Collective ballistic motion explains fast aggregation in adhesive active matter
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Inspired by motile cells in tissue formation, we find that active systems of self-aligning adhesive
particles undergo ballistic aggregation through a flocking transition. This kinetic regime emerges
when the cluster persistence length grows faster with cluster mass than the intercluster distance does.
We also identify and explain distinct non-collective kinetic regimes, including biologically relevant

long-lived transients.

Our analytical and numerical results offer a unified framework explaining

the broad range of experimentally observed aggregation exponents in cellular systems and reveal
physical principles potentially critical for timely tissue organization.

Introduction—Aggregation processes are ubiquitous,
from aerosols to living matter [1-5]. In active systems,
motile cells can agglomerate, driving phenomena like bac-
terial biofilm initiation [6, 7] and tissue formation [8].
In particular, there has been long-standing interest in
cell-sorting experiments [9-11], where cells clusters meet
and grow by successive mergers [9-11]. In these systems,
strong cell-cell adhesion suppresses cluster fragmenta-
tion. Yet, complex interactions and motion generate rich
aggregation kinetics that remain elusive despite their key
role in timely tissue organization [12].

In diffusion-limited cluster aggregation (DLCA), clus-
ters move diffusively with a diffusivity that decreases in-
versely with cluster mass [13]. This classical picture pre-
dicts that in two dimensions, without cluster fragmenta-
tion, the average cluster mass grows as M (t) ~ t* with
an aggregation exponent z = 1/2 [14-16]. In contrast,
ballistic cluster motion yields z ~ 1, provided that self-
propulsions are uncorrelated between cells [13, 17, 18].
However, experiments in active tissues report faster
coarsening dynamics with z > 1 [12], indicating that clas-
sical models are insufficient.

Motivated by these discrepancies, Mones et al. [19] sim-
ulated adhesive active particles with self-alignment [20],
where self-propulsion gradually aligns with the particle’s
net velocity, obtaining z ~ 2. This rapid coarsening was
attributed to collective motion, akin to Vicsek-like sys-
tems [15, 21, 22], but its mechanistic origin remained
unexplained. Subsequently, Beatrici et al. [23] showed
how internal cluster alignment alters the diffusivity-mass
relation, modifying z; however, their analysis was lim-
ited to weak alignment and persistence, yielding at most
z=1.

In this work, we show that the anomalous exponent
z ~ 2 arises because, as a consequence of flocking,
the cluster persistence length grows linearly with clus-
ter mass, while the intercluster distance scales as the
square root of mass. This corresponds to a crossover

into the regime termed here collective ballistic aggrega-
tion (CBA). Our analysis relies on simulations of adhe-
sive active particles, in which we varied both particle
persistence and self-alignment strength. Beyond CBA,
we also elucidate other mechanisms underlying a broad
range of experimental aggregation exponents. Our re-
sults are supported by analyses of single-cluster dynam-
ics and a generalized Smoluchowski coagulation theory
[24]. The present work unifies disparate experimental
and theoretical observations and shows how cooperative
behavior reshapes aggregation kinetics in living matter.

Model—We employ a minimal model inspired by motile
tissue cells [25] with particles represented as disks sub-
ject to contact forces and self-alignment: each particle
self-propels along a noisy direction that gradually aligns
with its own net velocity. A strong attractive force ac-
counts for cell adhesion. Self-alignment induces collec-
tive motion and is more realistic in this context than the
original Vicsek alignment [26], since tissue cells cannot
explicitly average over neighbors [25]. Our results are
robust to the choice of alignment rule, as observed for
Vicsek-like alignment at low strength [23].

We consider N adhesive active Brownian disks in 2D
with periodic boundary conditions [25, 27]. Their dy-
namics is given by
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where v is the self-propulsion speed, n; = (cos 6;, sin 6;)
is the self-propulsion direction, also called polarity, &; is
a Gaussian white noise with (& (¢)¢;(t')) = d;;0(t — t')
and v; = v;/|v;|, where v, = I;. Parameters Dg and J
set the reorientation timescales 7R = 1/Dg and 7 = 1/J,
respectively. The self-alignment term has a pseudo po-
tential Eylign = —J n;-¥; [28, 29]. The force F;; between
particles 7 and j comprises a short-range repulsion and a
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FIG. 1. Adhesive active matter exhibits rich aggregation kinetics. (a) Time evolution of the average cluster mass M (t) for
different values of J. Stronger alignment accelerates aggregation and increases exponents. Here, Pe = 1. (b) Snapshots of
aggregation and cluster dynamics in different regimes for low alignment (J = 0), high alignment (J = 100), low individual-

particle persistence (Pe = 1) and high individual-particle (Pe = 10%).

