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Hydrodynamics of pulsating active liquids

Tirthankar Banerjee,"* Thibault Desaleux,! Jonas Ranft,2 T and Etienne Fodor®:#
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Inserm, Université PSL, 46 rue d’Ulm, 75005 Paris, France

Inspired by dense contractile tissues, where cells are subject to periodic deformation, we formulate
and study a generic hydrodynamic theory of pulsating active liquids. Combining mechanical and
phenomenological arguments, we postulate that the mechanochemical feedback between the local
phase, which describes how cells deform due to autonomous driving, and the local density can be
described in terms of a free energy. We argue that such a feedback is consistent with the coarse-
graining of a broad class of microscopic models. Our hydrodynamics captures the three main states
emerging in its particle-based counterparts: a globally cycling state, a homogeneous arrested state
with constant phase, and a state with propagating radial waves. Remarkably, we show that the
competition between these states can be rationalized intuitively in terms of an effective landscape,
and argue that waves can be regarded as secondary instabilities. Linear stability analysis of the
arrested and cycling states, including the role of fluctuations, leads to predictions for the phase
boundaries. Overall, our results demonstrate that our minimal, yet non-trivial model provides a

relevant platform to study the rich phenomenology of pulsating liquids.

I. INTRODUCTION

Active matter encompasses a large class of nonequi-
librium systems where individual components can au-
tonomously consume energy to power some sustained
dynamics [1-3]. The study of various active phenom-
ena, such as flocking [4-7], motility-induced phase sepa-
ration [8], and active turbulence [9, 10], has largely driven
the development of nonequilibrium statistical physics in
the last decades. While many studies have focused on
dilute systems [7, 8], others have been concerned with
dense assemblies of active units, such as the acto-myosin
cortex or biological tissues described as active gels [11-
15]. In particular, various experimental works have stud-
ied the patterns emerging from the collective contraction
of cells [16-19]. The corresponding phenomenology fea-
tures oscillations [20, 21] and wave propagation [22-31],
associated with various biological functions [32, 33].

Several studies have identified minimal models of de-
formable units as a novel paradigm in soft and active
matter [34], with applications to various systems; for in-
stance, robots [35], membranes [36], and biological tis-
sues [21, 37-39]. In particular, some theoretical works
have explored the collective properties of particles whose
internal degrees of freedom, regulating their interactions,
are subject to fluctuations. For example, some variants of
the vertex model, originally developed to rationalize ge-
ometric properties of epithelial tissues in terms of their
mechanics [37, 40, 41], account for the mechanocoupling
and plasticity of cells by promoting certain internal pa-
rameters (e.g. reference area and/or perimeter) to dy-
namical variables [42-46]. Moreover, recent studies on
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pulsating repulsive particles [47-51], whose sizes are sub-
ject to a periodic drive, have shown how the interplay be-
tween deformation and synchronization yields dynamical
patterns reminiscent of the contraction waves in pulsatile
tissues [16, 17, 19].

An important challenge is to propose a hydrodynamic
description which accurately captures the collective prop-
erties of deforming particles. Some studies have pro-
posed hydrodynamic equations for the vertex model
when considering fixed reference area and perimeter for
all cells [52-55]. These works rely on a top-down per-
spective combining mechanical and phenomenological ar-
guments. For pulsating particles, their hydrodynam-
ics has been derived with a bottom-up approach by
coarse-graining the microscopic model under some as-
sumptions [47, 48]. Such assumptions amount to neglect-
ing the interplay between the local phase, which describes
the size oscillation, and the local density. Therefore, al-
though the corresponding hydrodynamics features inter-
esting connections with the complex Ginzburg-Landau
equation (CGLE) [56], which is widely used in synchro-
nization theory, it does not capture the emergence of den-
sity waves observed experimentally [16, 17, 19].

In short, a consistent hydrodynamics of pulsating par-
ticles which properly integrates the mechanochemical
feedback between density and phase remains to be built.
Such an achievement would open many doors. First, it
would allow one to compare more closely existing descrip-
tions of confluent tissues, formulated in terms of contin-
uum mechanics description [13, 52, 57], with models of
pulsating particles. Second, it would lead to bridge the
gap between these continuum models, based on conserva-
tion laws and constitutive relations, and field theories of
synchronization, relying essentially on phenomenological
laws [56, 58]. Therefore, our goal is to delineate the essen-
tial ingredients, combining mechanical and phenomeno-
logical arguments, to build a generic theory capturing the
phenomenology of a broad class of pulsating systems.


mailto:tirthankar.banerjee@uni.lu
mailto:jonas.ranft@ens.psl.eu
mailto:etienne.fodor@uni.lu

FIG. 1. Schematic representations of field profiles in generic
pulsating liquids; for instance, we consider here the case of a
confluent tissue made of cells with polygonal shape. (a) The
oscillation of the internal phase ; of a given cell leads to
a cyclic change of its preferred area, inversely proportional
to the reference density pres(¢;) [Eq. (5)]. (b) The interplay
between internal pulsation and local interactions can yield
the formation of inhomogeneous configurations; for instance,
the confluent assembly of pulsating particles here features
larger cells at its center. (c) At the hydrodynamic level,
the individual phases 1; are coarse-grained into the phase
field ¢ (r). The corresponding profile varies continuously from
large (¢(r) ~ m) to small (¢¥(r) ~ 0) sizes. (d) The density
field p(r) represents the local number of particles. For con-
fluent systems, a local increase in size corresponds to a local
decrease of density.

In this article, we set out to formulate such a theory
by explicitly describing the hydrodynamic coupling be-
tween density and phase. We assume that individual
self-propulsion is negligible, so that activity enters purely
through the drive of an internal phase [Fig. 1]. Impor-
tantly, we consider our system as effectively liquid-like,
assuming that the phase dynamics are slow with respect
to the characteristic timescale of cell rearrangements and
the relaxation of elastic stress. Although the underlying
particle configuration remains confluent, which leads to
a rigidity transition at high density [41, 59], we neglect
any solidification here. We show that these minimal as-
sumptions suffice to capture the existence of three main
states: a globally synchronized pulsating state, a homo-
geneous arrested state with constant phase, and a state
with propagating radial waves [Fig. 2]. These states are
the main defining features of pulsating active liquids, as
already reported in some particle-based models [47-51].

The paper is organized as follows. In Sec. I, we mo-
tivate and present our model of pulsating active liquids.
We postulate a hydrodynamic theory from phenomeno-
logical and mechanical considerations, and we argue that

it embodies the coarse-grained dynamics of a broad class
of particle-based models. In Sec. III, we then report the
emergence of pulsating waves and detail the correspond-
ing phenomenology, along with the phase diagram ob-
tained from numerical simulations. We discuss the linear
stability analysis in Sec. IV, including the role of fluctua-
tions, which leads to analytical predictions for the phase
boundaries. Finally, we present our main conclusions and
future perspectives in Sec. V.

II. LIQUIDS WITH INTERNAL PULSATION

Inspired by the phenomenology of pulsatile tissues [16,
17, 19], we aim to describe the collective behavior of a
dense assembly of pulsating particles: each particle is
subject to a drive of internal degrees of freedom, which in
turn promotes its periodic deformation [Fig. 1]. There-
fore, we propose a minimal, yet non-trivial continuum
model capturing the hydrodynamics of such a system.
Remarkably, we argue that the emerging nonequilibrium
phenomenology can be rationalized in terms of an effec-
tive landscape which encapsulates the competition be-
tween various steady states.

A. From mechanics to field theory

We endow each particle ¢ with an internal degree of
freedom 1; that represents the phase of an underlying
oscillation. For instance, this phase can refer to an in-
ternal cellular clock driven by external electrical [16] or
chemical signals [17]. Assuming that the phase varies
slowly in space, as a result of mechanical and biochem-
ical couplings, we define the coarse-grained field v (r, )
to capture the spatio-temporal dynamics of the phase at
hydrodynamic scales. Similarly, we introduce the local
particle density p(r,t), which is another field depending
on both space and time.

In the absence of any division and death of particles,
the balance of particle number is expressed by the con-
servation equation

Op==V-(pv), (1)

where v is the cell velocity field. The force balance con-
dition enforces that external forces compensate for the
gradients of the stress tensor X. In the presence of a sub-
strate, we consider that external forces are given by the
friction —ypv and the noise /2D,7,, yielding

0=—ypv++2D,m,+ VX, (2)

where v > 0 is an effective friction constant, and 7, has
Gaussian statistics with zero-mean and unit variance:

(p.a(x, )0 5(r', 1)) = bapd(x —x)o(t —#) . (3)

For simplicity, we neglect shear stresses and consider only
the effect of a finite isotropic compressibility; see Ap-
pendix A for model equations with a finite shear viscosity.



FIG. 2. Pulsating radial waves propagate synchronously for
density p (top) and phase ¥ (bottom). Variations of the local
phase generate local stresses, which in turn produce large-
scale flows and advect the density. Such a hydrodynamic
mechanism captures how, in confluent systems, local varia-
tions of particle size generate contraction and promote ad-
vection of density. Arrows mark directions of propagation.

Parameters : 8 =9, p* = 1.04, a = 1, D, = 0.01 = Dy,
e = 0.5. Colorbars as in Fig. 1

Specifically, we take the following constitutive equation:

Pref — P OF
J % J Poép J (4)

where pef is a reference density at which the stress van-
ishes, and A > 0 is the compressibility of the tissue.
We suppose that the constitutive equation can be ob-
tained from an effective free energy F', as expressed by
second equality in Eq. (4). Moreover, we assume that pref
changes locally as a function of the phase 9 according to

pref(¢) = pO(l + ecos ¢) ) (5)

where pg is the baseline reference density, and 0 < e < 1
measures the strength of the modulation of the reference
density during a cycle. The dependence of p..s on ¥ is
meant to capture the stress generation associated with
a local deformation of cells; specifically, for a confluent
tissue, pret should be inversely proportional to the area
locally covered by cells [Fig. 1]. In short, Egs. (1-5) de-
scribe how local deviation of the density p from pye()
leads to a finite stress 3, which in turn generates tissue
flows.

We now specify the assumptions underlying the dy-
namics of ©. The pulsation of cells can be driven by
either a cell-autonomous internal clock or a global drive;
it favors oscillations of 1 at the same frequency across
the whole tissue, yet without imposing a uniform profile
of ¢ a priori. The feedback between p and 1 is described
by the coupling term in the free energy F'. Moreover, we
assume that interactions between neighboring cells tend
to locally synchronize their phases. We capture such an
effect with an additional contribution to F' describing the
energetic cost for stabilizing gradients of 1. Specifically,

the free energy reads

Flp, 9] = /dr [;\ (/%/;r(:f(?ﬁ)>2 +

where k£ > 0 is the phenomenological parameter which
penalizes the formation of interfaces. Using Eqgs. (1), (2)
and (4), the dynamics for p and ¢ can then be written
in a closed form as

oF
6t,0 =V- (?V(Sp + \/ﬁ"?p) ’

oF
8t1/):w—,uw+\/m77wa

(Ve)? |, (6)

| X

(7)

where w > 0 is the driving frequency, and p is a ki-
netic coefficient. The first free-energy term 0F/dp sim-
ply stems from the compact formulation of the consti-
tutive equation [Eq. (4)] in terms of the free energy F.
The second free-energy term 6F /1) can be regarded as a
density-dependent resistance to cycling. The noise term
7y is uncorrelated with 7,, and has Gaussian statistics
with zero mean and correlations given by

{ny (x, )y (', 1)) = 6(r —x')o(t —1') . (8)

At thermodynamic equilibrium (w = 0), the noise am-
plitude D, and D, are not independent, since they are
determined by the fluctuation-dissipation theorem. In
such a case, they must satisfy D, = poT'/v and Dy, = uT,
where T' denotes the temperature of the surrounding heat
bath. Out of equilibrium (w # 0), there is no reason for
these constraints to hold a priori.

