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Active colloids in a bath of inert particles of smaller size cause anisotropic depletion. The active
hydrodynamics of this nonequilibrium phenomenon, which is fundamentally different from its equilibrium
counterpart and passive particles in an active bath, remains scarcely understood. Here we combine mesoscale
hydrodynamic simulation as well as theoretical analysis to examine the physical origin for the active
depletion around a self-propelled noninteractive colloid. Our results elucidate that the variable hydrodynamic
effect critically governs the microstructure of the depletion zone. Three characteristic states of anisotropic
depletion are identified, depending on the strength and stress of activity. This yields a state diagram of
depletion in the two-parameter space, captured by developing a theoretical model with the continuum kinetic
theory and leading to a mechanistic interpretation of the hydrodynamic anisotropy of depletion. Furthermore,
we demonstrate that such depletion in nonequilibrium results in various clusters with ordered organization of
squirmers, which follows a distinct principle contrary to that of the entropy scenario of depletion in
equilibrium. The findings might be of immediate interest to tune the hydrodynamics-mediated anisotropic

interactions and active nonequilibrium organizations in the self-propulsion systems.
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Introduction.—The effective interaction arising from the
depletion of small particles or depletants around a large
colloidal particle is important not only as a fundamental
issue of soft matter physics [1-4], but also as that of
materials [5-8] and biological science [9-11]: it underlies
the behaviors of such disparate systems as flocculation [12],
colloidal self-assembly [13-19], and aggregation of red
blood cells [20,21]. This interaction in an equilibrium state is
usually regarded as entropic force [3,8,22], as was first
explained by the established Asakura-Oosawa model
[23,24]. However, the entropy scenario is no longer appli-
cable in the systems of active depletion, where the depletants
or colloid particle turn into active matters capable of taking
up energy from their environment [25-32]. Owing to this
continual flow of energy, the active depletion can be
understood only in the framework of nonequilibrium
physics, which as of now is still in its early stage [33],
especially for the case of active colloids immersed in the
bath of passive depletants [34-37]. In this case, the
perturbed colloid-depletant microstructure generates aniso-
tropic depletion which is fundamentally different from both
its equilibrium counterpart [23,24] and passive colloids in
the active bath [26-28]. Nevertheless, a fundamental under-
standing of the physical origin of this anisotropic depletion
is far from established, limiting the control and application
of such a unique effect in various fields.

Active colloidal particles, such as bacteria and artificial
microswimmers, usually self-propel in an embedding
fluid, where hydrodynamic interactions (HIs) can be
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important [38—42]. These interactions, which essentially
originate from momentum and mass conservation of
suspensions, are long-ranged and have many-body effects,
and sensitively depend on the type of the microswimmer
[43—-46]. Thus, the hydrodynamics need to be taken into
account when rigorously tackling the physical origin of the
dynamical depletion regarding active colloids in the fluid
bath with passive depletants. However, how active hydro-
dynamics impacts this nonequilibrium phenomenon has
been largely unexplored. The combination of hydrodynamic
effects and the inherently stochastic nature of active colloids
endows anisotropic depletion with remarkable new inter-
action patterns and physical principles which are typically
not captured by a model without hydrodynamics and remain
elusive, leaving an urgent and critical issue to be addressed.

In this Letter, we report on a thorough study of the active
hydrodynamic effect on the depletion of passive depletants
around a self-propelled noninteractive colloid. We first show
by mesoscale hydrodynamic simulations that a variable
hydrodynamic effect critically governs the microstructure of
depletion zone. Interestingly, depending on the strength and
stress of activity, three characteristic states of anisotropic
depletion are identified, in striking contrast to that of the
counterpart fully or partly neglecting the hydrodynamic
effect. This yields a state diagram of depletion in the
two-parameter space that provides useful guidance to the
control of dynamical depletion. Furthermore, these non-
equilibrium features are captured by developing a theoretical
model with the continuum kinetic theory, which results in a
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FIG. 1. (a) Sketch of a microswimmer with radius R self-
propelling along the red arrow in a colloidal suspension with size
0. The dashed curve represents the distance R./R =~ 1.2. (b) ¢/ ¢y
around the swimmer for # = 5, 0, —5 (from left to right). The blue
layers indicate colloid-depleted regions, and the red layers
indicate colloid-concentrated regions. The swimmer is displayed
using the black circle. (¢) ¢/cy at R./R =~ 1.2 as a function of
0/x. The solid lines represent the theoretical results. Error bars
represent standard deviation.

mechanistic interpretation of the hydrodynamic anisotropy
of depletion.