Scale bars show cluster persistence length. Colors

indicate particle polarity (see color wheel). L is the simulation box length.

short-range adhesion. For interparticle distances |r;;| <
o, arepulsive force F;” = —k, (|r;;| — o) £;; accounts for
overlap between the disks, where ¢ is their diameter and
t;; = r;j/|r;;| is the unit vector connecting the centers
of particles 7 and j. In the range o < |rij| < ladn, an ad-
hesive force F?]dh = —kaan (|rsj| — o) T;; attracts neigh-
boring particles, where [,q4, sets the adhesive interaction
range.

We measure length and time in units of o and 79 =
o/vg, kept constant throughout this work. We thus ex-
press the polarity decorrelation time 7p as the (rota-
tional) Péclet number [30, 31], Pe = vy7r/0 = Tr/70.
We start from a random initial condition and let the sys-
tem evolve into growing clusters by merger events where
particles irreversibly adhere. Unless otherwise specified,
we employ N = 4 x 10* particles. To suppress multi-
cluster mergers and percolation effects, we use a low
packing fraction, ¢ = 0.01. This produces slow aggre-
gation kinetics (without altering the exponents) in which
the cluster-mass distribution evolves more smoothly and
the power-law regime is extended in time, thereby im-
proving statistics. We also performed tests at moderately
higher ¢ and observed the same exponents. Additional
details are in the Supplemental Material [32].

Low particle persistence—First, we consider self-
alignment in the low-Pe regime (Pe = 1). To quantify
the aggregation kinetics, Figure la shows our results for
the average cluster “mass” (i.e., the number of particles
in a cluster) versus time, where a power-law behavior,
M(t) ~ t* sets in after some transient time. Between
J =0 and J = 0.7, the aggregation exponent changes
from z = 1/2 to z = 1. Upon further increasing J, z
jumps to z /&~ 2. Snapshots of the aggregates are shown
in Figure 1b; for movies, see Supplemental Material [32].

Later in this work, a comparison between intercluster
distance and cluster motion persistence length will be
motivated and presented.

To understand the dependence of z on J, we simu-
lated single isolated clusters since their movement af-
fect z. Cluster trajectories are shown also in Figure 1b;
for movies of single-cluster simulations, see Supplemen-
tal Material [32]. We quantify the alignment of polarities
within a cluster using the global polar order parameter,

v = <’Zf\/f ni’>t /M, where (...), is the steady-state av-

erage [30]. High (¥ — 1) or low (¥ — 0) collectivity
reflects strong or weak alignment, respectively. Figure
2a displays ¥ versus J for different cluster masses, show-
ing that J induces polar order [25, 26, 30, 33]. Polar order
emerges as particles adhere and move together with sim-
ilar velocities. At strong J, particles eventually self-align
with their common velocity. The difference in ¥ between
order and disorder increases with mass.

To characterize single-cluster motion, we compute
the mean-squared displacement (MSD), (Ar?) =

<(rcm(t) — Tem (to))2>, where r.., is the cluster center of

mass and ty was set as the time after which the clus-
ter dynamics becomes stationary. These MSD curves
are well fitted by the active Brownian particle model:
(Ar?)y =2V27, [t — 7, (1 — e7¥/7)] [34-37], where V, is
the effective cluster self-propulsion speed, 7, is its persis-
tence time and we relabelled t —tg as just ¢t. Ballistic mo-
tion occurs at short times (¢t < 7,), where (Ar?) ~ V2%,
crossing over to normal diffusion at long times (¢ > 7,),
where (Ar?) ~ 2V27,t.

For J = 0 (Fig. 2b), (Ar?) decreases with cluster mass
in both ballistic and diffusive regimes. Without align-
ment, particle polarities often oppose each other, leading
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FIG. 2. Self-alignment induces a collective motion transition,
altering the cluster ballistic regime duration and speed as well
as the effect of cluster mass on motion. (a) Collectivity order
parameter ¥ versus J for different masses. A transition occurs
near J ~ 0.6. MSD curves, (Ar?) (t), for (b) the disordered
regime (J = 0), (c¢) near the transition (J = 0.6), and (d) in
the collective regime (J = 10). Here, Pe = 1.

to a decrease of cluster speed with mass. The persistence
time 7, equals the single-particle value 7z and is mass-
independent since for J = 0 reorientations are unaffected
by particle-particle interactions. Near the flocking transi-
tion (J = 0.6, Fig. 2¢), V¢ still decreases with mass, while
alignment suppresses fluctuations and makes the cluster
persistence time 7, increase with mass. These opposing
trends compensate each other, yielding convergence of all
(Ar?)(t) curves at long times, where they become mass-
independent. Above the transition (J = 10, Fig. 2d),
particles align their polarities, and clusters move coher-
ently at nearly V. = vy, making V., mass-independent.
Larger clusters retain longer 7,, so the long-time MSD
now increases with mass.