In short, we postulate here the dynamics of p and ¥ by
combining mechanical and phenomenological arguments
at the hydrodynamic level. Importantly, we demonstrate
in Appendix B that a similar hydrodynamics can be ob-
tained by coarse-graining the dynamics of pulsating de-
formable particles. In that respect, Eq. (7) embodies the
hydrodynamics of a broad class of microscopic models,
which feature deforming particles with an internal pulsa-
tion. In practice, such a pulsation can stem from either
(i) an explicit drive at the microscopic level [47-51], or
(ii) from some feedback in the internal state space of par-
ticles [44, 45], as often assumed in excitable media. In
both cases, we expect that the coarse-grained behavior
will map into a hydrodynamics akin to Eq. (7).

In the language of field theories, commonly used to de-
scribe the hydrodynamic behavior of soft and active sys-
tems [2, 60, 61], the equilibrium limit (w = 0) of Eq. (7)
reduces to a passive model C coupling conserved and non-
conserved scalar fields, respectively p and v¥: such an
equilibrium model cannot accommodate any steady cur-
rent. In contrast, as we discuss in great detail in the fol-
lowing sections, the presence of pulsation (w > 0) opens
the door to a rich nonequilibrium behavior, with the
emergence of propagating waves [Fig. 2] reminiscent of
the phenomenology of some pulsating tissues [16, 17, 19].



B. Effective landscape

In what follows, we consider a non-dimensional version
of the dynamics in two spatial dimensions. To this end,
we scale time and space variables as

t—=t' =t/te, r—=r' =r/l, (9)
in terms of the characteristic time and length scales:

Vipk/w . (10)

We also scale density variables and noise amplitudes as

te=1/w, L.=

p%p/:P/POa pref*}p;ef:pref/po’
D D 11
DP%D;=%7 Dw%Dip:l' .
(1kpo) ik

The non-dimensional dynamics can then be written in
terms of the effective landscape

flp,) = (B/2)(1 + €cos ¢ — p)* — o (12)

as

0
('9,4):5 2 f—’—\/Q.DV np,

O = V2 — == + V2Dy 1y

(13)

where we have omitted the prime notation for simplicity,
and introduced the non-dimensional parameters

B=pM\w. (14)

The total density p* = % fv drp is conserved and con-
stant for a given system size V. In the noiseless dynam-
ics (D, = 0 and Dy = 0), we are thus left with four
independent control parameters (p*, «, €, 3) which are all
positive. Given that f is unbounded, it should not be
regarded as an equilibrium free energy. Yet, as discussed
in Sec. II C, analyzing the features of f provides some
insights into the various types of emerging states.

o =M (ukypo)

C. Competition between cycles and arrest

We now discuss the phenomenology of the homoge-
neous states emerging from Eq. (13) in the absence of
noise (D, = 0 and Dy = 0). If one starts from a ho-
mogeneous initial condition, the dynamics is entirely de-
termined by the evolution of the homogeneous phase 1,
since the density p = p* remains constant at all times.
Therefore, the dynamics of the homogeneous states is not
affected by a, and only depends on (p*, ¢, 5).

The landscape f features a series of minima if the
inverse drive (3 is higher than a critical value [y at
fixed density p [Fig. 3(a)]. Therefore, the parameters
(p*, B) naturally control the transition between two dis-
tinct states: (i) a cycling state with a steady current,

(b)
e | f
,—20-15-10—5

5 10 15

—25 L 1

FIG. 3. (a) The effective landscape f [Eq. (12)] supports two
distinct behaviors in terms of the phase 1, for fixed density
p = 2 and € = 0.5. The phase gets arrested in the presence
of a series of minima (blue, 8 = 0.3), whereas it continuously
cycles in the absence of minimum (red, 8 = 5). (b) In the joint
phase space (1, p), the local minimum of the landscape (black,
minimizing f at fixed 1) yields oscillations of the density as
the phase increases. Parameters: § = 12.5, ¢ = 0.5.

for which 8 < Bex(p*), and (ii) an arrested state without
any steady current, for which 8 > Bex(p*). The compe-
tition between arrest and cycles is the essential feature
which defines pulsating active matter [47-51]. Specifi-
cally, the existence of arrest stems from the breakdown
of rotational invariance: in contrast with the standard
CGLE [56], our dynamics [Eq. (13)] is not invariant un-
der a phase shift v — ¢ + C for an arbitrary C. There-
fore, our hydrodynamic model clearly reproduces the
unique phenomenology of pulsating liquids at homoge-
neous level, as already reported in particle-based mod-
els [47-51].

In the arrested state, the stationary solution ¢ = ¥*
is a local minimum of the landscape f(p, ). Therefore,
such a solution obeys

of
o

o2 f

(w*) =0, ng(w*) >0, (15)

namely

0=1+Be(l —p* + ecosyp™) siny*

1
0 < (1—p*)cosyp™ + ecos2y™ (16)

The phase boundary fex(p*) corresponds to the case
where the local minimum and the inflection point of f
coincide. The corresponding solution v = 1. satisfies

of >’f _ >*f
1/}(¢C) — VY 871/)2(1/}0) =0 ’ awg (wc) ) (17)

namely
0 =1+ Bexe(1l — p* + €cost)) sint, ,
0=(1-p*)costp. + €cos 2. , (18)
0> (1—p*)sint, + 2esin 27, .

leading to
exl0) = - (19)

e(p* — 1 — ecostpe)sintp,
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FIG. 4. Phase diagram in terms of the inverse drive 8 and the total density p* = % [ drp. (a) The synchronization parameter
R [Eq. (21)], (b) the phase current v [Eq. (22)], and (c¢) the net current vmet [Eq. (23)] allow one to distinguish three regimes
associated with distinct states. Arrest emerges at large 8 and large p*, cycles at small 8 and p* ~ 1, whereas patterns appear
for intermediate regimes between arrest and cycles. The green line denotes the boundary of existence between arrested and
cycling states [Eq. (19)]. The red and black lines delineate the boundary of instability for arrest [Eq. (33)] and cycles [Sec. IV C],
respectively. Parameters: ¢ = 0.5, « = 1, D, = Dy = 0.1. The hollow symbols (square and circle) in panel (a) refer to the
parameter values used in Fig. 5. Appendix C gives details on our numerical methods.

where
costie = 7 (" = 1= VTr D8] ifp" 21,
cos P = i [(p* — 1) e+ ((p* —1)/¢)? —l—S} ifp*<1.

(20)
Therefore, Eq. (19) shows that our simple, yet non-trivial
model of pulsating active liquids entails an exact analyti-
cal prediction for the phase boundary Sex(p*) delineating
the existence of either arrested or cycling states.

Interestingly, analyzing further the shape of f in the
space (p, 1) allows one to anticipate the behavior of the
system even beyond the case of its homogeneous states.
Indeed, at each position r, the system explores the land-
scape both in terms of p and . As the system evolves
towards increasing 1, the local minimum of the landscape
f corresponds to oscillating p [Fig. 3(b)]: this mechanism
suggests that the cycling of phase favors sustained oscilla-
tions of density. Since the density is conserved, any local
decrease of density must be compensated for by a cor-
responding increase elsewhere in the system. Therefore,
oscillations of density can only create gradients, yield-
ing the formation of oscillating patterns, as we discuss in
more detail in Sec. ITI.

III. PULSATING PATTERNS

Internal pulsation leads to patterns of density and
phase propagating throughout the system. To identify
the regimes where such patterns emerge, we introduce
three order parameters quantifying the overall synchro-
nization and the current of phase. We report the cor-
responding phase diagram [Fig. 4], and discuss the phe-
nomenology of the patterns observed numerically.

A. Synchronization and current

We distinguish quantitatively between different emerg-
ing states by introducing three order parameters, all of
them defined in terms of the statistics of the phase .
The first order parameter, motivated by Kuramoto-type
systems [58], quantifies the amount of synchronization:

1 [t
/ dt<‘/ e (:t) gy > ,
toV 0 \4

where ¢, is the observation time over which we perform
the time average, which is chosen such that wt, > 1.
The fully synchronized case (R = 1) corresponds to a
homogeneous state, which is either cycling or arrested,
as discussed in Sec. IT C. Conversely, incomplete synchro-
nization (R < 1) necessarily indicates that the profiles of
(p, ) are no longer uniform. Therefore, R allows us to
identify regimes where spatial inhomogeneities emerge.
In numerical simulations, homogeneous arrested and cy-
cling states respectively emerge when 5 > fex(p*) and
B < Box(p*) [Eq. (19)], for which R ~ 1 as expected
[Fig. 4(a)]. Instead, we observe a clear deviation from
R = 1 when 8 =~ Bex(p*), which points at a regime of
pattern formation.

The second order parameter is given by the global cur-
rent of phase:

R:

(21)

vV =

to

! / dt/ (Oytp(x,t))dr . (22)
toV 0 14
In numerical simulations, we confirm that the regimes of
arrest and cycles, already identified by R ~ 1, correspond
respectively to v ~ 0 and v ~ 1, as expected [Fig. 4(b)].
In between these regimes, the current deviates from its
limit values (0 < v < 1), which again points at the forma-
tion of patterns. To systematically quantify the degree



of inhomogeneity in the profiles (p,v), we compare the
current v with its value for the deterministic, homoge-
neous system. To this end, we introduce the net current
as a third order parameter:

L[t .
Vpet = V — —/ dtw . (23)
to Jo

The variable ¥ corresponds to the homogeneous, noise-
less realization of the phase, so that its dynamics follows
from Eq. (13) as

ov

Numerical simulations show that the arrested and cycling
states are indeed associated with vye; ~ 0 [Fig. 4(c)]. Re-
markably, patterns are always associated with v, > 0,
revealing that the inhomogeneous average phase cycles
faster than its homogeneous counterpart W. The re-
gion in which v, > 0 coincides with the one where
R < 1. Actually, vyt is anticorrelated with R, so that the
highest vt coincides with the lowest R, specifically at
B ~ Bex(p*). These results corroborate that synchroniza-
tion and net current detect consistently the emergence of
patterns.

