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Cohesive active assemblies are often regulated by spatially heterogeneous nonequilibrium driving,
such as gradients in motility. Here, we show that attractive active Brownian particles (ABPs) undergo
liquid-gas phase separation, and spatially varying activity fields induce emergent dynamics. Attractive
active droplets migrate up activity gradients, and at sufficiently high activity, they can fragment or
evaporate into a dilute phase. For finite clusters, evaporated ABPs can redistribute through the
simulation box, reassemble into new clusters in lower-activity regions, and migrate again toward
higher activity regions. Even in the planar-slab geometry, migration toward higher activity and activity-
controlled condensate stability persist, demonstrating the generality of these effects, while the
geometry determines the pathway of particle redistribution and turnover. Within this model, these
dynamics arise without biochemical feedback loops and rely only on the interplay of attraction,
motility, and activity gradients. Our findings show how activity gradients can regulate the spatial
localization, turnover, and repeated relocation of attractive active condensates.

Living systems organizematter in space by combining cohesive interactions
with spatially heterogeneous sources of nonequilibrium driving1–10. At
the subcellular scale, cells assemble biomolecular condensates that com-
partmentalize reactions without membranes7,8,10–18, and at the tissue scale,
they coordinate the directed migration of multicellular groups during
development, wound repair, and disease3,4,19–26. In both settings, structure
is not controlled by equilibrium thermodynamics alone; cellular
assemblies are continually remodeled by energy-consuming processes and
by gradients in the surrounding chemical or mechanical environment.
Understanding how such gradients bias the position, stability, and turnover
of cohesive assemblies is therefore a general problem in nonequilibrium soft
matter.

Biomolecular condensates provide one important example of this
principle. Many condensates are now understood as biomolecular assem-
blieswith liquid-likeproperties, and their compositionandmaterial state are
regulated by active biochemical processes7,8,10,17. ATP- and GTP-dependent
enzymes, helicases, chaperones, phosphorylation cycles, and transport
processes can all reshape condensate assembly and dissolution7,11,12,14,16,17,27.
Moreover, ATP is not only an energy source but can also act directly as a
hydrotrope that affects protein solubility at physiological concentrations27.
These observations suggest that, in cells, spatial heterogeneity in metabolic
or enzymatic activity can act as a spatially patterned nonequilibrium drive
for condensate dynamics, even when there is no simple one-to-one corre-
spondence between a condensate and a single control molecule.

At larger scales, collective cellmigration is likewise controlled by spatial
gradients3,4,20–22,25,26. Migrating cell groups respond to chemokines, growth
factors, extracellular-matrix composition, stiffness, confinement, and
intercellular communication3,22,26,28,29. These cues regulate local protrusion,
traction, polarity, andpersistence, allowingmulticellular assemblies tomove
more efficiently and more persistently than isolated cells. From a coarse-
grained physical perspective, such guidance can often be viewed as a spatial
modulation of the local magnitude of active forcing, that is, of how strongly
individual units are driven out of equilibrium.

The behavior of active particles in activity landscapes has been studied
extensively for ideal and purely repulsive systems. Spatial variations in swim
speed generate density contrasts, accumulation in low-motility regions, and
interfacial polarization even in the absence of explicit alignment interac-
tions; abrupt motility steps also produce characteristic pressure
imbalances30–32.When the particles are cohesive, activity gradients no longer
act on isolated particles only; they act on droplets or clusters whose inter-
facial polarization, internal turnover, andmechanical balanceare all coupled
to attraction.

Here,we study attractive activeBrownianparticles (ABPs) in a spatially
varying activity field. Here, the activity field represents a spatial variation in
the magnitude of self-propulsion. It may represent a coarse-grained
description of spatially varying motility, traction, active stress, or the
intensity of biochemical turnover that remodels an assembly. This for-
mulation allows us to examine the physical consequence of combining
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cohesion with heterogeneous driving, without relying on the microscopic
details of any one biological system. In the parameter ranges studied, this
setting produces several forms of self-organization, including localized
steady-state turnover in the planar-slab geometry and repeated relocation
events in the finite-cluster geometry over the simulated timewindow. These
two geometries provide complementary tests of the same underlying phy-
sics. Activity gradients generate asymmetric interfacial forcing that drives
attractive condensates toward higher activity, while the competition
between activity and cohesion controls their stability and turnover. The
finite-cluster geometry removes the transport constraint imposed by an
extended slab, demonstrating that these central physical conclusions do not
depend on the planar-slab geometry itself. This behavior arises without any
biochemical feedbackor external control but as an emergent consequenceof
the interplay between attraction and activity gradients. Our results, there-
fore, identify a minimal physical route by which cohesive active matter can
self-organize, relocate, and renew under heterogeneous nonequilibrium
driving.

