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Polarization and dynamic phases of aligning active matter in periodic obstacle arrays
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We numerically examine a system of monodisperse self-propelled particles interacting with each
other via simple steric forces and aligning torques moving through a periodic array of obstacles.
Without obstacles, this system shows a transition to a polarized or aligned state for critical alignment
parameters. In the presence of obstacles, there is still a polarization transition, but for dense enough
arrays, the polarization is locked to the symmetry directions of the substrate. When the obstacle
array is made anisotropic, at low densities the particles can form a quasi-isotropic state where the
system can be polarized in any of the dominant symmetry directions. For intermediate anisotropy,
the particles self-organize into a coherent lane state with one-dimensional polarization. In this
phase, a small number of highly packed lanes are adjacent to less dense lanes that have the same
polarization, but lanes further away can have the opposite polarization, so that global polarization

is lost. For the highest anisotropy, hopping between lanes is suppressed, and the system forms

uniformly dense uncoupled but polarized lanes.

I. INTRODUCTION

Active matter systems exhibit self-motility and can
arise in biological and soft matter systems [Il [2]. One
of the simplest examples of collectively interacting active
matter systems is self-propelled disks with steric interac-
tions where, at a critical activity level, there is a transi-
tion from a fluid to a motility induced phase-separated
state in which a high density solid coexists with a low
density fluid [3H6]. Active matter systems can also be
coupled to some form of periodic substrate [2] [7HI4],
where the motion of single particles can become direc-
tionally locked to the substrate symmetry [7, [T5HIg]. For
collectively interacting particle systems in the presence of
a periodic substrate, active commensuration effects can
arise [19, 20]. Periodic obstacle arrays can screen out
social interactions in fish schools leading to a random
spread of swimming directions above a critical obstacle
density [2I]. When active disks are coupled to a random
obstacle array, the activity can generate motility-induced
jamming or clogging effects [9], 22H24].

In one variation of active matter particle systems, an
additional torque interaction term is present that causes
an alignment of the particles when they interact with
each other [25] or with confining potentials [26]. Even at
the single-particle level, the presence of aligning torques
induced by confining potentials produces a rich phe-
nomenology, such as closed and chaotic orbits and tran-
sitions between them [26H28]. For many interacting ac-
tive particles, interparticle aligning torques can lead to
polarization or flocking effects in which all of the parti-
cles move in the same direction [29-32], similar to the
global polarization induced by local averaging rules in
Vicsek systems [33, [34]). If the directed motion of the
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particles can happen only along certain directions, as in
the active Ising model, the flocking transition produces
a single moving domain [35H37]. When an active matter
system with alignment interactions is subjected to some
form of confinement, various types of coherent flows such
as vortex-like states can occur [38, B9]. In the case of
densely packed particles, active crystals exhibiting un-
conventional collective phenomena emerge [40H43]. An
open question is how active matter systems with align-
ment interactions behave when interacting with a peri-
odic obstacle array. For example, it is not known whether
polarization effects would still occur, or whether the sym-
metry of the array would cause a symmetry breaking of
the possible polarization directions the particles could
follow.

In this work, we consider active matter particles with
both steric repulsion and aligning torque effects. In the
absence of a substrate, this system shows a transition to
a polarized state at a critical torque alignment. When
a periodic square array of obstacles is introduced, the
critical value of the alignment parameters remains un-
changed. When the obstacle density is low, the motion
of the particles can polarize into any direction, but as
the obstacle density increases, the system becomes polar-
ized along the dominant substrate symmetry directions
of 0°,90°,180°, and 270°. For increasingly anisotropic
obstacle arrays, in which the anisotropy is controlled by
adding more obstacles along only one direction, a tran-
sition from two-dimensional (2D) global polarization to
one-dimensional (1D) polarization, or a laned state, oc-
curs. In the laned state, some of the lanes may be flow-
ing in the direction opposite to the flow in other lanes.
At intermediate anisotropy, particles can jump between
the lanes and the system forms coherent lanes in which
neighboring lanes have the same polarization but may
have different densities of particles. At large anisotropy,
particle hopping from lane to lane no longer occurs, and


mailto:clecio.cssilva@ufpe.br

Soft Matter

individual lanes flow independently; however, the polar-
ization of the individual lanes is still aligned with the
anisotropy direction and may be in the positive x or neg-
ative z direction in any given lane. Our results show
that polarization or flocking in active matter with align-
ing interactions can be controlled by the symmetry of
a periodic substrate, and that periodic substrates could
thus be used as a new method for guiding and controlling
flows in aligning active matter systems.