B. Propagating waves

In the regimes where both uniform profiles are unsta-
ble, initial perturbations lead to coarsening domains of
high and low densities [Fig. 5]. Such domains grow in a
background which is either arrested (8 > Bex) or cycling
(8 < Bex)- In both cases, domains with lower densities
encounter another instability, reminiscent of secondary
bifurcations [62, 63], yielding the emergence of propa-
gating radial waves. In contrast to some recent studies
of the hydrodynamics of pulsating particles [47, 48], the
waves propagate in the profile of both density and phase.
Indeed, p cannot remain homogeneous in the presence
of gradients in ¢ [Eq. (13)]. Interestingly, the formation
of such waves can be rationalized in terms of the local
effective free-energy picture [Eq. (12)].

In the case of an arrested background [Figs. 5(a-f)],
the local phase escapes from its background value at spe-
cific locations where the local density goes below a given
threshold: consistently with the effective free-energy pic-
ture [Fig. 3], reducing the local density is indeed a route
to promoting a cycling phase. The cycling phase sponta-
neously organizes into propagating waves. In the case of
a cycling background [Figs. 5(g-1)], a non-uniform den-
sity leads to inhomogeneities in the cycling frequency,
which in turn induces a lag between the phase of nearby
domains. This phase lag leads to fronts propagating
throughout the system.

Unstable domains turn into regions where the density
oscillates, which we refer to as pacemakers, from which
radial waves emanate and propagate across the system.

For large enough systems, multiple pacemakers coexist
simultaneously. Eventually, waves spontaneously orga-
nize into temporally oscillating domains [Fig. 2]. The
relative diffusion of the coupled fields, and therefore
the speed of the propagating waves, is controlled by «
[Eq. (13)]. Specifically, waves move slower (faster) for
smaller (larger) values of . Therefore, for small «, prop-
agating waves leave behind a locally and transiently ho-
mogeneous region. The pacemakers are at the center
of such regions, and the boundaries between the regions
correspond to the annihilation loci of the waves.

IV. STABILITY ANALYSIS

The mechanisms destabilizing the homogeneous state,
either arrested [Figs. 5(a-f)] or cycling [Figs. 5(g-1)], can
be examined using linear analysis. We first show that
the arrested state undergoes a spinodal instability with
coarsening of the density and phase profiles. Then, we
explore how fluctuations modify the effective landscape,
and thus affect the stability of arrest. Finally, we investi-
gate how cycling states get destabilized using a Floquet
analysis.

A. Spinodal instability of arrest

To carry out a linear stability analysis of the arrested
phase, we expand (p,1)) around their respective homo-
geneous solutions (p*,¢¥*), where p* = % [y drp denotes
the total density, and ©* obeys Eq. (16). The perturba-

tions in Fourier space are then given by
1 iq-r *
Pa= Vdre [p(r,t) = p*] ,
e (25)
Yy = V/ drelq'r[w(r,t) — w*] .
1%

The corresponding linearized dynamics can be written as

d | pg P
— =S a1, 26
2 [or] =[] (26)
The stability matrix Sp depends on ¢ = |q| as
—aq® —aag?
R (21)

and is given in terms of

a=esing*, e=—coty)* — fe?sin?P* <0, (28)
where we have used Eq. (16) to simplify the expression of
e. Analyzing the eigenvalues of Sy provides information
about any potential ¢g—dependent linear instability [60,
61]. The eigenvalues Ay are of the form

Aile) = 5 (A + VA —4PB@) . (29)



FIG. 5. Time evolution of the density p and the phase v fields in the regimes of (a-f) unstable arrest (Bex < 8 =9 < Bar,
hollow red square in Fig. 4(a)) and (g-1) unstable cycles (Bcy < 8 = 6.5 < Sex, hollow black circle in Fig. 4(a)), without any
noise (D, = 0 and Dy = 0). Starting from a homogeneous stationary profile of (p, 1), a spinodal instability first leads to the
formation of some growing domains. At a later stage, when the local density goes below a critical value, waves emerge and

propagate in the system. Arrows mark directions of propagation. Other parameters :

system. Colorbars as in Fig. 1.

where

Alg) =e—(a+1)¢*, Blg) =g’ —fa®—e) . (30)
Note that A(q) and ¢?B(q) correspond to the trace and
determinant of the stability matrix Sa, respectively.

An instability arises if at least one of the eigenvalues
AL has a positive real part. To predict the emergence of
such an instability, it suffices to analyze the behavior of
A4 at small wavenumber ¢, as

Ay (q) = —a(l+ Ba®/e)q® + O(q") ,

31

A—(q) = e+ (afa’/e —1)¢* + O(q") . oy
We deduce that A_(q) is negative for all ¢, whereas A (q)
can have a positive real part for some g if fa® +e < 0.
Using the expression of (a,e) [Eq. (28)], it follows that
the limit of stability (B3a® + e = 0) corresponds to

Becosy™ (14 ecosyp™ —p*) =0 . (32)

The condition in Eq. (32) is equivalent to enforcing that
the determinant of Sa is positive, namely B(q) > 0 for
finite ¢ > 0. Note that this condition is not affected

p* =1.04,e = 0.5,a = 1 for a 64 x 64

by «, given that * does not depend on « [Eq. (16)].
Substituting Eq. (16) in Eq. (32) yields cos¥* = 0, or
equivalently sin¢* = 1. Finally, substituting this cri-
terion into Eq. (32) leads to the phase boundary 8., (p*)
given by

1

Bar(p*) = = (33)

As a result, we predict that the part of the phase space
(8, p*) contained between Sex(p*) [Eq. (19), green line in
Fig. 4] and Bar(p*) [Eq. (33), red line in Fig. 4] accom-
modates a linear instability of the arrested state. Our
analytical prediction agrees well with numerical simula-
tions [Fig. 4]: in the regime of instability (Bex < 8 < Bar)s
R <1 [Eq. (21)] and vpet > 0 [Eq. (23)] clearly indicate
that the system deviates from the arrested state. Note
that both e and (.. are independent of a.

In practice, the growth of perturbations is described
by the eigenvalue A, (g). Interestingly, the behavior of
A (q) is analogous to the case of spinodal instabilities
[Fig. 6], as observed for instance in liquid-liquid phase
separation [60, 61]. For certain choices of model param-
eters, it is characterized by a finite range of unstable
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FIG. 6. The eigenvalues A+ (q) [Eq. (29

)] of the stability ma-
trix for the arrested state reveal that the dynamics is either
(a) stable or (b) unstable with spinodal-like scenario. Param-
eters: e =0.5,a =1, p* = 3.5, (a) 8 = 0.88, and (b) 8 = 0.79.

modes from ¢ = 0 to ¢ > 0, with the fastest growing
mode given by the maximum of Ay (g). The mode ¢ =0
is always stable (A4 (0) = 0) since the total density p*
does not evolve in time, so that p,—9 = 0. Snapshots
in Fig. 5(a-f) show the time evolution of an unstable ar-
rested state.

B. The role of fluctuations

It is well-known that fluctuations, driven in our case
by Gaussian noise terms [Eq. (13)], can strongly affect
the phase behaviors of excitable systems [64]. We now
study whether the homogeneous arrested state can be po-
tentially destabilized by the noise terms in the dynamics
[Eq. (13)]. To this end, we are interested in obtaining a
closed dynamics for the profiles averaged over noise real-
izations, which we denote by p = (p) and 1 = (1)), in the
regime of small fluctuations (D, < 1 and D, < 1).

1. Dynamics at weak noise

We follow a strategy analogous to that in Ref. [65] by
decomposing the fluctuating fields as

B +0p(r,t) , ¥(r,t) =d(r¢) +(r, 1) ,
(34)
and assuming that (ép, 6v) is a weak correction with re-

spect to (p, ). Taking the average of Eq. (13), we get

0o 30() . ns-w- (). o9

p(r,t) = p(r,

where the landscape f is defined in Eq. (12). We expand
the relevant terms in the dynamics up to the second order
in the perturbation (dp,dv). This leads to the following

):

(7,
25 — aeV? [( )cosz/?] ,

atz/?=1+v2u3+5e<1 <&2”>>(—ﬁ)sim/3 (36)

evolution equations for the fields (

8tﬁ =aV

_ 562 9 . _
— Be(dpdr)) cos ) + 7(1 — 2(09*)) sin2¢) .

We have used that dp and d1) both vanish on average, as
detailed below [Eq. (37)]. The dynamics in Eq. (36) does
not feature any noise term. Yet, it depends on the noise
amplitudes (D,, D) through the correlators (6¢?) and
(0pd1p). In that respect, Eq. (36) embodies how fluctua-
tions affect the dynamics in the regime of weak noise.
The dynamics of the weak perturbation (dp,dv) fol-

lows by linearizing the fluctuating dynamics [Eq. (13)].
In doing so, inspired by [65, 66], we assume that (dp, d1))
relax faster than the fields (p,¢). Hence, we consider
that (p,v)) are constant, both in space and time, in the
dynamics (6p,0t). It follows that this dynamics can be
written in Fourier space as

i {5:%} =L(q) [5Pq] [ i/2D,q - np»q} (37)

dt 5¢q 51/%1 \/ 2D nw q ’

where
2 =2
L@ = | 5% 8 (39)
with
a=esing, é=pPe(l—p)costh+ Pe’cos2ip . (39)

As aresult, the perturbation (dp, 61) has Gaussian statis-
tics with zero mean. In contrast to Ref. [65], we explicitly
consider the noise in the density dynamics. Using It6’s
Lemma [67], we directly deduce the correlators in Fourier
space as

(0pq 0pgr) = U — 2 + Du(00)*) dag

D S5 _ 2 1 =2\ __
T

)

p(B@)? 0qq

| =
o2 .

where 04y = 1if (¢, qy) =
otherwise), and

—(q3,q,) (Whereas 44/

A= +¢* (1 +a) - PE2+a) +afa?),
D =2a(e — (14 ))(¢* — e — Ba?) .

The correlators [Eq. (40)] are all proportional to the noise
amplitudes (D,,Dy), as expected. We obtain the ex-
pression in real space by integratlng over the modes q,
for instance (§1)?) = 2 quqy 10104]?) f (gﬂ)z (|6q?).
The fields (p,) explicitly appear in the correlators; we
restore their dependence on space and time a posteriori
when considering their evolution equation, in the same
spirit as in Refs. [65, 66]. Therefore, combining Eqgs. (36)
and (40) yields a closed dynamics for (, ).

(41)



2. Landscape modified by fluctuations

Our aim is to propose an explicit form for the weak-
noise dynamics [Eq. (36)] in terms of (p,%)). Indeed, we
want to show that the effect of fluctuations can be cast
in terms of a modified landscape, by analogy with the
bare dynamics [Eq. (13)]. To this end, we now assume
that the strength of density modulation [Eq. (5)] is small
(e < 1), and that the noise amplitudes (D,, D) are of
order e.

To leading order in €, we deduce that the correlators
[Eq. (40)] drastically simplify as

(0pdp) = O(e*),  (09*) =2Dy +O(),  (42)
where
— Dw 1 Dw d%; dq
Dy = — — o~ = — 4
WP ol

where the cut-offs depend on the system size L and the
lattice spacing dx. The log-divergence of such correla-
tors at large L is a typical feature of two-dimensional
systems, which has also been recently reported in other
active dynamics at weak noise [66]. Substituting Eq. (42)
into Eq. (36), it follows that dynamics of (p,1) can be
written as

__a_y0fu — 2 Ofum
_ Qgedim - _ 9 44
Op=GViGs =V 90 (44)
in terms of the modified landscape fyr given by
fu(p, ) = Be(1 — p)(1 — Dy) cos ¢
Be? - 9 3 (45)
+TCOSQ¢—¢+§[7 +0(e) .