Methods
We perform Brownian dynamics (BD) simulations of ABPs in a rec-
tangular box of dimensions Lx × Ly × Lz. Each ABP experiences the self-
propulsion force Fi

a ¼ f ae
i, where fa represents the magnitude of the

active force, and ei is a unit vector denoting the instantaneous propulsion
direction of the particle. The equation of motion of the i-th ABP is
expressed by γt _r

i ¼ �P
j∇riU

ij þ Fi
a þ ξðtÞ; where γt is the transla-

tional friction coefficient, Uij the inter-particle interaction potential, and
ξi(t) a Gaussian white noise term satisfying 〈ξi(t)〉 = 0 and

hξiαðtÞξjβðt0Þi ¼ 2γ�1
t kBTδ

ijδαβδðt � t0Þ. Here, α, β ∈ {x, y, z}, and

kBT = β−1 is the thermal energy, with kB the Boltzmann constant and T
the temperature. The orientation ei evolves via rotational diffusion given
by _ei ¼ ei × ηðtÞ, where η(t) is a Gaussian white noise angular velocity

vector having zero mean and correlations hηiαðtÞηjβðt0Þi ¼
2γ�1

r kBTδ
ijδαβδðt � t0Þ; with γr denoting the rotational friction

coefficient.

Pairwise interactions of two ABPs at distance r are modeled via the

Wang-Frenkel potential33: UWFðrÞ ¼ ϵ σ=r
� �2 � 1
h i

rc=r
� �2 � 1
h i2

Θðrc�
rÞ; where r is their distance, ϵ the potential well depth, σ the diameter of
ABPs,Θ is the Heaviside step function, and rc = 2σ the cut-off distance. The
latter results in a Lennard-Jones-like behavior33, and the potential quad-
ratically vanishes at rc, ensuring the pair force disappears continuously. We
use reduced units by setting σ = 1, kBT = 1, and τ = γr/kBT = 1, which define
units of length, energy, and time, respectively. The equations of motion are
integratedusing a timestep5×10−4τ.We setγr =γtσ

2/3, thePéclet number in
homogeneous activity is defined as Pe= faσ/kBT, and ρ0 is the bulk density of
ABPs. Simulations and visualizations are performed using LAMMPS34 and
OVITO35 packages, respectively.

Results and Discussion
Phase behavior and interfacial mechanics of attractive ABPs
To characterize the self-assembly and collective organization of attractive
ABPs, we study their phase behavior by systematically varying ϵ across
different Pe using direct coexistence simulations36–39 (computational details
are provided in the Supplementary Information). The phase diagrams in
Fig. 1b reveal vapor-liquid coexistence, showing how cohesive interactions
drive cluster formation. For a fixed Pe and a given attraction strength ϵ, the
dilute and condensed coexistence densities (ρ) are obtained from the two
branches of the binodal. As ϵ increases at fixed Pe, the horizontal separation
between the dilute and dense branches of the binodal becomes larger,
indicating an increasing density contrast between the coexisting phases.
IncreasingPe broadens the coexistence region in bothdensity and attraction
strength, shifting the binodal to higher ρ and higher ϵ; in other words,
stronger cohesion is needed to maintain phase separation at higher activity,

and the critical density and attraction (ρ*, ϵ*) increase accordingly (see Table
SI). These trends are consistent with experiments: motile E. coli require
stronger attractions to phase-separate than passive suspensions40,41, and
higherATP levelsfluidizenucleoli, whereasATPdepletion stiffens them11,12.

Beyond bulk densities, the structural organization at the vapor-liquid
interfaces provides insight into self-assembly dynamics. We quantify par-
ticle alignment across the vapor-liquid interface through the orientation
parameter hezðzÞi ¼ 1

Nz

P
i2ze

i � ẑ� �
t , whereNz is the number of particles at

position z, ẑ the unit vector along the z-axis, and 〈⋅〉t indicates the time
average. Figure 1c shows that ABPs display outward polarization from the
dense liquid phase at the interfaces. At fixed ϵ/ϵ* = 1.7, the alignment
intensifies as Pe increases. Alignment is negligible within bulk phases and
along tangential directions 〈ex(z)〉 = 〈ey(z)〉 = 0 36–38. Instantaneous in-plane
velocity streamlines, calculated fromthex- and y-components of theparticle
velocities within xy-slices of thickness 2σ, are shown in Fig. 1d–f. The slices
are centered at z =− 7, z = 0, and z = 7. Near the interfaces at z = ± 7, the in-
plane motion is enhanced and contains locally circulating streamline pat-
terns, whereas the central region at z = 0 shows slower andmore disordered
motion.

