flow alignment A,
activity ¢, and viscosity n. At first sight, Eq. (13) looks nonconservative due to the source/sink
term. This is, however, not the case since this term is derived from a conservative current and is
related to the fact that the D field itself is the divergence of a vector field, D = 9;(€;j€x prdjpi)/2.
We estimate the critical activity from the linear stability analysis of Eq. (13) about the ordered state
p=1+468pand D = §D. By balancing out the two contributions to the reaction term we find that
the equation becomes unstable at

i~ —A. (14)
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FIG. 4. Dependence of the steady-state density of defects on (a) the flow-aligning parameters A and (b) the
bulk free-energy strength A. Inset in panel (b) shows that normalizing the active stress by +/A results in a data
collapse near the crossover point.

Thus, in the limit where we neglect the convective and rotational terms to the evolution of the D
field (i.e., u - Vp and [€2, p]), the topological charge density becomes unstable to defect nucleation
only for extensile systems where ¢ > 0. This instability is due to the flow alignment.

Advection and rotation of polarity p, due to flow velocity and vorticity, could also trigger insta-
bilities in the D field. Alas, their contributions are nonlocal through viscosity and incompressibility
constraint and cannot be reduced to linear operators acting on D. However, it turns out that the
contribution of vorticity to the D evolution is symmetric with respect to the sign of ¢, and, from
this, we can infer that an instability induced by vorticity would occur at a critical activity both for
extensile and contractile systems, also symmetric with respect to the sign of ¢.

It is important to note that in numerical simulations all these destabilizing forces orchestrate and
compete with the relaxation to uniform order. Therefore, the value of the critical activity is different
than the estimated one corresponding to an isolated triggering factor. However, this stability analysis
is informative and predicts generic properties of ¢.: (i) it depends on the energy scale A controlling
polar order, and (ii) the threshold activity has an asymmetry with respect to extensile and contractile
active stresses in the presence of flow alignment.

To test the theoretical predictions on the activity threshold for defect nucleation, we next explore
the dependence of defect density on the flow-aligning parameter A and the energy scale A for the bulk
free-energy. Figure 4(a) compares the variation of the defect density p,; with activity for three values
of the flow-aligning parameter A. Interestingly, and consistently with the theoretical prediction,
for A = 0 the activity threshold for defect nucleation is symmetric with respect to the sign of the
activity. Additionally, as predicted from the theory, a positive (negative) flow-aligning parameter
shifts the defect density curve such that the activity threshold becomes smaller—in absolute value—
for extensile (contractile) activities compared to their contractile (extensile) counterparts, leading to
a more asymmetric profile of the defect density with respect to the sign of the activity. Moreover, as
predicted from the theory, decreasing the energy scale in the bulk free-energy A lowers the activity
threshold for defect nucleation [Fig. 4(b)]. This is also consistent with the mechanism identified for
the nucleation of pairs of defects, relying on the spontaneous flipping of the polarity within the kink
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FIG. 5. Universal scaling in defect-free and defect-laden active turbulence. Power spectra normalized with
its corresponding maximum value for (a) polarity E,,(k) and (b) kinetic energy E,(k) on semilog plots,
demarcating the exponential decay at small scales (large wave numbers), which implies the dynamics is
dominated by viscous dissipation. (c), (d) Power spectra normalized with its corresponding maximum value
for (c) the enstrophy E,, (k) and (d) the kinetic energy again, on log-log plots, showing the power-law scaling
at scales larger than the active length scale L, . Insets show the nonscaled power spectra and the colorbar
indicates the dimensionless active stress strength .

walls (Figs. 3(c) and 3(d) and Supplemental Movies [46]): since the parameter A sets the depth of a
double-well potential in the bulk free-energy, decreasing its value amounts to lowering the energy
barrier for flipping the polarity, and as such leads to a reduced activity threshold for defect pair
nucleation.