II. MODEL DETAILS

Our system consists of N active Brownian particles
(ABP) and N, obstacles, or posts, confined in a 2D plane.
The i-th particle has position and orientation given by
r; = (x;,y;) and n; = (sin;, cosb;) respectively. The
posts are modeled as immobile particles.

The translational and orientational dynamics of the
active particles are modeled by the following overdamped
equations of motion (see Ref. [38] for more details):

7 = voN; + pFy, (1)
0; = B(n; x Fy) - 2+ V2D¢(t), (2)

where vy denotes the propulsion speed, 2 is the unit vec-
tor perpendicular to the zy plane, p (8) is the trans-
lational (angular) mobility, and F; is the total conser-
vative force acting on active particle i due to other ac-
tive particles and obstacles within the interaction range.
The latter interaction is modeled by a purely repulsive
short-range Weeks-Chandler-Anderson (WCA) potential
for both particle-particle and particle-obstacle interac-
tions: U(r) = 4e[(a/r)*2 — (o/r)%] — € for r < 260,
and U(r) = 0 for » > 2Y/65, where o is the particle
(and obstacle) size and e is the interaction energy scale.
The noise term satisfies ((;(¢)¢;(t)) = 6;;0(t — t/), with
D representing the rotational diffusion constant [44H46].
The first term on the right-hand side of Eq. gives the
restoring torque produced by the total force F; acting on
particle ¢. Similar torque terms have been used to model
collective phenomena in biological clusters, dense arrays
of soft particles, and vibrating disks [39] [47H49].

For low noise, aligning torques ensure full polarization
even at low densities, similar to Vicsek models [34]. How-
ever, global order in self-aligning active matter stems
from multiple two-body collisions rather than local av-
eraging. In each collision, the particles exert torques on
one another that act to partially align their individual
polarizations, which can lead to the progressive ordering
of the whole system in velocity space. The parameter (
controls how fast this alignment happens (that is, how
large the angle difference will be after a collision). For
large (3 only a small number of collisions is needed to pro-
duce full polarization, leading to the rapid alignment of
the system. For small 3, the small correlations acquired
during each collision are more easily destroyed by noise,
and in this regime it is possible that full alignment might
never happen.

2

We consider a square simulation box of side L = 500
with periodic boundary conditions. In some represen-
tative cases, we repeated the simulations for a system
twice as large (L = 1000) and four times the number
of particles, so as to test the resilience of the results
when changing system size while keeping the same fill-
ing fraction. In the case where obstacles are present, we
focus on two kinds of periodic obstacle arrays: square
arrays containing the same number of posts in both di-
rections, and rectangular or anisotropic arrays where the
number of rows of obstacles is fixed while the number of
columns is increased, thus forming horizontal channels.
Our simulations used a second-order stochastic Runge-
Kutta method [50] with a At = 107* o/vy. We note
that when there are 25 obstacles per row, the horizontal
distance between posts is 20 and the free space not occu-
pied by obstacles is equal to o, the particle diameter. For
this obstacle configuration, particles rarely switch lanes,
and when there are 26 or more obstacles per row, lane
switching becomes impossible.

III. RESULTS
A. Collective behavior without obstacles

In the absence of obstacles and in the presence of finite
noise, we observe that the particles move randomly as a
gas for small angular mobility 3, exhibiting only a small
average velocity. Above a finite critical value 8 > ., a
phase transition takes place to a state with a significant
amount of polarization vector alignment, causing the mo-
tion to occur predominantly in a single direction and pro-
ducing large average velocity values. In Fig. a) we show
a non-polar state in a system with N =480 at 8/D = 10
1/vg, while in Fig. b) we illustrate the same system in
the polarized state at /D = 60 p/vy where all particle
motion is generally in the same direction. Fig. [I{c) de-
picts an illustration of a collision between two particles
resulting in their alignment. Here and in what follows,
B and D are expressed in units of u/o and vg/o, respec-
tively. The polarization transition can be understood by
noticing that the collective dynamics are ruled by two
characteristic times: (i) the polarization time 7p, which
is the typical time necessary to fully polarize the sys-
tem through collisions from a random configuration, and
(ii) the persistence time 7p = 1/D, which is a measure
of the time a particle can travel freely without signifi-
cantly changing its orientation due to thermal fluctua-
tions. The polarization time can be roughly estimated
as 7p ~ pL?/(BNo?vy). E| A similar argument has been
made for non-self aligning Vicsek systems in [51].