To quantifymechanical stresses across the inhomogeneous system, we
calculate the spatial profile of the normal pressure along the z-direction. The
local normal pressure is decomposed into ideal, interaction, and active
contributions as

PtotðzÞ ¼ PidðzÞ þ PvirðzÞ þ PactðzÞ: ð1Þ

The ideal contribution is obtained from the local number density
profile as

PidðzÞ ¼ ρðzÞkBT: ð2Þ

The interaction contribution Pvir(z) is obtained from the slab-resolved
configurational stress profile normal to the z-direction, using the same
pressure sign convention as in the total normal pressure. For a slab of
volumeVk=AΔz, whereA is the cross-sectional areaandΔz is the binwidth,
the configurational contribution can be expressed in an Irving–Kirkwood
form as42

PvirðzkÞ ¼
1

2Vk

X

i

X

j≠i
�Fij

z ðzb � zaÞ
� �

� 	

: ð3Þ

Here,Fij
z is the z-component of the force exertedbyparticle jonparticle

i, and za and zb denote the entry and exit positions of the Irving–Kirkwood
contour through slab k. Thus, each interacting pair contributes in propor-
tion to the fraction of its contour contained within the slab.

The active contribution is calculated from the slab-resolved polariza-
tion density43

mzðzkÞ ¼ ρðzk; tÞhezikðtÞ
� �

t : ð4Þ

Here, hezikðtÞ denotes the average orientation of particles located in the
slab k centered at zk at time t, and 〈⋯ 〉t denotes an average over the selected
steady-state time window. For propulsion strength fa(z), this results in the
local active body-force density

bactðzÞ ¼ f aðzÞmzðzÞ ¼ f aðzÞ ρðz; tÞheziðz; tÞ
� �

t : ð5Þ

The active contribution to the normal pressure is then obtained by
integrating this body-force density along z, PactðzÞ ¼ � R z

zref
bactðz0Þ dz0.

Here, zref denotes the reference position used to set the additive constant of
the integrated active contribution. The integration is performed over the
entire simulation domain, zmin ≤ z ≤ zmax, with zref ¼ zmin. The lower
boundary zmin is located in the dilute region, where bactðzminÞ ’ 0. In
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practice, this integral is evaluated numerically using the trapezoidal rule on
the same z-grid as the density and stress profiles.

We also compute the corresponding z-resolved force contribution in
each slab. Thus, for the ideal and virial contributions,

F idðzÞ ¼ �AΔz
dPid

dz
¼ �AΔz kBT

dρ
dz
; FvirðzÞ ¼ �AΔz

dPvir

dz
: ð6Þ

For the active contribution, the slab-resolved force is obtained directly
from the active body-force density,

FactðzÞ ¼ AΔz bactðzÞ: ð7Þ

Here Δz = 0.1 is the bin width used in the profile calculation. The total
slab-resolved force is then

FtotðzÞ ¼ F idðzÞ þ FvirðzÞ þ FactðzÞ: ð8Þ

Figure 2 shows the decomposition of the normal pressure and the
corresponding slab-resolved force contributions for a representative system
with 5000 ABPs in a 15 × 15 × 80 simulation box at Pe = 20 and ϵ = 6. Panel
(a) shows the ideal, virial, and active pressure profiles. The ideal pressure
increases within the dense phase, indicating a higher local density. The virial
pressure is negative and develops pronounced minima at the interfaces,
because attractive interactions generate a tensile configurational stress
where the density changes rapidly. In contrast, the active pressure shows
positive interfacial peaks.Thesepeaks result fromthe interfacial polarization
of ABPs, which produces a localized active body-force density bact(z) = fa(z)
mz(z). The active pressure, obtained by integrating this body-force density,
therefore varies most strongly across the interfacial regions. Although the
individual ideal, virial, and active pressure contributions are large, their sum
remains nearly flat, indicating that the system is close tomechanical balance
in the steady state.

The corresponding bin-resolved forces in Fig. 2b are localized at the
interfaces because they are proportional to the gradients of the pressure

profiles. The large positive and negative peaks in Fid, Fvir, and Fact, therefore,
reflect the sharp interfacial variations of the corresponding pressure terms.
Their strong cancellation gives a nearly vanishing total force Ftot, consistent
with the nearly constant total pressure in Fig. 2a.

Migration and localization in activity gradients
We now turn to how an attractive ABP condensate responds to activity
gradients. To this end, we conduct BD simulations of a condensate of 5000
ABPsplaced at −40≤z≤−10within aperiodic boxof size 15×15×80,with
activity varying only along the z-axis, f aðzÞ ¼ 20 1� jzj=40� �

, peaking at
z = 0 and vanishing at z = ± 40 (Fig. 3(a)). Figure 3(b) shows steady-state
density profiles along z for various ϵ. At weak attraction (ϵ = 1), activity
overwhelms cohesion; the droplet evaporates, and ABPs disperse, accu-
mulating in low-activity regions. At strong cohesion (ϵ > 5), the parent
droplet remains intact andmigrates as a single self-propelled entity to z = 0
(highest-activity region).