E. Universal scaling in defect-free and defect-laden active turbulence

Having established the mechanism of defect nucleation and the difference between defect-free
and defect-laden active turbulence, we now investigate the common features between these two
active turbulent states by characterizing the energetic features of the flow and order parameters
(Fig. 5). To this end, we first measure the power spectrum of the polarity order parameter £ (k) =
%(ﬁi(k)ﬁ,-(—k)), with k being the wave number averaged over azimuthal direction, for a range
of activities spanning both defect-free and defect-laden turbulent states. Interestingly, when the
wave number is nondimensionalized by the active length scale L, = +/K/|Z[, which characterizes
the scale of energy injection into the system by active stresses, the power spectrum Ep for all
activity values shows an exponential decay at wave numbers larger than the inverse active length
scale, as evident from a semilog plot of the order parameter spectrum versus the normalized
wave number [Fig. 5(a)]. The exponential cutoff scale still depends on activity and approaches a
constant value at sufficiently high activity. This is related to the initial fast decay of the correlation
function I'(r), with a correlation length that is activity dependent as discussed earlier. Notice
that the exponential dependence of Ep on k breaks down for small wave numbers. On the other
hand, robust exponential tails at large wave numbers are characteristic for the spectral properties
of the spontaneous flow, measured by the kinetic energy spectrum E,(k) = %(ﬁi(k)fzi(—k)), with
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D; being the Fourier transforms of flow velocity [Fig. 5(b)]. However, for wave numbers below
the inverse active length scale, the kinetic energy spectrum E,(k) and the enstrophy spectrum
E, (k) = J(@(k)d(—k)) ~ k*E,(p) both exhibit power-law behavior [Figs. 5(c) and 5(d)]. This
is important, because these activity levels span both the defect-free and the defect-laden active
turbulence states, indicating that for a polar active matter, despite distinct symmetry features and
correlation lengths, there exist universal scaling of flow and order parameter spectrum in the active
turbulence state with and without topological defects. In particular, the enstrophy power spectrum
that relates to the flow field shows a universal power-law scaling at length scales larger than the
active length L,., while the polarity power spectrum that relates to the order parameter field shows
auniversal exponential decay at length scales smaller than the active length scale. These two distinct
scaling relate defect-free and defect-laden turbulence in polar active matter. It is important to note
that the scaling observed here is different from the power-law scaling suggested for active nematic
turbulence without topological defects, where the orientational field is treated as a unit vector field
with fixed modulus [11]. The heuristic argument of the scaling behavior reported in Ref. [11] is
based on a spectral analysis of the equation for the vorticity source to argue for the power-law
scaling of £ p(k) and E, (k) at small k. The scaling argument hinges on two important assumptions:
(1) the vorticity source is dominated by the active stress determined only by phase gradients;
(ii) at small k (long wavelength) phase fluctuations become uncorrelated. Both of these assumptions
fail to apply when the polarity magnitude is allowed to vary, since the vorticity fluctuations couple
with fluctuations in both the magnitude and the phase of the polarity. Thus, the power spectrum of
the vorticity source is not trivially related to the polarity power spectrum by extending the scaling
analysis from Ref. [11]. Therefore, we do not expect to observe the same scaling behavior at long
wavelength as in Ref. [11].

IV. DISCUSSION

The results presented herein reveal distinct flow fields and patterns of collective self-organization
of polar active particles that are primarily controlled by active stresses. We show that increasing
active stress in a polar active fluid leads to a dynamical crossover from a defect-free to a defect-laden
active turbulence state. Above a critical activity threshold, the turbulent flow is seeded with topo-
logical defects nucleated in the polar order parameter. Importantly, we find that the proliferation of
defects screens the global polar order. Thus, in the defect-laden turbulent states the SO(2) symmetry
is restored, whereas the defect-free active turbulence is endowed with broken SO(2) symmetry.

Interestingly, we show that in spite of their distinct topological content, the two active turbulence
regimes share similar statistical properties with robust exponential tails for power spectra of polar
order, flow velocity, and vorticity on length scales smaller than the active length scale. On the other
hand, over the length scales that are larger than the active length scale, enstrophy and energy spectra
of flow fluctuations exhibit self-similarity with power-law scaling exponents. These statistical
properties are also universal in the sense that they do not depend on the presence of topological
defects, which may indicate that nontopological dissipative structures (e.g., kink walls) are the
dominant driving force to fluctuations in order and flow of polar active fluids.