Therefore, to leading order, the effect of the noise is to
modify the landscape from f [Eq. (12)] to fm [Eq. (45)];
see Fig. 7(a). It remains to explore whether such a mod-
ification can potentially destabilize the arrested state.

The arrested state ¢* associated with fy is defined,
by analogy with Eq. (15), as

Ofst, 7wy
8777[—}(1/’ )=0,

The stability matrix, given by linearizing the dynamics
[Eq. (44)] around the stationary solution (p*,*), reads

0 fu
N2

(%) >0. (46)

2 2
—ag® —aamq
S = 47
)= |50 Tame
and is given in terms of
ay = €(1 — Dy)sinegp* |
M = €( ) sin (48)

Be(1 — p*)(1 — Dy) costb* + Be? cos 2% .

Similarly to the analysis in Sec. IV A, it is straight-
forward to show that the eigenvalue Ay (g) controlling
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FIG. 7. (a) Comparing the effective landscape f(v) [Eq. (12)]
and its counterpart fy () modified at weak noise [Eq. (45)]
reveals how fluctuations alter the location of the arrested fixed
point, respectively at 1* (red) and ¥* (blue). Parameters:
p=235,5=0.88,¢=0.5 Dy =D, =0.5. (b) The eigenval-
ues for linear stability in the noiseless and weak-noise limits,
respectively Ay [Eq. (29), red] and Am+ [Eq. (49), blue], show
that arrest gets destabilized by fluctuations. Same parame-
ters as in (a). Phase diagrams in terms of the synchronization
parameter R [Eq. (21)] for a =1, € = 0.5, (¢) Dy = D, =0.1
and (d) 0.5. The red and green lines are identical to that
of Fig. 4, whereas the blue dashed line refers to the stability
criterion at weak noise [Eq. (50)]. The hollow blue circle cor-
responds to the parameter values in (a-b).

the destabilization of arrested states has the following
form to the lowest order in ¢ :

Aniy(q) = —a(1 + Ba3s/em)q” + O(q") - (49)

The full dependence of Ay (g) points at a spinodal-type
instability similar to the noiseless case [Eq. (29)]. Yet,
the regimes of parameters where such an instability arises
are not identical. Interestingly, we can now identify some
regimes where the weak-noise analysis predicts the exis-
tence of an instability which is missed by its noiseless
counterpart [Fig. 7(b)]. To systematically quantify such
a mismatch, we introduce the modified phase boundary
Barm(p*), delineating the regime of stability of the ar-
rested state (p*,*), which obeys

Barmazy + ent = 0. (50)

In practice, comparing B,y with its noiseless counter-
part S [Eq. (33)] reveals that fluctuations create a wider
parameter regime where arrest is unstable. Remarkably,
our prediction agrees well with numerical simulations
even beyond the regime of weak noise [Figs. 7(c,d)].



C. Instability of cycling state

We now consider the stability of the homogeneous cy-
cling state, with constant density p* = % fv drp and
time-dependent, periodic phase ¥(t) that obeys Eq. (24).
The linearized dynamics of the perturbations around the
homogeneous cycling state

— l T iqr r —p"
pq_v/vde [p(,t) p]’
1 iq-r
U, = V/Vdreq [o(r,t) —¥(1)] ,

is again easily expressed in the Fourier domain as

o))

q

(51)

where the stability matrix

5c(0:)= | uaty el

is given in terms of
ac(t) = esinU(t) ,
ec(t) = Be(1 — p*) cos U(t) + Be® cos 2W(t) .

In contrast with the stability matrix Sa (q) of the arrested
state [Eq. (27)], the stability matrix Sc(g, t) of the cycling
state is time-dependent and periodic, with the same pe-
riod 7 as that of the homogeneous cycling phase U(t)
[Eq. (24)].

For a dynamical system with periodic coeflicients, as in
Eq. (52), the solutions themselves need not be periodic.
The general solution can be written as

(54)

(P4, Wq) =D cilq) e 'pi(g,t) (55)
i=1
where ¢;(q) denote constants depending on initial condi-
tions, functions p;(g,t) are vector-valued having period
7, and complex numbers p;(q) are known as Floquet ex-
ponents [68]. These exponents represent the growth rates
averaged over a limit cycle of perturbations along the di-
rections given by p;(g,t). In consequence, Floquet expo-
nents £;(¢) determine the long-time behavior of (pg, ¥4).
If the p;(q) all have negative real parts, the solutions are
stable; if any 1;(¢) has a positive real part, the fixed point
becomes unstable as then the perturbation will grow in-
definitely with time.
Equivalently, one may also analyze the stability of the
linearized dynamics [Eq. (52)] by considering the Floguet
multipliers defined as

gi(q) = e" 7. (56)

The limit cycle is linearly stable if |Re[g1,2(¢q)]| < 1. To
calculate the multipliers g;(¢), we introduce the funda-
mental matrix M(q, t) [68] which obeys

d

M@, ) = Sclg, Mg, 1) , (57)
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with the initial condition M(g,0) given by the identity
matrix. Integrating Eq. (57) over one period, from t =0
to t = 7, one obtains the monodromy matrix M(g, 7) that
describes the evolution of the perturbation (pg, ¥y) over
one period of the limit cycle. In practice, the multipliers
g; coincide with the eigenvalues of M(g,7) [69]. In the
absence of an analytical solution for U(t), we first inte-
grate numerically Eq. (24), using an Euler discretization
scheme, to extract 7 and W(¢) for given values of (8, ¢).
We then solve Eq. (57) for a discretized range of values
of ¢, which leads to determine M(q, 7) and its eigenvalues
gi(q) for given parameters (3, €, @).

For short-wavelength perturbations, namely suffi-
ciently large values of ¢, the cycling state is stable. In-
deed, the stability matrix Sc(q,t) [Eq. (53)] is dominated
by its terms proportional to —g?, so that it reduces to an
upper-triangular matrix, and the eigenvalues are simply
given by the diagonal terms which are always negative.
Any transition to instability can thus only occur for in-
termediate values of ¢q. We report in Fig. 4 the corre-
sponding transition line 3., from stable to unstable cy-
cles; see black line. It shows a very good agreement with
the numerical simulations: when 8., < 8 < Bex, we ob-
serve that R < 1 [Eq. (21)] and vyet > 0 [Eq. (23)] which
clearly points at the destabilization of the uniform cy-
cling state. Snapshots in Figs. 5(g-1) show the formation
and growth of domains, analogous to the spinodal sce-
nario for the instability of arrest [Sec. IV A]. When the
local density goes below a given threshold, waves start
to propagate, and undergo sustained pulsation yielding
stationary dynamical patterns [Sec. ITI B].

V. DISCUSSION

Using a phenomenological approach, we propose a hy-
drodynamic theory for a confluent system of pulsating
particles [Fig. 1]. Our theory relies on some minimal,
generic assumptions which encompass a broad class of
systems. We argue that the mechanical coupling be-
tween the local density and the local phase of particles,
which results from the conservation of particle number
and of momentum, can be described in terms of a free
energy. We capture the existence of an internal pulsa-
tion by considering that an autonomous drive is applied
to the local phase. Such a top-down perspective is remi-
niscent of how different types of field theories have been
built to capture the physics of many soft and living sys-
tems [2, 60, 61]. Importantly, we show that our phe-
nomenological approach is actually consistent with the
coarse-graining of microscopic models of pulsating parti-
cles [Appendix B].

The competition between the drive and the free en-
ergy yields three distinct states: homogeneous cycles,
homogeneous arrest, and pulsating patterns. Arrest
arises due to breakdown of rotational invariance of the
phase [47, 48, 51], while cycles and pulsating patterns
illustrate the breakdown of time-translational invari-



ance [70]. Owing to the simplicity of our model, we ob-
tain analytical predictions for the phase boundaries in
parameter space [Fig. 4], and examine how fluctuations
affect these boundaries while retaining the same phe-
nomenology [Fig. 7]. The linear analysis, confirmed by
numerical simulations, predicts that homogeneous states
are destabilized through a spinodal-type scenario [Fig. 6].
It yields the formation of various domains growing in a
background which is either cycling or arrested [Fig. 5].
When the domain growth exceeds a threshold, waves
emerge and propagate in the system, through a mecha-
nism reminiscent of secondary instabilities [62, 63]. These
waves lead to sustained pulsating patterns in the profiles
of density and phase [Fig. 2].

Our theory is clearly distinct from other studies, which
also attempt to capture dynamical patterns in dense tis-
sues [21-31, 33], in a few important ways. First, we dis-
card the role of self-advection, in contrast with many hy-
drodynamic studies of active particles [2], which amounts
to ignoring the individual self-propulsion. This assump-
tion is justified in tissues without any net flow of ma-
terials [16, 17], namely when cells are so jammed that
their migration is negligible [59] as in epithelia. Second,
some studies consider that pulsatile tissues operate out-
of-equilibrium due to an active stress [71-73]. Instead,
we assume that all mechanical forces derive from a free
energy, so that nonequilibrium properties here stem from
the autonomous drive applied to the local phase. In that
respect, our approach combines mechanical principles,
given by conservation laws, with phenomenological ar-
guments, inspired by synchronization theory [56, 58].

Some field theories may, at first glance, appear similar
to ours: they feature patterns for a density (conserved)
field and a phase (non-conserved) field, despite the lack of
self-advection and active stress. We now argue that our
theory actually stands out as a unique perspective on pul-
sating liquids for several reasons. First, some works con-
sider the effect of coupling the CGLE, which describes the
evolution of a complex field near a limit cycle [56], with
a conserved scalar field [62, 63, 74, 75]. A related body
of work studies the hydrodynamics of diffusive oscilla-
tors [76-78], and also recently in the context of confluent
tissues [50], in terms of the coupling of density and phase
fields. All these theories entail the rotational invariance
of the phase, whereas our model breaks this invariance
down: therefore, these previous works do not capture the
existence of an arrested state, which is an essential fea-
ture of pulsating liquids [47, 48, 51]. Second, some stud-
ies address the formation of reaction-diffusion patterns
in deformable media [79, 80], yet they do not report the
emergence of any arrest. Third, other works examine the
coupling between density and phase fields without rota-
tional invariance [81, 82]. Such theories lead to propagat-
ing waves in the phase profile, while the density profile
exhibits aggregation at specific locations. In contrast,
our theory features waves in the profiles of both phase
and density, as observed in pulsating tissues [16, 17, 19].