Simulation—We consider a three-dimensional fluid
domain containing 5184 small colloidal particles of dia-
meter ¢ and a squirmer of radius R = 30, as sketched in
Fig. 1(a), where the squirmer is modeled as a neutral
buoyant hard sphere with the prescribed tangential surface
velocity [47]. The squirmer is a common model and is
widely used to understand flow properties of micro-
organisms [60—64]. Here, depletion effects in nonequili-
brium are discussed through this model. The interaction
between the particles is represented by a continuous
pseudo-hard-sphere (PHS) potential [65], which has been
confirmed to properly describe equilibrium properties [66]
as well as out-of-equilibrium features of a hard spherelike
fluid [67]. For all systems, the average concentration of
colloidal particles is ¢y = 0.026. To examine collective
dynamics of squirmer suspension, we also simulate the
system containing multiple squirmers with concentration
co = 0.01. ¢g and ¢y, are defined as the volumes of the
colloidal particle and the squirmer normalized respectively
by the volume of the simulation box. Three types of
swimmers are considered: a puller (f <0), a neutral
squirmer (f# = 0), and a pusher (# > 0), where 3 represents
active stress, characterizing the types of flow field [68]. We
employ a hybrid multiparticle collision dynamics (MPCD)-
molecular dynamics scheme to simulate the motion
of colloidal particles and the squirmer, in which the
stochastic-rotation-dynamics variant with angular momen-
tum conservation is applied [69,70]. Full details on the
squirmer model, PHS test, and simulation algorithms are
presented in the Supplemental Material [47].

In addition, we quantify activity strength via the Péclet
number, Pe =2B,R/3D,, where B, is the swimming
velocity, Dy ~ kgT/(3zna) is the diffusion coefficient of
colloidal particles in a passive dilute solution, and 7 is the
solvent viscosity. Physically, Pe denotes the competition
between advection and diffusion effects for the swimmer.

To understand the effects of self-propulsion, we measure
azimuthally averaged local colloidal concentration around
the squirmer, as shown in Fig. 1(b). In equilibrium, the
system stays in a homogeneous state, and a spherical
exclusion zone of size 0.5¢ appears due to the complete
depletion of colloidal particles, as illustrated in Fig. S2(a)
[47]. However, once the passive swimmer becomes active,
the system presents a heterogeneous structure, with the
emergence of three characteristic states of anisotropic
depletion. Figure 1(c) shows the concentration profile
c¢/cq along polar angle /7 with respect to the swimming
direction at R./R ~ 1.2 for these systems, which exhibits
remarkable asymmetry. The neutral swimmer moves toward
a colloid-rich zone, forming a bow wake and consequently
leading to a wakelike zone directly behind the swimmer,
consistent with previous results without HIs [26,33].
However, upon f # 0, two unexpected new characteristic
states emerge, which are distinct from the bow-wake
structure. The corresponding concentration distributions
develop nonmonotonically in contrast to the monotonic
decay of the neutral swimmer. Particularly, at # = 5, a fore-
aft asymmetric state is formed, where ¢/c at the swimmer
surface first declines and then increases with increasing 6/ z.
The situation is completely opposite at f = —5, where a
shoulder depletion zone appears along the swimming axis
while colloidal particles reside near the equator of the
swimmer.