We quantify the mass-dependence of the effective ac-
tive cluster motion parameters obtained from single-
cluster simulations. Figure 3a shows V. versus mass for
varying J. For small J, V. ~ MY with v ~ —1/2, as
expected for the magnitude of the average of M random
vectors. As J increases, y rises to v = 0, giving V. = vp.
Figure 3b shows the cluster persistence time 7, versus
mass. We see that 7, grows nearly as 7, ~ MV, with
v increasing from 0 to approximately 1. The long-time
diffusion coefficient is D = V.27, /2, so D ~ M®, where
a = 2y + v. Fig. 3c shows that —1 < a < 1. For
low (high) J, D decreases (increases) with mass. Notice

that, for extreme values of J, we observe well-defined
power-law-like dependencies on M. At intermediate J,
these cluster motion parameters retain a monotonic de-
pendence on M. Thus, we will assume power-law de-
pendencies in our theory below in order to capture the
limiting values of z, as well as its trend, as J is varied.
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FIG. 3. Self-alignment fundamentally alters how cluster
properties depend on mass, explaining aggregation kinetics
regimes. For different J, the dependence on cluster mass, ob-
tained from single-cluster simulations, is shown for (a) cluster
speed Vg, (b) cluster persistence time 7,, (¢) diffusion coef-
ficient D = V27,/2, showing transition from mass-hindered
to mass-enhanced diffusion, (d) persistence length 1, = V.7,
and (e) kinetic criterion ratio 2I,/l., where we estimate .
from the global density. A crossover to ballistic aggregation
occurs when 21, /1. > 1.

To characterize the aggregation regime, we compare
the average intercluster distance, [, with the cluster per-
sistence length, I, = V. 7,; also, see Fig. 1b. If clusters
collide and merge before traveling a persistence length,
the aggregation is estimated to occur in the ballistic
regime. Conversely, if clusters travel a distance larger
than I, before merging, the process is DLCA. The aver-
age intercluster distance I.. is estimated from the global
particle density p = N/L? and the average cluster mass

M vial. = /M/p [23].

Figure 3d shows that [,(M) ~ M9, with § = v + 7.
Applying for M = M, we define 1,(M) = [,(M) ~ m
which we then compare to [, to identify the aggrega-
tion regime. If the clusters are initially separated by
a distance [., the simplified condition for ballistic colli-
sion reads 2l,/l. > 1. Fig. 3e shows 2[,/l. versus M.
For J > 2, the curves cross the criterion 2Zp /76 =1 at
M = 10%, indicating a ballistic aggregation regime for
large masses consistent with the faster kinetics observed
for M in Fig. la. For lower, intermediate values of J
in the range 0.8 < J < 1, the ratio 2[,/l. is expected
to cross 1 at larger M, suggesting that ballistic behavior
emerges only at later times. This is also consistent with
our measurements in Fig. 1la, where the aggregation ex-



ponent of M exhibits a crossover to a faster aggregation
regime with z ~ 2. In contrast, for J < 0.6, the ra-
tio 2l,/l. remains below 1 for all mass values, indicating
that the system is in the DLCA regime throughout the
whole aggregation process.

Therefore, the increase in z seen in Fig. la signals a
shift from DLCA to ballistic aggregation. This shift is
driven by collective motion within clusters, which makes
the persistence length grow linearly with the average

mass while the ratio [,/l. scales as ~ M7, At suffi
ciently large M, the ballistic aggregation criterion is sat-
isfied. Notably, collective ballistic aggregation represents
the asymptotic regime—mnot merely a transient effect.

As shall be important in our theory, we analyze
the impact of J on the full cluster mass distribution
P(M,t) [38]; see Supplemental Material [32]. These dis-
tributions show dynamical scaling: all curves collapse
onto f(M/M) = MQP(M ,t), consistent with irreversible
aggregation scenarios [13, 39].