Our model can be regarded as describing the collec-
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tive dynamics of particles pulsating close to an ordered
state, where particles are perfectly synchronized. In this
regime, the phase approximation typically holds [82]; in
other words, we implicitly assume that the amplitude of
the complex field [Appendix B], measuring the local de-
gree of synchronization [56], is held fixed. A consequence
of this assumption is that our model cannot capture the
spontaneous emergence of topological defects where the
complex field vanishes. Relaxing this assumption could
lead to patterns with spiral waves and/or defect turbu-
lence, as reported for pulsating particles [47, 48]. It would
be interesting to explore how the statistics of such defects
at the hydrodynamic level compares with its particle-
based counterparts.
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Appendix A: Viscous effects

Most tissues have a visco-elastic mechanics [57]. In
framing our model equations, we consider the elastic
stress to comprise only the isotropic bulk stress and ne-
glect all viscous contributions. Instead, one can model
the stress to have both isotropic and anisotropic parts.
In practice, it consists in replacing the ¥ in Eq. (2) by
the total stress

EE;“ =YT+5%;, (A1)
given in terms of the unit matrix I, and
E;j = Eij +ﬁij ,
(A2)

5 1
Xij =13 (Viv; + (Vivy) ") = (Viv)I|

where X follows Eq. (4). Note that Eq. (A1) expresses the

total stress as a combination of a diagonal and a trace-

less matrix. Also 77 and 7 correspond to bulk and shear

viscosity, respectively. Accordingly, combining Egs. (2)

and (A2) gives the required modified condition for stress
balance:

A A

v = ———Vip— = sinp Vi + 7 V20,

YPop X P (A3)

+ 1V |5 (Vivy + (Vivg) 1) = (Viv))T

The presence of anisotropic terms in (A3) makes the
analysis considerably more challenging than the one
presented in the main text. One could also include
anisotropic terms in the definition of the free energy
[Eq. (6)] to account for all the possible mechanical shear
contributions in the absence of viscosity [83-85].



Appendix B: From particles to fields

In this Appendix, we demonstrate that the hydrody-
namic equations for the density field p and the phase field
¢ can be obtained in a form similar to Eq. (13) by coarse-
graining a generic model of pulsating particles, inspired
by Refs. [47-49, 51].

1. Explicit coarse-graining

We start with a microscopic model where the state
of each particle ¢ is described by its position r; and its
internal variable ;. The latter determines the particle
size o (6;) as

1+ Asiné

o(0) = oo T

(B1)

where A\ and o are the oscillation amplitude and the
maximum size, respectively. Particles interact through
the potential U(r; —rj,0(6;),0(6,)) that is a function of
their separation distance and sizes:

i = —pde,U + /2uTE; |
éi =0 + €o Z Sin(Gj - 01) —

J€0;

1000, U + \/2ueTn; ,
(B2)
where &; and 7; represent uncorrelated Gaussian white
noises with unit variance and zero mean, €y is a syn-
chronization strength, p and py are mobilities, T" is the
temperature, and ) is the drive acting on each parti-
cle. The sum jeo, Tuns over the particles j which are
in the vicinity of particle ¢, such that it fixes the finite
range of synchronizing interaction. So far, most studies
on pulsating particles have considered repulsive interac-
tions [47-49, 51]. Our coarse-graining accommodates a
generic potential U which can have both repulsive and
attractive components; for instance, this is the case for
interactions as in the vertex model [37, 40, 41], which
describes the dynamics of tissues as an assembly of con-
fluent polygons [Fig. 1].
For simplicity, we assume in what follows that the po-
tential U is controlled only by the packing fraction ¢,

J

P = (¥;- O, + 0;0, + pTOZ,,
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given by

(B3)

i 2
¢ = Iz Z o*(6;)
J
where L represents system size. Within this scheme, the

quantities Op,U and O0p,U can be approximated as

702(0;
L(Qj)(s(ri —rj),

0, U =~ (95U) 0%,
~ (9,U) 25

where we assume that 04U is a constant, independent
of particle coordinates (r;, 6;), at mean-field level. Then,

(B4)
- I‘] 39_7‘(;5) )

the dynamics in Eq. (B2) becomes
——k:@rLZ 1+)\sm9) ri —r;) +/2uTE;
j
0; = Q+Z eosin(0; — 0;) — ccosf; — A o(r; — ;)
i : J g J 92 ? J
J
2p0Tm;
(B5)
where
_ prai(9,U) _ 21 e (OpU) (B6)
L2(1+ M2 L2(1+4 \)?

Note that we have replaced ;.5 with 37, d(r; —1j).
This choice is justified if one wants to describe the dy-
namics at the hydrodynamic level. To derive a coarse-
grained description of the system dynamics, we first need
to obtain the dynamics of the empirical probability den-
sity function given by

(r,0,t) ZP
Pi(r,0,t) = 6(1" —1;()5(0 — 6;(t)) .

We follow the Dean-Kawasaki procedure [86, 87] to han-
dle the set of stochastic equations of motion [Eq. (B5)].
Using Itd’s lemma [67], we have

(B7)

.+ 1oT 0 4,)P;

=T(uV? + 19035) P — > _(\/2uT& - Ox + \/2u6T1;05) P;

- GQ{P(r, 0,t) {Q + (eosin(8; — 6) — ccos; — (Ac/2)sin26,)5(r — rj)} }

J

+EV - {P(r,@,t)v Z(l + Asind,;)?0(r — ;)| ,
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yielding
0P = T(uV” + 19030) P = Y (v 24T & - O + /2119 T1:0) P;

— &;{P(r, 0,t) [Q + /d@’(eo sin(§’ — 0) — ccos @ — (Ac/2)sin20")P(r, 0, t)] } (B9)
+kV - [P(r,@,t)V/d@’(l + 2 sin @' 4 A% sin? 9’)P(r,9’,t)] .

The last term is the only new contribution to the evolution equation of the empirical probability density function
when compared with the result obtained in Ref. [47], which neglected the contribution of U in the dynamics of r at
the coarse-grained level.

Next, we introduce the harmonics

fu(r,t) = /d&emgP(r,G,t) . (B10)
From Eq. (B9), we deduce the dynamics of f,, as
) ) in\
Oufo = D+ T(V? = o) fu+ 258 (fnesfy = Fovafoa) = imefuRelfi] + 5= fallfe]

+EV - [ V(14 A?/2) fo + 2MIm[f1] — (A\*/2)Rel[f2])] ,

where we have neglected the noise terms for simplicity. Thus, the dynamics of each mode f,, depends on the higher
order ones f,, ;1. For the three first modes, we get

O fo = uIV2fo +kV - [foV((1+ A?/2) fo + 2XIm[f1] — (A\*/2)Re[f2])] ,
Orfr = i1 + T(uV? — po) f1 + %)(fofl — faf-1) —ic(Re[f1] + (A/2)Im([f2]) f1
+ kY - [AV((1+A%/2) fo + 2\Im[f1] — (A% /2)Relfa])] (B12)

Oy f2 = 2i0fo + T(uV> — dpg) f2 + o (f7 — faf-1) — 2ic(Re[f1] + (A/2)Iml[f3]) f2
kY - [f2V((14 X?/2) fo + 2AIm[f1] — (\*/2)Re[f2])] .

We now assume a scaling of the operators and harmonics, with respect to a small number Y, as (9;, V?) ~ x? and
fn ~ x™. Considering that f> relaxes infinitely fast allows us to express f2 in terms of f; to leading order [47] as

2
ef
fo L

~ o0 B1
ApT — 240 (B13)

The dynamics of the density field p = fp and the complex field A = f; can be obtained upon substituting Eq. (B13)
into Eq. (B12). For the density field, we obtain
Oip = pTV?p+kaV - (pVp) — ikaV - [pV (A = A)] (B14)

where ky = k(1 + A\2/2), ko = Ak, and A denotes the complex conjugate of A. In the above equation we have ignored
the higher order sub-dominant contribution from the fs term in the dynamics of fy. For the complex field, we obtain

2(2ugT + Q)| AJ?
A (iQ 4 Tuv? — uyT)A + 9 pa - 0L

A %A(A + A)
B15
icAeg A ( )

_icdegA S |
167742 1 402 Im|[(2p0T + iQ)A?] + k1 V - (AVp) .

Equations (B14) and (B15) give the coarse-grained hydrodynamic description for a collection of repulsive, pulsating
particles at the noise-free level. Decomposing A = Re*” in terms of the hydrodynamic amplitude R and phase 1, we
obtain

OtR = uTV?R — jugTR + %OpR + ki RV?p + ki (VR) - (Vp) — uTR(VY)? — a R? |
B16)

ouT (

oY =0+ %(VR) (V) + uTV — ccos + ki (Vp) - (Vi) — R* (a2 + 1 cos 2¢) + Bz sin2¢)
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where

eougT €20 cA€pS) 2u9T

- S S = oo S B17
S22 2T werg A T lerg a0 T Terng s (B17)

Q] =

Equation (B16) gives the dynamics of the amplitude and phase of the complex field A. Coupled with Eq. (B14), it
provides the coarse-grained dynamics of the pulsating system.

2. Comparison with phenomenological theory

We now discuss the conditions under which the coarse-grained dynamics in Egs. (B14) and (B16) compares with
the (noiseless) phenomenological dynamics for the density and phase fields [Eq. (13)]. Describing the pulsating system
through Eq. (13) assumes that the amplitude R reduces to a constant without any variation in space and time. In
practice, this assumption amounts to enforcing that the particles are synchronized uniformly throughout the system.
Enforcing this condition in Eq. (B16) yields

V5o — peT
R~ Y 2" 77 B18

with the condition p > 2T /ey. Substituting Eq. (B18) into Eqgs. (B16) and (B14) leads to a closed dynamics for p
and :

Op=pTV?p+ 1V - (pVp) \ZT { <Sm‘/’\/7"T>} ’ (B19)

o = 0 4 22T Zf;o + TV — ccos b + ki (Vp) - (Vi) — ai (% - MT) (B1 cos 209 + B sin 20) .
o 1
[
We now argue that the coarse-grained [Eq. (13)] and phe-  is given in terms of
nomenological [Eq. (B19)] dynamics belong to the same
class of hydrodynamic models. First, both dynamics
break down the rotational invariance, which is a signa-
ture of pulsating active matter [47, 48, 51]: a homoge-
neous phase shift ¥» — ¥ + C, with arbitrary constant . kosinig/egp* T
C, changes the time-evolution of . Therefore, for suffi- A=pT + kip” + N (1 + cop* ) )
cient low drive 2, Eq. (B19) admits a fixed point (p*, vg), ~
where p* = { [}, drp is the total density, which corre- B = ks cosy (p _ M) 2¢0p
sponds to an arrested state analogous to that of Eq. (13). €0 a1
Second, the evolution of the perturbations in the Fourier c_ €o(aa + 1 cos 2ty + B2 sin 24hg)
domain - 201 ’
_ 7/ drezqr r,t) — P*] ’ &= 0%1 (602p - MGT) (B18in 2tpg — B2 cos 24p)
(B20) (B23)
L iqr The stability matrix Scg controlling the linearized ver-
vy = [ dre ot - ) . | |
v sion of the phenomenological dynamics [Eq. (B19)] has
the same qualitative g—dependence as its counterpart
takes the following form to linear order: [Eq. (27)] for the phenomenological dynamics [Eq. (13)].
This shows that the coarse-grained and phenomenolog-
d ical models entail similar linear instabilities. Note that
7 { Z/JJ (q) [ ¢q] (B21)  one can also actually obtain a nonlinear contribution of

the form (Vp) - (V4) in the phenomenological dynam-
ics of 1 [Eq. (13)] by admitting a density-dependent in-
terface parameter k(p) = ko + K1p in the free energy
[Eq. (6)]. Similar field-dependent phenomenological pa-

_ —Aq? —Bg? rameters have previously been considered in studies on
SCG( ) ) (B22)

where the stability matrix

—C —uT¢*+¢& asymmetric [88] and symmetric [89, 90] fluid membranes.