To assess the detailed range for the emergence of these
three anisotropic characteristic states, we systematically
explore the variations of microstructures as a function of Pe
and p through examining the angle derivative of particle
concentration, dc/d0. Figure S3 shows the angular depend-
ence of dc/df, where the derivative is always negative at
p =0 as 60 increases, while the gradients are reversed at
p =5 and p = -5 though they have similar wakelike
behaviors. Thus, three characteristic regimes can be dis-
criminated from all self-propelled systems, as marked by
the colored circles in Fig. 2(a): the anisotropic micro-
structure is featured by the fore-aft asymmetric state in the
top regime, while in the bottom regime it turns to the
shoulder state; within the regime in between, the bow-wake
state emerges. The state diagram highlights that these new
characteristic states can be regulated by controlling two
essential factors regarding active strength Pe and active
stress f [68]. For the sake of providing a detailed insight
into the anisotropic states, we analyze the spatial distribu-
tions of colloidal particles around a swimmer by calculating
polar and nematic order parameters: (S;) and (S,). A
detailed discussion can be found in the Supplemental
Material [47]. Briefly, in a passive system with isotropic
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FIG. 2. State diagrams in the Pe-f plane from simulation (a)
and theory (b). The symbols denote simulation points with color
scheme: fore-aft asymmetric state (olive), bow-wake state (red),
and shoulder state (orange). The background color code indicates
(82)/(S2)0- (S2)g is chosen as 0.12 for simulation and 0.06 for
theory. The dashed black line in (a) and (b) is the theoretical
prediction for (S,) = 0. The red curve in (a) separates the bow-
wake and shoulder state by numerically identifying angle
derivatives of c¢/cy at R./R=~ 1.2 (for more details see the
Supplemental Material [47]).

colloidal suspension [Fig. S2(a)], (S;), (S,) — 0. When
colloidal particles accumulate to the swimming axis, both
these order parameters take the value of 1, while (S;) =0
and (S,) = —0.5 when their positions are located at the
swimmer’s equator. Thus, combining these two parameters
leads to a measure of the alignment degree of colloidal
particles with respect to the swimming direction. The
results of these parameters well reproduce the above
simulations, corroborating that Pe and £ have crucial
influence on the heterogeneous distributions of colloidal
particles and the formations of anisotropic depletion [47].

Physically, p is related to different far fields of the
squirmer [68]. For the weak f, colloidal particles are not
sensitive to the far-field behavior. In this case, as the activity
strength dominates over the flow fields, the colloidal
particles are forced to be transported in the opposite
direction of swimming and have not enough time to re-
enter the swimmer’s end, resulting in a strong front-back
asymmetry along the swimming direction, as confirmed by
colloidal-particle trajectories [Fig. S6]. For the strong /3, the
migration pathways and spatial distributions of colloidal
particles significantly depend on the types of the far fields.
Specifically, in the case of a strong pusher, it generates a
thrust from the rear end which pushes neighboring particles
away in the swimming direction and does not oppose
diffusion of colloidal particles toward the equator, even-
tually leading to the shoulder state. In view of the fact that
is attributed to the active hydrodynamic effect [68], there
seems to be a competitive relationship between Pe due to the
self-propelled speed of the swimmer and HIs arisen from the
flow fields, which thereby modifies the anisotropic micro-
structures of dynamical depletion.

Theory.—To further pinpoint the physical origin of the
interplay between HIs and Pe in the characteristic states of
anisotropic depletion, we consider a continuum model of
colloid suspensions based on the Smoluchowski equation
for the conservation of the colloidal particles:

where u,. is the colloid velocities [62]. The second term
accounts for the convective flux of the colloids, and the
last term represents the diffusion of the colloids. Note
that velocities are computed in terms of an expression
vy = 2B; /3 within the framework of our theoretical model,
which can be substituted into Pe = vyR/D and D is the
diffusivity of colloids in a dilute solution. The boundary
condition at »r = 1 4+ R./R is expressed as

1
(uc-n)c—P—en-Vc:O, (2)

which means that the flux of the colloids vanishes at the
surface of the excluded annulus around the squirmer. n is
the unit normal vector pointing into the fluid.