At moderate attraction strengths (ϵ = 2 − 4), droplets climb the gra-
dient but are fragile; the parent droplet fissions into two daughter droplets
that settle in intermediate-activity regions where active and attractive forces
roughly balance. This macroscopic behavior is accompanied by continuous
microscopic turnover: ABPs detach from and rejoin the condensates while
the droplets remain statistically localized. Such continuous assembly and
disassembly is characteristic of living clusters. Active systems often form
living clusters that continually assemble and break apart under the balance
of self-propulsion and cohesion44–48, as seen in active colloids and light-
activated Janus living crystals47. Analogous turnover and reorganization
processes occur in cell collectives when adhesion competes with motility49.
As shown inFigs. 3(c),ABPs at the condensate interfaces exhibit an outward
orientation from the dense phase. Figure S3 shows that, at fixed volume,
increasing (N) from 2500 to 5000 produces broader, more massive con-
densates while preserving their localization behavior.

Figure 3e–l quantify this behavior by tracking the droplet sizeN(t) and
its center-of-geometry zCOG(t) along the activity gradient over the final 10

5τ
of simulation trajectories. At intermediate attraction strengths ϵ = 2–4, the
daughter droplets exhibit steady-state turnover. Their sizesfluctuate around

Fig. 1 | Phase behavior and interfacial dynamics of
attractive ABPs. aA snapshot of the simulation box
for Pe = 10 and ϵ = 4. The system exhibits phase
coexistence, with a dense liquid-like slab at the
center surrounded by a dilute vapor phase. b Phase
diagrams as a function of attraction strength ϵ.
Circles indicate simulation points, solid lines are fits
to Eq. (S1), and dashed lines are the approximate ϵ
values beyond which the system transitions to a
densely-packed phase. Star symbols indicate the
estimated critical points (ρ*, ϵ*). c Profile of the
average propulsion direction along z-axis, 〈ez(z)〉,
for various Pe at fixed ϵ/ϵ* = 1.7. Legends of (b) also
apply to (c). d−f Velocity streamlines at the inter-
faces of the condensed phase z=±7 and at the center
of condensate z = 0. Here, Pe = 10 and ϵ = 4.
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a mean value, indicating continuous exchange of ABPs with the sur-
rounding dilute phase, and their centers of geometry remain statistically
stable. Increasing the attraction strength to ϵ ≥ 5 stabilizes the condensates
against activity-induced deformation and particle loss. The corresponding
time traces reveal larger condensedmasses as well as smaller fluctuations in
both N(t) and zCOG(t).

Figure 4 shows the pressure decomposition for attractive ABP con-
densates at ϵ = 4 in the spatial activity gradient f aðzÞ ¼ 20 1� jzj=40� �

.
Panel (a) shows the steady-state configuration, where the condensates are
not constrained. Panels (b) and (c) show constrained configurations in
which the condensates are held away from this steady-state position by re-
centering them at each time step. In panel (b), the condensates are kept
farther from the activitymaximum, zL;RCOG ¼ ∓22, whereas in panel (c), they
are kept closer to the activity maximum, zL;RCOG ¼ ∓12. The individual
pressure contributions are asymmetric across eachdaughter dropletbecause
the inner and outer interfaces experience different local activities and
interfacial structures. Here, the inner and outer interfaces denote the side of
each condensate facing the high- and low-activity regions, respectively. The
ideal pressure follows the density profile and is largerwhere the local density
is higher. Since the higher activity near the inner interfaces enhances particle
exchange and particle loss from the condensate, the density, and therefore
Pid, can decrease from the outer to the inner side. The virial pressure is
negative and develops pronounced interfacial minima due to attractive
configurational stresses. The active pressure shows interfacial peaks arising
from the polarization-induced active body-force density.

In the steady state [Fig. 4a], these asymmetric contributions com-
pensate so that Ptot = Pid + Pvir + Pact is nearly flat, indicating mechanical
balance. When the condensates are displaced from this position, the com-
pensation is incomplete and results in nonuniform Ptot. For condensates
held farther from the activity maximum [Fig. 4b], the total-pressure
imbalance corresponds to an inward mechanical drive, which would move
the condensates toward the high-activity region if theywere not re-centered.
In contrast, when the condensates are held closer to the activity maximum
than their steady-state position [Fig. 4c], the imbalance changes sign,
indicating a restoring tendency away from the center.