Appendix C: Numerical methods

We consider a two-dimensional square lattice with
100 x 100 sites. In all our simulations, we use grid spac-
ings dx = dy = 0.25, and the time increment dt = 0.001 is
chosen to be sufficiently smaller than dx?/a. We employ
Euler integration and update the lattice sites in paral-
lel. We use D, = (a/3)Dy, which amounts to enforcing
that the noise strengths obey the same proportionality
relation as they would in thermal equilibrium [Sec. ITA].
We choose initial conditions with homogeneous density
p(r,t = 0) = p*, whereas the phase t(r,t = 0) is the
sum of a homogeneous profile, sampled by the uniform
distribution in (0,27), and a small perturbation sampled
independently at each site by the uniform distribution
in (0,0.1). To measure the averages of some observables,
we consider 128 independent realizations for each point in
the phase diagram. Before performing time averages, we
evolve the system until the order parameters R [Eq. (21)]
and v [Eq. (22)] reach steady values. The observation
time ¢, is chosen to be O(100¢t.) [Eq. (10)].

The discretized version of the Laplacian and divergence
operators must respect the isotropy reflected in our model
[Eq. (13)]. To ensure this condition, we take the dis-
cretization weights of the D2Q9 model on a square lat-
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tice [91]. The expression of the discrete Laplacian, when
applied of any scalar function H;; (indices i,j refer to
the 2d lattice sites), then reads

1
6(da?)
+Hipr 1+ Him1jp +Hiprj—1 + Hizqj—1
—20H,; + O(V?) .

V2H; ;= [4(Hitr, + Hio1j+ Hijyr + Hij-1)

(C1)
Similarly, following [91], the isotropic divergence of any
vector J; j = (J7;, Jf{j) can be written as

3 xT
V-dij = m[ 415~
+ M[ ierl,jJrl + Jz:y+1’j+1 + Ji+1,j71

T Y Y
gt Tl = I

Yy X ZT Yy
+J 1~ i — disi— — s

— Il 1]+ OV .
(C2)
Specifically, such a choice corresponds to a finite differ-
ence scheme with nine-point stencil that ensures both the
isotropy condition and the proper relaxation to equilib-
rium (for the case w = 0) on lattice [91-93].

[1] Clemens Bechinger, Roberto Di Leonardo, Hartmut
Léwen, Charles Reichhardt, Giorgio Volpe, and Gio-
vanni Volpe, “Active particles in complex and crowded
environments,” Rev. Mod. Phys. 88, 045006 (2016).

[2] M. C. Marchetti, J. F. Joanny, S. Ramaswamy, T. B.
Liverpool, J. Prost, Madan Rao, and R. Aditi Simha,
“Hydrodynamics of soft active matter,” Rev. Mod. Phys.
85, 1143-1189 (2013).

[3] E Fodor and M. Cristina Marchetti, “The statistical
physics of active matter: From self-catalytic colloids to
living cells,” Physica A 504, 106-120 (2018).

[4] Taméas Vicsek, Andrds Czirdk, Eshel Ben-Jacob, Inon
Cohen, and Ofer Shochet, “Novel type of phase tran-
sition in a system of self-driven particles,” Phys. Rev.
Lett. 75, 1226-1229 (1995).

[5] John Toner and Yuhai Tu, “Long-range order in a two-
dimensional dynamical XY model: How birds fly to-
gether,” Phys. Rev. Lett. 75, 43264329 (1995).

[6] Alexandre P. Solon, Hugues Chaté, and Julien Tailleur,
“From phase to microphase separation in flocking models:
The essential role of nonequilibrium fluctuations,” Phys.
Rev. Lett. 114, 068101 (2015).

[7] Hugues Chaté, “Dry aligning dilute active matter,”
Annu. Rev. Condens. Matter Phys. 11, 189-212 (2020).

[8] Michael E. Cates and Julien Tailleur, “Motility-induced
phase separation,” Annu. Rev. Condens. Matter Phys. 6,
219-244 (2015).

[9] S. P. Thampi and J. M. Yeomans, “Active turbulence
in active nematics,” Eur. Phys. J. Special Topics 225,
651-662 (2016).

[10] Ricard Alert, Jaume Casademunt, and Jean-Francois
Joanny, “Active turbulence,” Annu. Rev. Condens. Mat-

ter Phys. 13, 143-170 (2022).

[11] K. Kruse, J. F. Joanny, F. Jiilicher, J. Prost, and K. Seki-
moto, “Asters, vortices, and rotating spirals in active gels
of polar filaments,” Phys. Rev. Lett. 92, 078101 (2004).

[12] Jean-Frangois Joanny and Jacques Prost, “Active gels as
a description of the actin-myosin cytoskeleton,” HFSP J.
3, 94-104 (2009).

[13] Jonas Ranft, Markus Basan, Jens Elgeti, Jean-Frangois
Joanny, Jacques Prost, and Frank Jiilicher, “Fluidiza-
tion of tissues by cell division and apoptosis,” Proc. Natl.
Acad. Sci. U. S. A. 107, 20863-20868 (2010).

[14] J. Ranft, J. Prost, F. Jilicher, and J.-F. Joanny, “Tis-
sue dynamics with permeation,” Fur. Phys. J. E 35, 46
(2012).

[15] J. Prost, F. Jilicher, and J.-F. Joanny, “Active gel
physics,” Nat. Phys. 11, 111-117 (2015).

[16] Alain Karma, “Physics of cardiac arrhythmogenesis,”
Annu. Rev. Condens. Matter Phys. 4, 313-337 (2013).

[17] Kristin M. Myers and David Elad, “Biomechanics of the
human uterus,” WIREs Syst. Biol. Med. 9, 1388 (2017).

[18] Ido Nitsan, Stavit Drori, Yair E. Lewis, Shlomi Co-
hen, and Shelly Tzlil, “Mechanical communication in
cardiac cell synchronized beating,” Nat. Phys. 12, 472—
477 (2016).

[19] Thibaut Brunet, “Cell contractility in early animal evo-
lution,” Curr. Bio. 33, R966-R985 (2023).

[20] M. Deforet, V. Hakim, H. G. Yevick, G. Duclos,
and P. Silberzan, “Emergence of collective modes and
tri-dimensional structures from epithelial confinement,”
Nat. Commun. 5, 3747 (2014).

[21] Grégoire Peyret, Romain Mueller, Joseph d’Alessandro,
Simon Begnaud, Philippe Marcq, René-Marc Mege, Ju-


http://dx.doi.org/ 10.1103/RevModPhys.88.045006
http://dx.doi.org/10.1103/RevModPhys.85.1143
http://dx.doi.org/10.1103/RevModPhys.85.1143
http://dx.doi.org/https://doi.org/10.1016/j.physa.2017.12.137
http://dx.doi.org/ 10.1103/PhysRevLett.75.1226
http://dx.doi.org/ 10.1103/PhysRevLett.75.1226
http://dx.doi.org/10.1103/PhysRevLett.75.4326
http://dx.doi.org/ 10.1103/PhysRevLett.114.068101
http://dx.doi.org/ 10.1103/PhysRevLett.114.068101
http://dx.doi.org/ https://doi.org/10.1146/annurev-conmatphys-031119-050752
http://dx.doi.org/ 10.1146/annurev-conmatphys-031214-014710
http://dx.doi.org/ 10.1146/annurev-conmatphys-031214-014710
http://dx.doi.org/ 10.1140/epjst/e2015-50324-3
http://dx.doi.org/ 10.1140/epjst/e2015-50324-3
http://dx.doi.org/ 10.1146/annurev-conmatphys-082321-035957
http://dx.doi.org/ 10.1146/annurev-conmatphys-082321-035957
http://dx.doi.org/10.1103/PhysRevLett.92.078101
http://dx.doi.org/10.2976/1.3054712
http://dx.doi.org/10.2976/1.3054712
http://dx.doi.org/10.1073/pnas.1011086107
http://dx.doi.org/10.1073/pnas.1011086107
http://dx.doi.org/10.1140/epje/i2012-12046-5
http://dx.doi.org/10.1140/epje/i2012-12046-5
http://dx.doi.org/10.1038/nphys3224
http://dx.doi.org/ 10.1146/annurev-conmatphys-020911-125112
http://dx.doi.org/ https://doi.org/10.1002/wsbm.1388
http://dx.doi.org/10.1038/nphys3619
http://dx.doi.org/10.1038/nphys3619
http://dx.doi.org/ 10.1016/j.cub.2023.07.054
http://dx.doi.org/ 10.1038/ncomms4747

lia M. Yeomans, Amin Doostmohammadi, and Benoit
Ladoux, “Sustained oscillations of epithelial cell sheets,”
Biophys. J. 117, 464-478 (2019).

[22] Xavier Serra-Picamal, Vito Conte, Romaric Vincent,
Ester Anon, Dhananjay T. Tambe, Elsa Bazellieres,
James P. Butler, Jeffrey J. Fredberg, and Xavier Trepat,
“Mechanical waves during tissue expansion,” Nat. Phys.
8, 628-634 (2012).

[23] Assaf Zaritsky, Doron Kaplan, Inbal Hecht, Sari Natan,

Lior Wolf, Nir S. Gov, Eshel Ben-Jacob, and Ilan Tsar-

faty, “Propagating waves of directionality and coordina-

tion orchestrate collective cell migration,” PLoS Comput.

Biol. 10, €1003747 (2014).

Shiladitya Banerjee, Kazage J. C. Utuje, and M. Cristina

Marchetti, “Propagating stress waves during epithelial

expansion,” Phys. Rev. Lett. 114, 228101 (2015).

[25] Sham TIili, Estelle Gauquelin, Brigitte Li, Olivier
Cardoso, Benoit Ladoux, Hélene Delanoé-Ayari, and
Francois Graner, “Collective cell migration without pro-
liferation: density determines cell velocity and wave ve-
locity,” R. Soc. Open Sci. 5, 172421 (2018).

[26] Vanni Petrolli, Magali Le Goff, Monika Tadrous, Kirsten
Martens, Cédric Allier, Ondrej Mandula, Lionel Hervé,
Silke Henkes, Rastko Sknepnek, Thomas Boudou, Gio-
vanni Cappello, and Martial Balland, “Confinement-
induced transition between wavelike collective cell mi-
gration modes,” Phys. Rev. Lett. 122, 168101 (2019).