It is noteworthy that despite the ubiquitous presence of polarity in living and synthetic active
materials [8,9], the majority of the current understanding of topological defects and flow features
within the active turbulence is based on studies of active nematics. This is in part due to the growing
number of biological systems that are identified with half-integer, nematic, topological defects
[21,32,34] and discovery of potential biological functions for such defects [53-55]. It is important to
note, however, that full-integer defects have also been identified as possible organization centers for
mitotic spindles in microtubule-motor protein assemblies [56] and more recently as potential sites
for mechanotransduction [35], and for cell differentiation in mouse myoblasts [33] and cartilage
cells [57]. Our results provide a quantitative characterization of the dynamical crossovers, as well
as the statistical imprints of flow and topological defects in polar active matter. Future work should
focus on details of the dynamic distinctions in topological and flow features between the active
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turbulence in polar and nematic active materials, as well as generalized frameworks of the coupling
between polar and nematic symmetries that have already been suggested theoretically [37,58,59]
and observed experimentally [56,57].

ACKNOWLEDGMENTS

A.D. acknowledges funding from the Novo Nordisk Foundation (Grant No. NNF18SA0035142
and NERD Grant No. NNF210C0068687), Villum Fonden Grant No. 29476, and the European
Union via the ERC-Starting Grant PhysCoMeT Grant No. 101041418. J.R. and L.A. acknowledge
support from the Research Council of Norway through the Center of Excellence funding scheme,
Project No. 262644 (PoreLab).

[1] R. Alert, J. Casademunt, and J.-F. Joanny, Active turbulence, Annu. Rev. Condens. Matter Phys. 13, 143
(2022).

[2] H. Wensink, J. Dunkel, S. Heidenreich, K. Drescher, R. E. Goldstein, H. Lowen, and J. M. Yeomans,
Meso-scale turbulence in living fluids, Proc. Natl. Acad. Sci. USA 109, 14308 (2012).

[3] O. J. Meacock, A. Doostmohammadi, K. R. Foster, J. M. Yeomans, and W. M. Durham, Bacteria solve
the problem of crowding by moving slowly, Nat. Phys. 17, 205 (2021).

[4] C.Blanch-Mercader, V. Yashunsky, S. Garcia, G. Duclos, L. Giomi, and P. Silberzan, Turbulent Dynamics
of Epithelial Cell Cultures, Phys. Rev. Lett. 120, 208101 (2018).

[5] S.-Z. Lin, W.-Y. Zhang, D. Bi, B. Li, and X.-Q. Feng, Energetics of mesoscale cell turbulence in two-
dimensional monolayers, Commun. Phys. 4, 21 (2021).

[6] T. Sanchez, D. T. N. Chen, S. J. DeCamp, M. Heymann, and Z. Dogic, Spontaneous motion in hierarchi-
cally assembled active matter, Nature (London) 491, 431 (2012).

[7] B. Martinez-Prat, R. Alert, F. Meng, J. Ignés-Mullol, J.-E. Joanny, J. Casademunt, R. Golestanian, and
F. Sagués, Scaling Regimes of Active Turbulence with External Dissipation, Phys. Rev. X 11, 031065
(2021).

[8] M. C. Marchetti, J. F. Joanny, S. Ramaswamy, T. B. Liverpool, J. Prost, M. Rao, and R. A. Simha,
Hydrodynamics of soft active matter, Rev. Mod. Phys. 85, 1143 (2013).

[9] C. Bechinger, R. Di Leonardo, H. Léwen, C. Reichhardt, G. Volpe, and G. Volpe, Active particles in
complex and crowded environments, Rev. Mod. Phys. 88, 045006 (2016).

[10] A. Doostmohammadi, J. Ignés-Mullol, J. M. Yeomans, and F. Sagués, Active nematics, Nat. Commun. 9,
3246 (2018).

[11] R. Alert, J.-F. Joanny, and J. Casademunt, Universal scaling of active nematic turbulence, Nat. Phys. 16,
682 (2020).

[12] A. Doostmohammadi, T. N. Shendruk, K. Thijssen, and J. M. Yeomans, Onset of meso-scale turbulence
in active nematics, Nat. Commun. 8, 15326 (2017).

[13] G. Lemoult, L. Shi, K. Avila, S. V. Jalikop, M. Avila, and B. Hof, Directed percolation phase transition to
sustained turbulence in Couette flow, Nat. Phys. 12, 254 (2016).