For colloid suspensions, the velocity u. = u +u; has
two contributions, that is, the fluid velocity u directly
induced by the squirmer

2/ 11 ,
u—{3<r3 1>cos€+2<r4 r2)(3c036’ 1)}@

2/ 1 . p1 .
+ {5 (ﬁ—i_ 1) sin @ —I—EFstG] ey, 3)

and the velocity correction u, due to the repulsive potential
between the squirmer and colloid as well as finite size of the
colloid. For simplicity, we only account for the far-field HI
represented by Faxen’s law [71]:
R?
U o
We numerically solve Eq. (1) using the finite difference
method [72]. Figure 3(a) gives the representative theoretical
profiles, in qualitative agreement with the simulated micro-
structures in Fig. 1(b). Given the same parameters, this
model can quantitatively reproduce the dependence of
concentration distribution on 6 from the simulations,
despite the existence of the local bias due to the approxi-
mation of the continuum model and perhaps the fluctua-
tions of numerical data. Moreover, Fig. 2(b) shows the
theoretical variations of anisotropic microstructures in
terms of the parameter (S,). In comparison to Fig. 2(a),
a qualitative agreement between the simulated and theo-
retical results can be identified, indicating the universal
nature of anisotropic depletionlike microstructures in these
self-propelled systems. In particular, the plot with (S,) = 0
inferred from the contour lines of the state diagram of the
theoretical model provides a reasonable boundary criterion
for distinguishing the fore-aft asymmetric state from the
other two types of states. Besides, one can observe that the
local concentration of colloidal particles on the surface of
the neutral swimmer is smaller than those of the other two
cases since the flow field is not long ranged and decays as
~173: recall that in a Newtonian liquid, the magnitude of

Vu. (4)

134002-3



PHYSICAL REVIEW LETTERS 131, 134002 (2023)

(a) fore-aft asymmetric bow-wake shoulder
(b) 4.0 (C) 5.0z
Thtey
3.0 ““0‘ 9 or "
o o (S
.2 “ g oS30t “
% 20 ® ¢§¢¢§ S ‘t %
15 ¢ # 201
10 § ) ¢ [ )
ST g -
§¢ N N N N Bl
0’00 0.17 033 0.5 0.67 0.83 1.0 0'00 0.17 0.33 0.5 0.67 0.83 1.0
o/m 6
FIG. 3. (a) Representative distribution of local colloidal particle

concentration around the swimmer using the continuum theory
for =35, 0, =5 (from left to right). ¢/cy at R./R~ 1.2 as a
function of @/x, with fixed squirmer (b) and without HIs (c) for
p =15,0,—5. Same symbols, Pe, and color code as in Fig. 1. The
solid line in (c) represents the theoretical dependence on 6 given
by Eq. (5). Error bars represent the standard deviation.

velocity field for 8 # 0 obeys the formula ~r~2 due to force
dipole [73]. Overall, although the near-field interactions
and the details of particle-to-particle interactions are
ignored, this hydrodynamic model reasonably captures
the simulated results, underscoring the critical role of
HIs in the anisotropic states of active depletion.

Discussion.—While this continuum model has stressed
the role of HIs in anisotropic characteristic states, it appears
from the above results that Pe related to the self-propulsion
speed also affects these microstructures. Consequently, we
provide a more definite evaluation of the separate contri-
bution of both of these factors through switching off one
of them.

First, the squirmer is fixed by an external force so that the
effect of squirmer motion can be determined. Figure 3(b)
shows c¢/cy near the swimmer as a function of 6/z, with
their shapes similar to those of the system with a free
squirmer [Fig. S7(a)]. In combination with Fig. 2(a) as well
as the detailed analysis of additional calculations [Figs. S8—
S9], one can find that squirmer motion has a relatively light
effect on the structure of anisotropic depletions, but can
evidently modify their amplitudes. Effectively, it can
considerably affect the flow field [Figs. S7(b)-S7(d)],
and thereby contribute to extra HIs.

Next, additional simulations without HI effects are
performed, in which the MPCD collision step is replaced
by the random velocity and position resampling of the fluid
particles, commonly referred to as a repositioning (RP)
scheme [74]. Figure S2(b) shows the mean square dis-
placement of colloidal particles considered through the
MPCD and RP scheme, respectively. A faster movement is
observed for the MPCD system, suggesting that HI effects
can accelerate the dynamics of particles [75]. Furthermore,
we measure c/cy at R./R~ 1.2 [Fig. 3(c)]. In sharp
contrast to the results from MPCD, the concentration

profiles of these three types of swimmers exhibit the same
behavior of monotonic decay, all of which show high-
density regions in front of the swimmer and long-ranged
low-density regions in the wake region behind the self-
propelled particle [Fig. S9], as observed in other similar
nonequilibrium systems without HIs [26,33].