[27) Naoya Hino, Leone Rossetti, Ariadna Marin-Llauradd,
Kazuhiro Aoki, Xavier Trepat, Michiyuki Matsuda, and
Tsuyoshi Hirashima, “Erk-mediated mechanochemical
waves direct collective cell polarization,” Dev. Cell 53,
646-660.e8 (2020).

[28] Shahaf Armon, Matthew Storm Bull, Andres Aranda-
Diaz, and Manu Prakash, “Ultrafast epithelial con-
tractions provide insights into contraction speed limits
and tissue integrity,” Proc. Natl. Acad. Sci. U.S.A 115,
E10333-E10341 (2018).

[29] K. M. Myers and D. Elad, “Biomechanics of the human
uterus,” WIREs Syst. Biol. Med. 9, €1388 (2017).

[30] Roger C. Young, “A computer model of uterine contrac-
tions based on action potential propagation and inter-
cellular calcium waves,” Obstet. Gynecol. 89, 604—608
(1997).

[31] Jinshan Xu, Shakti N. Menon, Rajeev Singh, Nicolas B.
Garnier, Sitabhra Sinha, and Alain Pumir, “The role of
cellular coupling in the spontaneous generation of elec-
trical activity in uterine tissue,” PLoS ONE 10, 1-23
(2015).

[32] Karsten Kruse and Daniel Riveline, “Spontaneous me-
chanical oscillations: implications for developing organ-
isms,” Curr. Top. Dev. Biol. 95, 67-91 (2011).

[33] Andrew C. Oates, Luis G. Morelli, and Sadl Ares, “Pat-
terning embryos with oscillations: structure, function
and dynamics of the vertebrate segmentation clock,” De-
velopment 139, 625-639 (2012).

[34] M. Lisa Manning, “Essay: Collections of deformable par-
ticles present exciting challenges for soft matter and bi-
ological physics,” Phys. Rev. Lett. 130, 130002 (2023).

[35] Steven Ceron, Marta An Kimmel, Alexandra Nilles, and
Kirstin Petersen, “Soft robotic oscillators with strain-
based coordination,” IEEE Robot. Autom. Lett. 6, 7557—
7563 (2021).

[36] Ido Levin, Robert Deegan, and Eran Sharon, “Self-
oscillating membranes: Chemomechanical sheets show

S
A

16

autonomous periodic shape transformation,” Phys. Rev.
Lett. 125, 178001 (2020).

[37] Reza Farhadifar, Jens-Christian Roper, Benoit Aigouy,
Suzanne Eaton, and Frank Jiilicher, “The influence of
cell mechanics, cell-cell interactions, and proliferation on
epithelial packing,” Curr. Biol. 17, 2095-2104 (2007).

[38] Austin Hopkins, Michael Chiang, Benjamin Loewe, Da-
vide Marenduzzo, and M. Cristina Marchetti, “Local
yield and compliance in active cell monolayers,” Phys.
Rev. Lett. 129, 148101 (2022).

[39] Guanming Zhang and Julia M. Yeomans, “Active forces
in confluent cell monolayers,” Phys. Rev. Lett. 130,
038202 (2023).

[40] D. B. Staple, R. Farhadifar, J.-C. Roper, B. Aigouy,
S. Eaton, and F. Jiilicher, “Mechanics and remodelling
of cell packings in epithelia,” Eur. Phys. J. E 33, 117-127
(2010).

[41] Dapeng Bi, Xingbo Yang, M. Cristina Marchetti, and
M. Lisa Manning, “Motility-driven glass and jamming
transitions in biological tissues,” Phys. Rev. X 6, 021011
(2016).

[42] Shahaf Armon, Matthew S. Bull, Avraham Moriel, Hil-
lel Aharoni, and Manu Prakash, “Modeling epithe-
lial tissues as active-elastic sheets reproduce contraction
pulses and predict rip resistance,” Commun. Phys. 4, 216
(2021).

[43] Fernanda Pérez-Verdugo, Germén Reig, Mauricio Cerda,
Miguel L. Concha, and Rodrigo Soto, “Geometrical char-
acterization of active contraction pulses in epithelial cells
using the two-dimensional vertex model,” J. R. Soc. In-
terface 19, 20210851 (2022).

[44] Daniel Boocock, Tsuyoshi Hirashima, and Edouard Han-
nezo, “Interplay between mechanochemical patterning
and glassy dynamics in cellular monolayers,” PRX Life
1, 013001 (2023).

[45] Fernanda Pérez-Verdugo, Samuel Banks, and Shila-
ditya Banerjee, “Excitable dynamics driven by mechani-
cal feedback in biological tissues,” Commun. Phys. 7, 167
(2024).

[46] Sadjad Arzash, Indrajit Tah, Andrea J. Liu, and M. Lisa
Manning, “Tuning for fluidity using fluctuations in bio-
logical tissue models,” (2024), arXiv:2312.11683.

[47] Yiwei Zhang and Etienne Fodor, “Pulsating active mat-
ter,” Phys. Rev. Lett. 131, 238302 (2023).

[48] Alessandro Manacorda and Etienne Fodor, “Pulsating
with discrete symmetry,” (2023), arXiv:2310.14370.

[49] Wan hua Liu, Wei jing Zhu, and Bao quan Ai, “Col-
lective motion of pulsating active particles in confined
structures,” New J. Phys. 26, 023017 (2024).

[60] Zhu-Qin Li, Qun-Li Lei, and Yu giang Ma, “Fluidization
and anomalous density fluctuations in epithelial tissues
with pulsating activity,” (2024), arXiv:2402.02981.

[51] William D. Pifieros and Etienne Fodor, “Biased
ensembles of pulsating active matter,” (2024),
arXiv:2403.16961.

[62] Shuji Ishihara, Philippe Marcq, and Kaoru Sugimura,
“From cells to tissue: A continuum model of epithelial
mechanics,” Phys. Rev. E 96, 022418 (2017).

[63] Michael Czajkowski, Dapeng Bi, M. Lisa Manning, and
M. Cristina Marchetti, “Hydrodynamics of shape-driven
rigidity transitions in motile tissues,” Soft Matter 14,
5628-5642 (2018).

[54] Arthur Hernandez and M. Cristina Marchetti, “Poisson-


http://dx.doi.org/https://doi.org/10.1016/j.bpj.2019.06.013
http://dx.doi.org/10.1038/nphys2355
http://dx.doi.org/10.1038/nphys2355
http://dx.doi.org/ 10.1371/journal.pcbi.1003747
http://dx.doi.org/ 10.1371/journal.pcbi.1003747
http://dx.doi.org/ 10.1103/PhysRevLett.114.228101
http://dx.doi.org/10.1098/rsos.172421
http://dx.doi.org/ 10.1103/PhysRevLett.122.168101
http://dx.doi.org/ 10.1016/j.devcel.2020.05.011
http://dx.doi.org/ 10.1016/j.devcel.2020.05.011
http://dx.doi.org/10.1073/pnas.1802934115
http://dx.doi.org/10.1073/pnas.1802934115
http://dx.doi.org/10.1002/wsbm.1388
http://dx.doi.org/ https://doi.org/10.1016/S0029-7844(96)00502-9
http://dx.doi.org/ https://doi.org/10.1016/S0029-7844(96)00502-9
http://dx.doi.org/ 10.1371/journal.pone.0118443
http://dx.doi.org/ 10.1371/journal.pone.0118443
http://dx.doi.org/https://doi.org/10.1016/B978-0-12-385065-2.00003-7
http://dx.doi.org/10.1242/dev.063735
http://dx.doi.org/10.1242/dev.063735
http://dx.doi.org/ 10.1103/PhysRevLett.130.130002
http://dx.doi.org/ 10.1109/LRA.2021.3100599
http://dx.doi.org/ 10.1109/LRA.2021.3100599
http://dx.doi.org/10.1103/PhysRevLett.125.178001
http://dx.doi.org/10.1103/PhysRevLett.125.178001
http://dx.doi.org/ https://doi.org/10.1016/j.cub.2007.11.049
http://dx.doi.org/ 10.1103/PhysRevLett.129.148101
http://dx.doi.org/ 10.1103/PhysRevLett.129.148101
http://dx.doi.org/ 10.1103/PhysRevLett.130.038202
http://dx.doi.org/ 10.1103/PhysRevLett.130.038202
http://dx.doi.org/10.1140/epje/i2010-10677-0
http://dx.doi.org/10.1140/epje/i2010-10677-0
http://dx.doi.org/ 10.1103/PhysRevX.6.021011
http://dx.doi.org/ 10.1103/PhysRevX.6.021011
http://dx.doi.org/10.1038/s42005-021-00712-2
http://dx.doi.org/10.1038/s42005-021-00712-2
http://dx.doi.org/ 10.1098/rsif.2021.0851
http://dx.doi.org/ 10.1098/rsif.2021.0851
http://dx.doi.org/10.1103/PRXLife.1.013001
http://dx.doi.org/10.1103/PRXLife.1.013001
http://dx.doi.org/10.1038/s42005-024-01661-2
http://dx.doi.org/10.1038/s42005-024-01661-2
http://arxiv.org/abs/2312.11683
http://dx.doi.org/10.1103/PhysRevLett.131.238302
http://arxiv.org/abs/2310.14370
http://dx.doi.org/ 10.1088/1367-2630/ad23a5
http://arxiv.org/abs/2402.02981
http://arxiv.org/abs/2403.16961
http://dx.doi.org/ 10.1103/PhysRevE.96.022418
http://dx.doi.org/ 10.1039/C8SM00446C
http://dx.doi.org/ 10.1039/C8SM00446C

bracket formulation of the dynamics of fluids of de-
formable particles,” Phys. Rev. E 103, 032612 (2021).

[55] Doron Grossman and Jean-Francois Joanny, “Instabili-
ties and geometry of growing tissues,” Phys. Rev. Lett.
129, 048102 (2022).

[56] Igor S. Aranson and Lorenz Kramer, “The world of the
complex ginzburg-landau equation,” Rev. Mod. Phys. 74,
99-143 (2002).

[67] Sham TIili, Cyprien Gay, Frangois Graner, Philippe
Marcq, Francois Molino, and Pierre Saramito, “Collo-
quium: Mechanical formalisms for tissue dynamics,” Eur.
Phys. J. E 38, 33 (2015).

[58] Juan A. Acebrén, L. L. Bonilla, Conrad J. Pérez Vi-
cente, Félix Ritort, and Renato Spigler, “The kuramoto
model: A simple paradigm for synchronization phenom-
ena,” Rev. Mod. Phys. 77, 137185 (2005).

[69] Thomas E. Angelini, Edouard Hannezo, Xavier Trepat,
Manuel Marquez, Jeffrey J. Fredberg, and David A.
Weitz, “Glass-like dynamics of collective cell migration,”
Proc. Natl. Acad. Sci. U.S.A 108, 4714-4719 (2011).

[60] M. C. Cross and P. C. Hohenberg, “Pattern formation
outside of equilibrium,” Rev. Mod. Phys. 65, 851-1112
(1993).

[61] A. J. Bray, “Theory of phase-ordering kinetics,” Adv.
Phys. 43, 357-459 (1994).