[14] S. Ngo, A. Peshkov, I. S. Aranson, E. Bertin, F. Ginelli, and H. Chaté, Large-Scale Chaos and Fluctuations
in Active Nematics, Phys. Rev. Lett. 113, 038302 (2014).

[15] J. Urzay, A. Doostmohammadi, and J. M. Yeomans, Multi-scale statistics of turbulence motorized by
active matter, J. Fluid Mech. 822, 762 (2017).

[16] Z. Krajnik, Z. Kos, and M. Ravnik, Spectral energy analysis of bulk three-dimensional active nematic
turbulence, Soft Matter 16, 9059 (2020).

[17] L. N. Carenza, L. Biferale, and G. Gonnella, Cascade or not cascade? energy transfer and elastic effects
in active nematics, Europhys. Lett. 132, 44003 (2020).

[18] R. C. V. Coelho, N. A. M. Aratjo, and M. M. T. da Gama, Propagation of active nematic—isotropic
interfaces on substrates, Soft Matter 16, 4256 (2020).

063101-12


https://doi.org/10.1146/annurev-conmatphys-082321-035957
https://doi.org/10.1073/pnas.1202032109
https://doi.org/10.1038/s41567-020-01070-6
https://doi.org/10.1103/PhysRevLett.120.208101
https://doi.org/10.1038/s42005-021-00530-6
https://doi.org/10.1038/nature11591
https://doi.org/10.1103/PhysRevX.11.031065
https://doi.org/10.1103/RevModPhys.85.1143
https://doi.org/10.1103/RevModPhys.88.045006
https://doi.org/10.1038/s41467-018-05666-8
https://doi.org/10.1038/s41567-020-0854-4
https://doi.org/10.1038/ncomms15326
https://doi.org/10.1038/nphys3675
https://doi.org/10.1103/PhysRevLett.113.038302
https://doi.org/10.1017/jfm.2017.311
https://doi.org/10.1039/C9SM02492A
https://doi.org/10.1209/0295-5075/132/44003
https://doi.org/10.1039/C9SM02306B

SYMMETRY-RESTORING CROSSOVER FROM DEFECT- ...

[19] S. Chandragiri, A. Doostmohammadi, J. M. Yeomans, and S. P. Thampi, Flow States and Transitions of
an Active Nematic in a Three-Dimensional Channel, Phys. Rev. Lett. 125, 148002 (2020).

[20] S. Ramaswamy, The mechanics and statistics of active matter, Annu. Rev. Condens. Matter Phys. 1, 323
(2010).

[21] A. Ardaseva and A. Doostmohammadi, Topological defects in biological matter, Nat. Rev. Phys. 4, 354
(2022).

[22] R. Voituriez, J. F. Joanny, and J. Prost, Generic Phase Diagram of Active Polar Films, Phys. Rev. Lett. 96,
028102 (2006).

[23] L. Giomi, M. C. Marchetti, and T. B. Liverpool, Complex Spontaneous Flows and Concentration Banding
in Active Polar Films, Phys. Rev. Lett. 101, 198101 (2008).

[24] E. Tjhung, M. E. Cates, and D. Marenduzzo, Nonequilibrium steady states in polar active fluids, Soft
Matter 7, 7453 (2011).

[25] L. Giomi and M. C. Marchetti, Polar patterns in active fluids, Soft Matter 8, 129 (2012).

[26] V. Bratanov, F. Jenko, and E. Frey, New class of turbulence in active fluids, Proc. Natl. Acad. Sci. USA
112, 15048 (2015).

[27] M. Linkmann, G. Boffetta, M. C. Marchetti, and B. Eckhardt, Phase Transition to Large Scale Coherent
Structures in Two-Dimensional Active Matter Turbulence, Phys. Rev. Lett. 122, 214503 (2019).

[28] M. Linkmann, M. C. Marchetti, G. Boffetta, and B. Eckhardt, Condensate formation and multiscale
dynamics in two-dimensional active suspensions, Phys. Rev. E 101, 022609 (2020).

[29] L. N. Carenza, L. Biferale, and G. Gonnella, Multiscale control of active emulsion dynamics, Phys. Rev.
Fluids 5, 011302(R) (2020).

[30] R. Chatterjee, N. Rana, R. A. Simha, P. Perlekar, and S. Ramaswamy, Inertia Drives a Flocking Phase
Transition in Viscous Active Fluids, Phys. Rev. X 11, 031063 (2021).