To quantify themechanical imbalance, we determine the two interface
positionsof eachcondensate fromthe time-averageddensityprofile. Thenet
inward forceon a condensate is calculated from the total-pressure difference
between its outer and inner interfaces, Fnet ¼ A Pout

tot � Pin
tot

� �
; where Pout

tot
andPin

tot are the total pressures at the outer and inner interfaces, respectively.
With this convention, Fnet > 0 corresponds to a force toward the activity
maximum,whereasFnet < 0 corresponds to a force away from it. To this end,
we calculate the net force from constrained simulations in which the two
condensates are held at prescribed positions, zL;RCOG ¼ ∓d, by re-centering
them at each time step. The net force is obtained for each imposed distance
d= ∣zCOG∣, andwe report the average net force by averaging over the left and

Fig. 2 | Pressure and force-balance decomposition
for a representative system at Pe = 20 and ϵ = 6.
a Normal pressure profiles Pid, Pvir, Pact, and Ptot.
The total pressure remains nearly flat because the
ideal, virial, and active contributions compensate
each other. b Corresponding slab-resolved force
contributions Fid, Fvir, Fact, and Ftot, obtained using
AΔz times the local force densities. The individual
force contributions are localized at the interfaces
and cancel, giving a zero net total force.

(a)

Fig. 3 | Migration, splitting, and localization of active condensates in an activity
gradient. a Initial configuration at time t = 0, showing a dense droplet with ϵ = 4 and
N = 5000 placed on the left side of the box (z < − 10), where activity is lowest.
bActivity profile fa as a function of z. The activity field is given by fa(z) = 20(1− ∣z∣/40),
creating a linear gradient symmetric about z = 0. c Steady-state normalized density
profiles ρ(z)/ρ0 for varying ϵ. Additional results for other N and activity gradient
steepness are presented in Fig. S3. d Steady-state profiles of the ABP propulsion
direction projected along the z-axis, 〈ez(z)〉. e–h Time evolution of the droplet sizeN(t),
defined as the number of ABPs in each daughter droplet, for ϵ = 2, 3, 4, and 5,
respectively. The two curves correspond to the left and right droplets.
i–l Corresponding time evolution of the droplet center-of-geometry along the activity-
gradient direction, zCOG(t), for the same values of ϵ. For ϵ = 5, only a single trace is
present because the droplet does not split.
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right condensates. The position-dependent drift velocity can also be cal-
culated independently from unconstrained simulations. For each value of ϵ,
we perform400 simulations with independent random seeds and follow the
motion for 2 × 104τ. At each recorded frame, the centers of geometry of each
daughter droplet, zLCOGðtÞ and zRCOGðtÞ, are calculated. The inward drift
velocity is obtained from finite-time displacements,

vinðdÞ ¼ � dðt þ τÞ � dðtÞ
τ

� 	

dðtÞ2½d�Δd=2;dþΔd=2�
; ð9Þ

where the average is taken over both condensates and all independent
simulations. Since the condensates can exchange particles with the dilute
phase and their sizes vary with time, the velocity average is weighted by the

instantaneous condensate size, hvinðdÞi ¼
P

s
Ns vsðdÞP

s
Ns

; where Ns is the

number of particles in the condensate associated with sample s. With this
convention, positive vin denotes migration toward z = 0.

Figure 5 shows that the mechanically calculated forces and the inde-
pendently calculated drift velocities are consistent. In the range where the
condensatesmigrate toward the activitymaximum,Fnet is positive, and vin is
also positive. Both quantities exhibit a maximum at intermediate distances
and decrease as the condensates approach their steady-state positions. The
two curves are not expected to collapse point by point because the drift
velocity also depends on an effectivemobility, which varieswith condensate
size, shape, andparticle exchangewith thedilute phase.The time-dependent
trajectories in Fig. 5c provide the corresponding time view of this migration
process. Starting from condensates located away from the activity max-
imum, the mean distance d(t) decreases with time, demonstrating net
inward motion toward the high-activity region. At later times, d(t)
approaches a plateau, indicating that the condensates reach statistically
steady positions. The plateau position depends on ϵ, consistent with the
force and velocity profiles in Fig. 5a, b: condensatesmigrate inward over the
range where Fnet > 0 and vin > 0, and slow down as they approach their
steady-state locations. Figure 5d shows the corresponding evolution of the
mean condensate size, 〈Ns〉. As the condensates migrate toward the activity
maximum, 〈Ns〉 decreases, indicating partial loss of condensed particles due
to stronger activity in the central region. At later times, when the con-
densates approach their steady-state positions, 〈Ns〉 also reaches an
approximately constant value. For the weakest attraction shown, ϵ = 2, the
fluctuations around themean are larger than for higher ϵ, indicatingweaker
cohesion and stronger exchange of ABPs between the condensates and the
surrounding dilute phase.