[62] Hidetsugu Sakaguchi, “Phase Dynamics and Localized
Solutions to the Ginzburg-Landau Type Amplitude
Equations,” Prog. Theor. Phys. 89, 1123-1146 (1993).

[63] P. Coullet and G. Iooss, “Instabilities of one-dimensional
cellular patterns,” Phys. Rev. Lett. 64, 866-869 (1990).

[64] B. Lindner, J. Garcia-Ojalvo, A. Neiman, and
L. Schimansky-Geier, “Effects of noise in excitable sys-
tems,” Phys. Rep. 392, 321-424 (2004).

[65] David Martin, Hugues Chaté, Cesare Nardini, Alexan-
dre Solon, Julien Tailleur, and Frédéric Van Wijland,
“Fluctuation-induced phase separation in metric and
topological models of collective motion,” Phys. Rev. Lett.
126, 148001 (2021).

[66] David Martin, Gianmarco Spera, Hugues Chaté, Charlie
Duclut, Cesare Nardini, Julien Tailleur, and Frédéric
van Wijland, “Fluctuation-induced first order transition
to collective motion,” (2024), arXiv:2402.05078.

[67] C. W. Gardiner, Stochastic Methods: A Handbook for the
Natural and Social Sciences (Springer, 2009).

[68] Christopher A. Klausmeier, “Floquet theory: a useful
tool for understanding nonequilibrium dynamics,” Theor.
Ecol. 1, 153-161 (2008).

[69] Anirudh Kulkarni, Jonas Ranft, and Vincent Hakim,
“Synchronization, stochasticity, and phase waves in neu-
ronal networks with spatially-structured connectivity,”
Front. Comput. Neurosci. 14, 569644 (2020).

[70] Sebastian Fiirthauer and Sriram Ramaswamy, “Phase-
synchronized state of oriented active fluids,” Phys. Rev.
Lett. 111, 238102 (2013).

[71] K. Vijay Kumar, Justin S. Bois, Frank Jilicher, and
Stephan W. Grill, “Pulsatory patterns in active fluids,”
Phys. Rev. Lett. 112, 208101 (2014).

[72] Deb Sankar Banerjee, Akankshi Munjal, Thomas Lecuit,
and Madan Rao, “Actomyosin pulsation and flows in an
active elastomer with turnover and network remodeling,”
Nat. Commun. 8, 1121 (2017).

[73] Michael F. Staddon, Edwin M. Munro, and Shiladitya
Banerjee, “Pulsatile contractions and pattern formation
in excitable actomyosin cortex,” PLoS Comput. Biol. 18,

17

1-21 (2022).

[74] P. Coullet and S. Fauve, “Propagative phase dynamics
for systems with galilean invariance,” Phys. Rev. Lett.
55, 2857-2859 (1985).

[75] P C Matthews and S M Cox, “Pattern formation with a
conservation law,” Nonlinearity 13, 1293-1320 (2000).

[76] Tirthankar Banerjee and Abhik Basu, “Active hydrody-
namics of synchronization and ordering in moving oscil-
lators,” Phys. Rev. E 96, 022201 (2017).

[77] Astik Haldar, Apurba Sarkar, Swarnajit Chatterjee, and
Abhik Basu, “Active XY model on a substrate: Den-
sity fluctuations and phase ordering,” Phys. Rev. E 108,
034114 (2023).

[78] Astik Haldar, Apurba Sarkar, Swarnajit Chatterjee, and
Abhik Basu, “Mobility-induced order in active xy spins
on a substrate,” Phys. Rev. E 108, L032101 (2023).

[79] R. H. Keldermann, M. P. Nash, and A. V. Panfilov,
“Pacemakers in a reaction-diffusion mechanics system,”
J. Stat. Phys. 128, 375-392 (2007).

[80] A. V. Panfilov, R. H. Keldermann, and M. P. Nash, “Self-
organized pacemakers in a coupled reaction-diffusion-
mechanics system,” Phys. Rev. Lett. 95, 258104 (2005).

[81] Hidetsugu Sakaguchi and Satomi Maeyama, “Dynamical
quorum sensing and clustering dynamics in a population
of spatially distributed active rotators,” Phys. Rev. E 87,
024901 (2013).

[82] Hidetsugu Sakaguchi and Satomi Maeyama, “Competi-
tive aggregation dynamics using phase wave signals,” J.
Theor. Biol. 359, 155-160 (2014).

[83] L.D. Landau, L.P. Pitaevskii, A.M. Kosevich, and E.M.
Lifshitz, Theory of Elasticity: Volume 7, Course of the-
oretical physics (Elsevier Science, 1986).

[84] Tirthankar Banerjee, Niladri Sarkar, John Toner, and
Abhik Basu, “Rolled up or crumpled: Phases of asym-
metric tethered membranes,” Phys. Rev. Lett. 122,
218002 (2019).

[85] Tirthankar Banerjee, Niladri Sarkar, John Toner, and
Abhik Basu, “Statistical mechanics of asymmetric teth-
ered membranes: Spiral and crumpled phases,” Phys.
Rev. E 99, 053004 (2019).

[86] David S Dean, “Langevin equation for the density of a
system of interacting langevin processes,” J. Phys. A :
Math. Gen. 29, L613-L617 (1996).

[87] Kyozi Kawasaki, “Microscopic analyses of the dynami-
cal density functional equation of dense fluids,” J. Stat.
Phys. 93, 527-546 (1998).

[88] S. Leibler and D. Andelman, “Ordered and curved meso-
structures in membranes and amphiphilic films,” J.Phys.
France 48, 2013-2018 (1987).

[89] Tirthankar Banerjee and Abhik Basu, “Thermal fluctu-
ations and stiffening of symmetric heterogeneous fluid
membranes,” Phys. Rev. E 91, 012119 (2015).

[90] Tirthankar Banerjee and Abhik Basu, “Active processes
make mixed lipid membranes either flat or crumpled,”
New. J. Phys. 20, 013028 (2018).

[91] Sumesh P. Thampi, Santosh Ansumali, R. Adhikari,
and Sauro Succi, “Isotropic discrete laplacian operators
from lattice hydrodynamics,” J. Comput. Phys. 234, 1-7
(2013).

[92] Randall J. LeVeque, Finite Difference Methods for Ordi-
nary and Partial Differential Equations (Society for In-
dustrial and Applied Mathematics, 2007).

[93] Michael Patra and Mikko Karttunen, “Stencils with
isotropic discretization error for differential operators,”


http://dx.doi.org/10.1103/PhysRevE.103.032612
http://dx.doi.org/ 10.1103/PhysRevLett.129.048102
http://dx.doi.org/ 10.1103/PhysRevLett.129.048102
http://dx.doi.org/ 10.1103/RevModPhys.74.99
http://dx.doi.org/ 10.1103/RevModPhys.74.99
http://dx.doi.org/ 10.1140/epje/i2015-15033-4
http://dx.doi.org/ 10.1140/epje/i2015-15033-4
http://dx.doi.org/ 10.1103/RevModPhys.77.137
http://dx.doi.org/ 10.1073/pnas.1010059108
http://dx.doi.org/ 10.1103/RevModPhys.65.851
http://dx.doi.org/ 10.1103/RevModPhys.65.851
http://dx.doi.org/10.1080/00018739400101505
http://dx.doi.org/10.1080/00018739400101505
http://dx.doi.org/10.1143/ptp/89.6.1123
http://dx.doi.org/ 10.1103/PhysRevLett.64.866
http://dx.doi.org/ https://doi.org/10.1016/j.physrep.2003.10.015
http://dx.doi.org/10.1103/PhysRevLett.126.148001
http://dx.doi.org/10.1103/PhysRevLett.126.148001
http://arxiv.org/abs/2402.05078
https://link.springer.com/book/9783540707127
https://link.springer.com/book/9783540707127
http://dx.doi.org/10.1007/s12080-008-0016-2
http://dx.doi.org/10.1007/s12080-008-0016-2
http://dx.doi.org/10.3389/fncom.2020.569644
http://dx.doi.org/ 10.1103/PhysRevLett.111.238102
http://dx.doi.org/ 10.1103/PhysRevLett.111.238102
http://dx.doi.org/ 10.1103/PhysRevLett.112.208101
http://dx.doi.org/10.1038/s41467-017-01130-1
http://dx.doi.org/10.1371/journal.pcbi.1009981
http://dx.doi.org/10.1371/journal.pcbi.1009981
http://dx.doi.org/ 10.1103/PhysRevLett.55.2857
http://dx.doi.org/ 10.1103/PhysRevLett.55.2857
http://dx.doi.org/10.1088/0951-7715/13/4/317
http://dx.doi.org/10.1103/PhysRevE.96.022201
http://dx.doi.org/ 10.1103/PhysRevE.108.034114
http://dx.doi.org/ 10.1103/PhysRevE.108.034114
http://dx.doi.org/ 10.1103/PhysRevE.108.L032101
http://dx.doi.org/ 10.1007/s10955-006-9219-3
http://dx.doi.org/10.1103/PhysRevLett.95.258104
http://dx.doi.org/ 10.1103/PhysRevE.87.024901
http://dx.doi.org/ 10.1103/PhysRevE.87.024901
http://dx.doi.org/10.1016/j.jtbi.2014.06.017
http://dx.doi.org/10.1016/j.jtbi.2014.06.017
https://books.google.lu/books?id=tpY-VkwCkAIC
http://dx.doi.org/ 10.1103/PhysRevLett.122.218002
http://dx.doi.org/ 10.1103/PhysRevLett.122.218002
http://dx.doi.org/10.1103/PhysRevE.99.053004
http://dx.doi.org/10.1103/PhysRevE.99.053004
http://dx.doi.org/10.1088/0305-4470/29/24/001
http://dx.doi.org/10.1088/0305-4470/29/24/001
http://dx.doi.org/10.1023/b:joss.0000033240.66359.6c
http://dx.doi.org/10.1023/b:joss.0000033240.66359.6c
http://dx.doi.org/10.1051/jphys:0198700480110201300
http://dx.doi.org/10.1051/jphys:0198700480110201300
http://dx.doi.org/10.1103/PhysRevE.91.012119
http://dx.doi.org/10.1088/1367-2630/aa9ed2
http://dx.doi.org/ https://doi.org/10.1016/j.jcp.2012.07.037
http://dx.doi.org/ https://doi.org/10.1016/j.jcp.2012.07.037
http://dx.doi.org/10.1137/1.9780898717839
http://dx.doi.org/10.1137/1.9780898717839

18

Numer. Methods Partial Differ. Equ. 22, 936-953 (2006).


http://dx.doi.org/10.1002/num.20129

	Hydrodynamics of pulsating active liquids
	Abstract
	Introduction
	Liquids with internal pulsation
	From mechanics to field theory
	Effective landscape
	Competition between cycles and arrest

	Pulsating patterns
	Synchronization and current
	Propagating waves

	Stability analysis
	Spinodal instability of arrest
	The role of fluctuations
	Dynamics at weak noise
	Landscape modified by fluctuations

	Instability of cycling state

	Discussion
	Acknowledgments
	Viscous effects
	From particles to fields
	Explicit coarse-graining
	Comparison with phenomenological theory

	Numerical methods
	References