To explain z in each regime, we generalize Smolu-
chowski coagulation theory; see Supplementary Mate-
rial [32]. In the DLCA regime, we use an aggregation rate
K(M,M'") ~ D(M)+D(M") [13,40-42]. Considering the
dynamical scaling of P(M,t), we obtain z = . Since
—1 < «a < 0 for DLCA, this yields % < z < 1, match-
ing our simulations. A similar approach applies to bal-
listic aggregation. We employ the aggregation rate ker-
nel, K(M, M') ~ V(M) — Va(M")] (R(M) + R(M")),
where R(M) ~ M*'/2 is the average cluster radius [13].
We obtain z = ﬁ [32]. For J > 0.8, ballistic aggrega-
tion occurs with mass-independent cluster speed (y = 0),
yelding z = 2, consistent with our simulations (Fig. 4a).

High particle persistence and diagram—TFor high par-
ticle persistence, Pe = 103, and J = 0, non-collective
ballistic motion emerges. Fig. 4a shows z ~ 1. As in
the previous case of low Pe and J = 0 (Fig. 3a-b), we
observed V. ~ M~'/? and mass-independent 7, = 7.
A high Pe does not affect particle alignments, giving
I, = Ve, ~ 103/VM and 21,/I, ~ 225.730M ' at our
density. Thus, M < 225.73 yields ballistic aggregation,
while larger masses follow DLCA. This initial power-law
during ballistic aggregation is also important as long-
lived transients are relevant in biological systems due to
the not-so-large number of particles. Smoluchowski the-
ory [32] gives z = 1, matching simulations.

At high Pe, increasing J yields again [, ~ M and con-
sequently 21,/ ~ M 1, indicating ballistic aggre-
gation. With mass-independent cluster speed (v = 0,
Fig. 3a), Smoluchowski theory predicts z = 2, matching
our simulations once again. Therefore, collective ballistic
aggregation (CBA) occurs for both low and high persis-
tence.

Figure 4b summarizes the aggregation regimes in the
Pe—J plane. At low J and Pe the system follows diffusion-
limited cluster aggregation (Region I); increasing Pe at
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FIG. 4. High persistence enables non-collective ballistic ag-
gregation with z = 1, completing the aggregation regimes.
(a) M(t) ~ t* for different J at Pe = 10°. For J = 0,
one has z ~ 1 (non-collective ballistic), a long-lived transient
regime relevant in biological systems, eventually crossing over
to DLCA. (b) Aggregation regime diagram in terms of the
aggregation exponent z. Region I (blue) is DLCA; Region II
(light blue) is ballistic aggregation; Region III (red) is collec-
tive ballistic aggregation (CBA).

low J leads to ballistic aggregation driven by persistence
without collective effects (Region II); and at high J,
flocking within clusters produces coherent motion char-
acteristic of collective ballistic aggregation (Region III).

Conclusions—We presented a comprehensive study
elucidating how collective motion enables fast cluster
aggregation in adhesive active matter. Varying align-
ment strength (J) and Péclet number (Pe), we iden-
tified distinct regimes with scaling M(t) ~ t*, where
z € [1/2,2]. Single-cluster analysis revealed how the
persistence length I, ~ M % emerges from the interplay
between alignment and cluster size, explaining z.

At low J, clusters diffuse with an effective diffusiv-
ity that decreases with cluster mass, consistent with
DLCA [14, 16]. Simulations and Smoluchowski theory
yield z € [1/2,1], matching classical DLCA. Increas-
ing J enhances internal cluster alignment, triggering a
ballistic aggregation that eventually gives 21,/l. > 1,
yielding z ~ 2 in the high-J limit where cluster speed
becomes independent of mass (v = 0). Therefore, we
identify a mechanism that allows for a collective ballistic
aggregation regime which is asymptotic (not transient)
and driven by internal alignment rather than individ-
ual persistence. Our results offer a natural explanation
for the anomalous aggregation reported in prior stud-
ies [12, 19, 43]. Moreover, increasing Pe reveals that even
without alignment (J = 0), high persistence leads to a
long-lived ballistic aggregation transient, relevant to bi-
ological systems, which eventually undergoes a crossover
to DLCA. After validating our simulation results through
theory, we mapped all regimes in a Pe-J diagram (Fig.
4b).

Our framework elucidates how alignment and persis-
tence govern aggregation dynamics in adhesive active
matter and offers predictive insights for biological pro-
cesses like tissue formation, where mass-dependent col-



lective behavior is crucial. It also explains the diversity of
experimental aggregation exponents. Future work should
ailm to use more detailed experiments to determine the
model parameters and further validate our results; to in-
vestigate high-density and cluster-fragmentation effects;
and to explore how medium properties (e.g., viscoelastic-
ity [44]) or contact inhibition [11] modulate kinetics.
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