Finite-cluster dynamics and geometry dependence
To further investigate this phenomenon for finite clusters, we conduct
simulations of 5000 attractive ABPs under a spatially varying activity field.
TheABPs are randomly initialized in a cubic box of size 503, with harmonic,
repulsive walls that keep them within z ∈ [ − 25, 25] (cf. Suppl. Note 1).
Periodic boundary conditions are imposed along the x and y directions. The
propulsion force of each ABP increases linearly along the z-axis, defined by
fa(z) = 20(z + 25)/50. Figure 6a shows the resulting steady-state density

profiles for different attraction strengths ϵ. At ϵ = 1, the attraction is weak to
support stable aggregates, and ABPs mainly accumulate in the low-activity
region.At intermediate attraction strengths ϵ=2− 6,finite clusters nucleate
preferentially in the low-activity region and migrate toward higher activity
(seeMovie S1). The position of the density peak shifts progressively toward
higher z as ϵ increases, showing that stronger cohesion allows clusters to
penetrate farther into the high-activity region. For sufficiently strong
attraction, as in the ϵ = 7 case, the system forms a densely packed aggregate
that remains localized in the highest-activity region with suppressed parti-
cle loss.

The migration toward higher activity is associated with interfacial
orientational polarization. As shown in Fig. 6b, ABPs at the droplet inter-
faces orient outward from the dense phase (Fig. 6b); see also refs. 36–38.
ABPs on the high-activity side experience stronger propulsion, and the
outward orientation ordering of interfacial ABPs generates a net force
toward regions of higher activity. Qualitatively, it is analogous to active
colloidal dimers with opposite orientations, which tend to accumulate in
high-activity regions50. At ϵ= 7, the condensates are densely packed, and the
interfacial polarization decreases significantly compared to liquid-like
condensates ϵ < 7 (see Fig. 6b). However, this weak polarization is still
sufficient to drive the condensate to high-activity regions. We quantify the
aggregation–fragmentation dynamics over a short time interval of 10τusing
transitionmatrices, Pr(N1∣N0,Δt = 10τ), shown in Fig. 6c–g. Thesematrices
give the conditional probability that a cluster of sizeN0 evolves into a cluster
of sizeN1 after a time intervalΔt = 10τ. The probability is concentrated near
the diagonal N1 ≃ N0, indicating that most clusters change size gradually
over this time scale rather than undergoing abrupt dissolution and refor-
mation. The off-diagonal weight near the diagonal corresponds to the gain
or loss of particles by exchange with the surrounding dilute phase. For
weaker attractions, the probability distribution is broader, indicating
stronger cluster-size fluctuations andmore frequent particle exchange. As ϵ
increases, the probability becomes more concentrated near the diagonal
N1≃N0, and probability weight appears at larger values of bothN0 andN1,
showing that stronger cohesion supports larger clusters.

The finite-cluster geometry provides a test of whether the behavior
identified above is specific to the planar-slab configuration. In both geo-
metries, common physical responses to the activity gradient are observed.
Attractive condensates exhibit outward interfacial polarization andmigrate
toward higher activity, while increasing activity promotes particle loss and
competes with cohesion. The geometries differ, however, in how evaporated
particles can redistribute. In theplanar-slabgeometry, thedensephase spans
the simulation box in the two directions perpendicular to the activity gra-
dient, so that the two condensates form extended slabs on opposite sides of
the activity maximum. ABPs evaporating from the interfaces facing the
high-activity region remain confined between these slabs and cannot bypass
them to reach the low-activity sides. In the finite-cluster geometry, by
contrast, evaporated ABPs can move around the clusters and redistribute
freely through the dilute phase. They can subsequently nucleate newclusters
in lower-activity regions, which again migrate toward higher activity. Thus,
the slab geometry affects the global redistribution pathway and leads to a
localized steady-turnover state, whereas finite clusters permit repeated

Fig. 4 | Pressure decomposition in the activity
gradient fa(z) = 20(1 − ∣z∣/40) at ϵ = 4. a Steady-
state pressure profiles for unconstrained con-
densates. b Pressure profiles for condensates con-
strained farther from the activity maximum,
zL;RCOG ¼ ∓22. c Pressure profiles for condensates
constrained closer to the activity maximum than
their steady-state position, zL;RCOG ¼ ∓12. The curves
show the ideal, virial, active, and total normal
pressure contributions, Pid, Pvir, Pact, and Ptot,
respectively.
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nucleation, migration, and evaporation. Importantly, the common migra-
tion toward higher activity and the coupling between activity, interfacial
polarization, and condensate stability persist in both geometries, showing
that these central conclusions are not consequences of the geometric con-
straint imposed by the planar slabs.