Last, we consider these self-propelled systems without
HI effects based on our theoretical model. This is imple-
mented by using the constant translational velocity
u.=2B;/3(—cos0be, + sinfey), which is considered as
the head-on collision between colloidal particles and the
squirmer. In the low Pe limits, the perturbation theory
predicts that ¢ ~ 1+ Pecos6/2 [72]. For Pe> 1, the
boundary layer theory shows that the same result is derived
for the leading side of the sphere (6 < z/2). For the full
region, we find that the colloid concentration at the sphere
surface can be approximated by

¢ ~Pe(l 4 cosH)/4, (5)

which is directly dependent on Pe. Figure 3(c) shows that
the theoretical prediction on the excluded annulus through
Eq. (5) well captures the simulations.

The above results allow us to conclude that the anisotropy
of active depletion emerging in these nonequilibrium
systems is, in nature, determined by HIs. It may have broad
implications for the interactions and nonequilibrium organ-
izations of diverse microorganisms and artificial active
matters. In essence, the hydrodynamics-mediated aniso-
tropic depletion causes the broken symmetry of the inter-
actions, which endows the microswimmers with virtual
properties of long-ranged specificity and directionality,
and consequently regulates dynamical organizations and
collective behaviors. To demonstrate this point, we extend
the simulations to collective dynamics of the squirmer
suspension with passive depletants of noninteractive col-
loids. Figure 4 shows the spatial distribution and dynamical
structures of the squirmers. Indeed, hydrodynamic
anisotropy of depletion in nonequilibrium can drive the
squirmers to form various clusters with ordered organization

(a)
»

%0

FIG. 4. Upper left corner: sketches of colloidal particle dis-
tribution around the swimmer. Lower left corner: typical collec-
tive states formed by squirmers, which form ordered clusters of
active chain (a) and swarm (b), respectively. Right: spatial
distribution of the squirmers around a central squirmer, where
the color code on the top right indicates squirmer concentration
¢,/ ¢y, for f =5 (a) and f = —5 (b) at Pe = 3.0. Green sphere:
the squirmer whose swimming direction is indicated by red dots.
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related to the propulsion mechanism. More importantly, the
assembly sites for squirmers occur in the aggregation zone of
colloidal particles instead of the depletion zone, revealing
that structural organization governed by such depletion in
nonequilibrium follows a distinct principle contrary to that
of the entropy scenario of depletion in equilibrium [76],
where HIs overwhelm entropic force and thereby dominate
this behavior. This offers new approaches to tune such
dynamical interactions and organization in nonequilibrium.
Furthermore, it also suggests a unique way of understanding
various behaviors of the microorganisms, including their
intercolony communication, nutrient uptake, and swarming
mobility [77-79]. For example, the correlation between
propulsion mechanism and the characteristics of flow field
in the surrounding environment may play a critical role in the
locomotion strategies of diverse microorganisms [77,80,81].

Conclusions.—We found three characteristic states of
anisotropic depletion in nonequilibrium through consider-
ing the hard spherelike squirmer as a self-propelled
swimmer. By constructing a state diagram, we demon-
strated that these states can be quantitatively regulated by
two essential factors: Pe due to the self-propelled speed of
the swimmer and f related to the flow fields. We further
developed a hydrodynamic continuum model, capturing the
simulations and verifying the universality of the anisotropic
depletion microstructures in these systems. Our results have
revealed that hydrodynamic interactions induced by the
swimmers fundamentally determine anisotropic depletion
states. Furthermore, we demonstrate that such depletion in
nonequilibrium results in various clusters with ordered
organization of squirmers, which follows a distinct prin-
ciple contrary to that of the entropy scenario of depletion in
equilibrium. The findings could provide the cornerstone for
understanding and controlling hydrodynamics-mediated
anisotropic interactions and nonequilibrium organizations
in the self-propulsion systems, artificial or biological.
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