[31] A. Chardac, L. A. Hoffmann, Y. Poupart, L. Giomi, and D. Bartolo, Topology-Driven Ordering of
Flocking Matter, Phys. Rev. X 11, 031069 (2021).

[32] B. I. Halperin, Statistical mechanics of topological defects, in Physics of Defects, edited by R. Balian,
M. Kleman, and J.-P. Poirier (North-Holland, Amsterdam, 1981), pp. 814-857.

[33] P. Guillamat, C. Blanch-Mercader, G. Pernollet, K. Kruse, and A. Roux, Integer topological defects
organize stresses driving tissue morphogenesis, Nat. Mater. 21, 588 (2022).

[34] S. Shankar, A. Souslov, M. J. Bowick, M. C. Marchetti, and V. Vitelli, Topological active matter, Nat.
Rev. Phys. 4, 380 (2022).

[35] K. D. Endresen, M. Kim, M. Pittman, Y. Chen, and F. Serra, Topological defects of integer charge in cell
monolayers, Soft Matter 17, 5878 (2021).

[36] E. Vafa, M. J. Bowick, M. C. Marchetti, and B. I. Shraiman, Multi-defect dynamics in active nematics,
arXiv:2007.02947.

[37] A. Amiri, R. Mueller, and A. Doostmohammadi, Unifying polar and nematic active matter: Emergence
and co-existence of half-integer and full-integer topological defects, J. Phys. A: Math. Theor. 55, 094002
(2022).

[38] J. Prost, F. Jiilicher, and J.-F. Joanny, Active gel physics, Nat. Phys. 11, 111 (2015).

[39] F. lJiilicher, S. W. Grill, and G. Salbreux, Hydrodynamic theory of active matter, Rep. Prog. Phys. 81,
076601 (2018).

[40] P. G. De Gennes and J. Prost, The Physics of Liquid Crystals, International Series of Monographs on
Physics Volume 83 (Oxford University, Oxford, 1993).

[41] S. Chandragiri, A. Doostmohammadi, J. M. Yeomans, and S. P. Thampi, Active transport in a channel:
Stabilisation by flow or thermodynamics, Soft Matter 15, 1597 (2019).

[42] F. C. Frank, I. Liquid crystals. On the theory of liquid crystals, Discuss. Faraday Soc. 25, 19 (1958).

[43] S. P. Thampi, R. Golestanian, and J. M. Yeomans, Instabilities and topological defects in active nematics,
Europhys. Lett. 105, 18001 (2014).

[44] N. Hasselmann and A. Sinner, Interplay of topology and geometry in frustrated two-dimensional heisen-
berg magnets, Phys. Rev. B 90, 094404 (2014).

[45] H. Tasaki, Hohenberg-Mermin-Wagner-Type Theorems for Equilibrium Models of Flocking, Phys. Rev.
Lett. 125, 220601 (2020).

063101-13


https://doi.org/10.1103/PhysRevLett.125.148002
https://doi.org/10.1146/annurev-conmatphys-070909-104101
https://doi.org/10.1038/s42254-022-00469-9
https://doi.org/10.1103/PhysRevLett.96.028102
https://doi.org/10.1103/PhysRevLett.101.198101
https://doi.org/10.1039/c1sm05396e
https://doi.org/10.1039/C1SM06077E
https://doi.org/10.1073/pnas.1509304112
https://doi.org/10.1103/PhysRevLett.122.214503
https://doi.org/10.1103/PhysRevE.101.022609
https://doi.org/10.1103/PhysRevFluids.5.011302
https://doi.org/10.1103/PhysRevX.11.031063
https://doi.org/10.1103/PhysRevX.11.031069
https://doi.org/10.1038/s41563-022-01194-5
https://doi.org/10.1038/s42254-022-00445-3
https://doi.org/10.1039/D1SM00100K
http://arxiv.org/abs/arXiv:2007.02947
https://doi.org/10.1088/1751-8121/ac4abe
https://doi.org/10.1038/nphys3224
https://doi.org/10.1088/1361-6633/aab6bb
https://doi.org/10.1039/C8SM02103A
https://doi.org/10.1039/df9582500019
https://doi.org/10.1209/0295-5075/105/18001
https://doi.org/10.1103/PhysRevB.90.094404
https://doi.org/10.1103/PhysRevLett.125.220601

BENJAMIN H. ANDERSEN et al.