Figure 7 shows the time evolution of the cluster size Nc(t) and the
corresponding center-of-geometry position zCOG(t) during the final 105τ.
Different colors denote different tracked clusters, so that the size and
position of the same cluster can be compared between the upper and lower
panels. For weak attraction, ϵ = 2, the clusters remain relatively small and
fluctuate near the lower-activity region. For intermediate attractions,
ϵ=3–6, clusters typically appear in the lower-activity region, grow there, and
then migrate toward larger z, corresponding to regions of higher activity.
The largest value of zCOG reached by a cluster increases with ϵ, showing that
stronger cohesion allows clusters to penetrate farther into the high-activity
regionbefore losing stability. ComparingNc(t)with zCOG(t) for each tracked
cluster shows that cluster nucleation occurs mainly in the lower-activity
region, whereas shrinkage and evaporation occur after the cluster has
migrated into higher-activity regions. New clusters appear at later times in
the lower-activity regions from ABPs that had previously evaporated and
redistributed through the dilute phase. Cluster trajectories that end within
the plotted time window without Nc approaching zero indicate merging
with another cluster. The dynamics, therefore, involve continuous cluster
birth in low-activity regions, growth and migration toward higher activity,
and subsequent evaporation ormerging. For the strongest attraction shown,
ϵ=7,ABPs remain in an almost fully condensed aggregatewith little particle

loss, indicating that strong cohesion suppresses the evaporation observed at
intermediate attraction strengths.

Role of interfacial polarization in migration direction
What role does interfacial polarization play in this behavior? To address this
question, we compare an active condensate in an activity gradient to a
passive condensate in a thermal gradient (computational details are pro-
vided in SupplementaryNote 2). In active systems, high-activity regions are
analogous to hot regions in passive systems51–53. Models based on interfacial
pressure predict that both droplets shouldmigrate toward the colder or low-
activity region51–55. Our simulations recapitulate this expected behavior for
the passive droplet (see Fig. 8a). In contrast, the active condensate migrates
toward the high-activity region (Fig. 8b). For the cases examined here, the
oppositemigration direction shows that the behavior cannot be captured by
apassive thermophoretic droplet picture or by a scalar effective-temperature
mapping. A relevant difference is that attractive active condensates develop
a distinct interfacial orientational polarization, which produces an active
body-force density bact(z) = fa(z)ρ(z)〈ez(z)〉. The resulting active pressure
imbalance can drive motion toward higher activity, opposite to the passive
case (see Fig. S7 for pressure profiles).We also perform simulations forABP
clusters formed by motility-induced phase separation (MIPS) using hard-
sphere ABPs (without pair-attractions). For these clusters, the propulsion
direction at the liquid-gas interface points toward the condensed phase43,56,
and consequently, the clusters migrate toward regions of low activity
(Fig. 8c). These results reveal that the orientational ordering of ABPs plays
an important role in determining the migration direction. In panel (c), the

Fig. 6 | Localization, radial polarization, and size
dynamics of finite active clusters. a Steady-state
density profile of ABPs along the z axis. The activity
field is given by f aðzÞ ¼ f �a ðz þ 25Þ=50, with
f �a ¼ 20. The system along the z-axis is non-
periodic. b heri ¼ hΣi2re

i � r̂it for the largest cluster
as a function of r from the cluster center-of-geo-
metry, averaged over time. c–g Transition matrix
P(N1∣N0, Δt) for varying ϵ, with Δt = 10τ. Results for
f �a 2 f10; 40; 80g are presented in Figs. S5 and S6.

Fig. 5 |Mechanical force anddrift dynamics of attractive active condensates in the
activity gradient fa(z)= 20(1− ∣z∣/40). aNet inward force Fnet as a function of the
imposed condensate distance from the activity maximum, d = ∣zCOG∣, for different
attraction strengths ϵ. Positive values correspond to a force toward the activity
maximum at z = 0. For each combination of d and ϵ, n = 1 constrained simulation is
performed. The reported force is averaged over the left and right condensates, and
the error bars represent the propagated jackknife standard error calculated from
5000 time-resolved profiles. b Position-dependent inward drift velocity 〈vin(d)〉,
plotted in units of 10−3σ/τ, calculated from unconstrained migration simulations.

The velocity average is weighted by the instantaneous condensate size Ns. c Time
evolution of the mean condensate distance d from the activity maximum, showing
migration toward the activitymaximum and the approach to a steady-state position.
dCorresponding time evolution of the mean condensate size, 〈Ns〉, showing that the
condensates remain finite while migrating and approaching their steady-state
positions. For panels (b–d), n = 400 independent simulations with different random
seeds are performed for each ϵ, with each simulation run for 2 × 104τ. Pale-shaded
regions in panels (c, d) indicate the standard error of the mean across these inde-
pendent simulations.
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interface exhibits strong oscillations in the density profile. Particles that
move from the region with Pe = 120 into regions with Pe = 0 lose their self-
propulsion and pile up near the interface, creating an over-compressed first
layer. Steric packing behind this layer then produces a sequence of oscilla-
tions in the density profile. The density profile near the interface is remi-
niscent of packing-induced layering in dense passive colloidal systems
confined by soft repulsive walls; see Fig. S8 and refs. 57,58.