[46] See Supplemental Material at http://link.aps.org/supplemental/10.1103/PhysRevFluids.8.063101 for sim-
ulations of the polarity field and diffuse charge density (heat plot) in contractile and extensile systems.

[47] K. Kruse, J.-F. Joanny, F. Jiilicher, J. Prost, and K. Sekimoto, Asters, Vortices, and Rotating Spirals in
Active Gels of Polar Filaments, Phys. Rev. Lett. 92, 078101 (2004).

[48] B. 1. Halperin, in Physics of Defects, edited by R. Balian, M. Kléman, and J.-P. Poirier, Proceedings of the
Les Houches Summer School of Theoretical Physics, XXXV, 1981 (North Holland, Amsterdam, 1981).

[49] G. F. Mazenko, Vortex Velocities in the O(n) Symmetric Time-Dependent Ginzburg-Landau Model, Phys.
Rev. Lett. 78, 401 (1997).

[50] V. Skogvoll, J. Rgnning, M. Salvalaglio, and L. Angheluta, A unified field theory of topological defects
and non-linear local excitations, arXiv:2302.03035.

[51] M. L. Blow, S. P. Thampi, and J. M. Yeomans, Biphasic, Lyotropic, Active Nematics, Phys. Rev. Lett.
113, 248303 (2014).

[52] A. Doostmohammadi, S. P. Thampi, and J. M. Yeomans, Defect-Mediated Morphologies in Growing Cell
Colonies, Phys. Rev. Lett. 117, 048102 (2016).

[53] T. B. Saw, A. Doostmohammadi, V. Nier, L. Kocgozlu, S. Thampi, Y. Toyama, P. Marcq, C. T. Lim,
J. M. Yeomans, and B. Ladoux, Topological defects in epithelia govern cell death and extrusion, Nature
(London) 544, 212 (2017).

[54] K. Kawaguchi, R. Kageyama, and M. Sano, Topological defects control collective dynamics in neural
progenitor cell cultures, Nature (London) 545, 327 (2017).

[55] K. Copenhagen, R. Alert, N. S. Wingreen, and J. W. Shaevitz, Topological defects promote layer formation
in Myxococcus xanthus colonies, Nat. Phys. 17, 211 (2021).

[56] J. Roostalu, J. Rickman, C. Thomas, F. Nédélec, and T. Surrey, Determinants of polar versus nematic
organization in networks of dynamic microtubules and mitotic motors, Cell 175, 796 (2018).

[57] E. Makhija, Y. Zheng, J. Wang, H. R. Leong, R. B. Othman, E. X. Ng, E. H. Lee, L. Tucker-Kellogg, Y. H.
Lee, H. Yu et al., Topological defects govern mesenchymal condensations, offering a morphology-based
tool to predict cartilage differentiation, bioRxiv 2022.05.30.493944, doi:10.1101/2022.05.30.493944.

[58] A. Baskaran and M. C. Marchetti, Nonequilibrium statistical mechanics of self-propelled hard rods,
J. Stat. Mech. (2010) P04019.

[59] A. Patelli, I. Djafer-Cherif, I. S. Aranson, E. Bertin, and H. Chaté, Understanding Dense Active Nematics
from Microscopic Models, Phys. Rev. Lett. 123, 258001 (2019).

063101-14


http://link.aps.org/supplemental/10.1103/PhysRevFluids.8.063101
https://doi.org/10.1103/PhysRevLett.92.078101
https://doi.org/10.1103/PhysRevLett.78.401
http://arxiv.org/abs/arXiv:2302.03035
https://doi.org/10.1103/PhysRevLett.113.248303
https://doi.org/10.1103/PhysRevLett.117.048102
https://doi.org/10.1038/nature21718
https://doi.org/10.1038/nature22321
https://doi.org/10.1038/s41567-020-01056-4
https://doi.org/10.1016/j.cell.2018.09.029
https://doi.org/10.1101/2022.05.30.493944
https://doi.org/10.1088/1742-5468/2010/04/P04019
https://doi.org/10.1103/PhysRevLett.123.258001