Conclusions
Cohesive active assemblies can display emergent, group-level responses to
spatial cues. For example, in biological active matter, groups of cells can
respond collectively to spatial guidance cues that are weak or absent at the
single-cell level22,28,29,59,60. Our results show that group-level responses to
spatial gradients can arise in a minimal active-matter setting, where cohe-
sion and spatially varying activity generate condensate migration, locali-
zation, and turnover. Interparticle attraction drives liquid-gas transition,
and the competition between self-propulsion and attraction determines
their directional transport. We find that the direction of motion is deter-
mined by the preferential orientation of ABPs at the droplet interface, while
the interior remainsdisordered. In the strong-attraction regime, stable, giant
clusters form and are driven to regions of highest activity. At intermediate
attraction strengths, a dynamic living state emerges, characterized by clus-
ters that fragment and reassemble. These living clusters reside in inter-
mediate activity regions. Adding passive, less cohesive particles stabilizes the
living clusters, which migrate toward higher-activity regions. The com-
parison between planar slabs and finite clusters further shows that the
central response is not specific to the slab geometry. In both cases, interfacial

polarization in an activity gradient drives attractive condensates toward
higher activity, and the competition between activity and cohesion governs
their stability and particle exchange. Geometry primarily determines how
particles released froma condensate can redistribute. Extended slabs restrict
this transport and favor localized steady-state turnover, whereas finite
clusters allow particles to bypass the condensate, redistribute through the
dilute phase, and generate repeated nucleation-migration-evaporation
events.

Our findings contrast with MIPS clusters, where inward-pointing
particles at the interface drive condensates toward low activity. This high-
lights that a theory, beyondMIPS-based descriptions, is required to capture
the phase transitions of attractive ABPs in inhomogeneous systems. Fur-
thermore, previous studies of two-dimensional systems have reported
flocking for attractive ABPs61, though finite-size analysis indicates that this
does not persist as N → ∞62. Our three-dimensional simulations show no
evidence of global flocking, even when activity gradients drive directed
condensate migration. Although we focus here on linear activity gradients,
the pressure-balancemechanism does not rely on the gradient being strictly
linear. For a smooth monotonic activity profile, we expect condensates to
localize near positions where the activity-induced pressure imbalance
between the inner and outer interfaces is balanced by cohesive and ideal-
pressure contributions. Changing the gradient shape or length scale should
therefore shift the balance point and modify the migration rate, while non-
monotonic activity profiles may generate multiple localization regions.
Looking forward, our results could be experimentally tested by engineering
synthetic active condensates based on platforms like enzyme-powered
nanomotors63,64, light-activated Janus particles47, and robotic swarms65–67.

Fig. 8 | Contrasting responses of passive, attractive
active, andMIPS condensates to spatial gradients.
Steady-state density profiles (ρ/ρ0, green, left axis)
and 〈ez〉, purple, right axis) for: (a) a passive con-
densate in a thermal gradient; (b) an attractive active
condensate in an activity gradient; (c) aMIPS cluster
in an activity gradient. Simulation animations are
presented in Movie S2. In the passive reference
simulation, the temperature gradient is generated by
adding kinetic energy to the hot slab and removing
the same amount from the cold slab, producing a
stationary temperature profile along z (see Supple-
mentary Note 2).

Each color: a different 
tracked cluster

Fig. 7 | Cluster tracking in the activity gradient for the systems shown in Fig. 6,
calculated during the final 105τ. a–f Time evolution of the cluster size Nc(t) for
tracked clusters at ϵ = 2, 3, 4, 5, 6, and 7, respectively. g–l Corresponding center-of-
geometry position zCOG(t) along the activity-gradient direction. Different colors
correspond to different tracked clusters. For intermediate attractions, ϵ = 3–6,
individual clusters can grow to large sizes, migrate to higher z, and then shrink and

disappear while new tracked clusters appear at later times. Cluster trajectories that
terminate within the plotted time window before Nc decreases to zero indicate that
the corresponding cluster has merged with another. At the strongest attraction
shown, ϵ = 7, the system forms an almost fully condensed aggregate with little
particle loss over the observation time. Animations of the simulations are provided
in Movie S1.
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Data availability
The source data for Figs. 1–8 are provided in Supplementary Data 1–8,
respectively. Each SupplementaryData file is an Excel workbook containing
the numerical data used to generate the corresponding figure panels.
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