1 The polarization time can be expressed as Tp ~ NeoTeol, Where
Nco) is the typical number of collisions necessary to fully align
the orientation of a particle with the mean polarization, and
Teol = 1/(onwg) = L?/(0Nwp) is the collision time. The deflec-
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FIG. 1. Images of the particle locations and polarization 6
for a system without obstacles with N = 480 particles at
D = 0.01. (a) 8 = 0.1 in the unpolarized state. (b) g =
0.6 in the polarized state. (c) Schematic illustration of the
aligning mechanism for the system. The colors indicate the
particles’ orientations according to the color wheel in (a) while
the shaded areas depict their interaction range. The dashed
line illustrates their trajectories. Prior to the collision, the
orientation v and velocity are aligned. As the particles begin
to interact, the repulsive force induces a torque proportional
to . X v, causing a counter-clockwise (clockwise) rotation for
the top (bottom) particle’s orientation as follows from Eq.

Since full polarization is only possible when 7p < 7p,
we can estimate that the transition from the unpolarized
to the polarized state should occur when 8. ~ uD/(vo f),
where f = No?/L? is the filling fraction. For each scaled
data set, we estimate . as the average of the point of
maximum derivative (inflection point) of each curve. We
obtain . ~ 2.7uD /(v f) for both scaled data sets, thus
corroborating the theoretical analysis described above.
To characterize the orientational ordering of the system,
we compute an average of the center-of-mass (cm) ve-
locity over time and random noise, v = %Zz v;, for
different values of 5, N, and D. Scaling g with D and f
according to the simple estimate above, we obtain a col-
lapse of the simulation data, as shown in Fig.[2|(a) where
we plot (v) versus 8/D at D = 0.01,0,02,0,03,0,04
and 0.05 for N = 240, where the transition occurs near
B/D = 25. A similar polarization transition was also ob-
served in Ref. [49] for a model of interacting polar disks
where the aligning torques were modeled as n; x v;/|v;],

tion 66 induced by the interparticle torques during each collision
brings the particle orientation ever closer to the average polar-
ization. Therefore, assuming the particle is initially misoriented,
Neop ~ 1/860. From Eq. and noting that during a collision,
the interaction force is of order vg/u, 80 can be estimated as
80 ~ B(vo/u)dt ~ Bo/u. Therefore, Tp ~ uL?/(BNa3vp).
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FIG. 2. (a) System polarization (o) vs /D for D = 0.01,
0.02, 0.03, 0.04, and 0.05 in samples with f = 0.10 . (b) () vs
Bf for four different filling fractions at D = 0.01. The error
bars are standard deviations from the mean obtained from
100 independent realizations of the random noise. The closed
(open) symbols correspond to a system with L = 500 (L =
1000), showing that the results do not change significantly
with system sizes. The dashed line indicates the numerically
estimated value of (. (see text).

different from the quantity n; x F; that we use in our
model. In spite of this difference in the models, we an-
ticipate that the same scaling laws we find should also
be observable in the model from Ref. [49] in the over-
damped limit, since this follows straightforwardly from
a time-scale analysis similar to the one described above.
Figure [2(b) shows (v) versus Bf at fixed D = 0.01 for
f = 0.10 to 0.17, equivalent to N = 240 to N = 480.
These values are considerably below the threshold for the
observation of MIPS in the absence of aligning torques,
f 2 0.5 [52]. We find that the polarization transition
occurs near Jf = 0.027.

B. Effect of a square array of obstacles

We next consider a system with a square array of ob-
stacles. We find that adding obstacles does not change
the parameters at which the polarization transition oc-
curs. This is illustrated in Fig. 8] where we plot the
system polarization versus 8 for N, = 0,4 x 4,8 x 8,12 x
12 and 16 x 16 in samples with D = 0.01 and N = 240.
Here, the transition to the polarized state occurs near
B = 0.3, with a negligible shift to higher 5 appearing for
increasing obstacle density. However, the obstacle array
strongly influences the directions along which the polar-
ization can occur.

In Fig. |7_l|(a,c,e,g) we plot normalized histograms of
the distribution of individual polarization angles P(6;)
averaged over 360 independent realizations of the ran-
dom noise starting from different initial conditions. Here
N =240, p = 1.0 and D = 0.01, so the system is in a po-
larized regime. Figureb,d,f,h) shows the corresponding
histograms of the distribution of the angles of the total
polarization vector M = % >_;Mi. When no obstacles
are present, that is IV, = 0, Fig. El(a,b) shows that there
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FIG. 3. The system polarization (@) vs j for the system from
Fig. [4] with square obstacle arrays at D = 0.01 and N = 240
for no obstacles, 4 x 4 obstacles, 8 x 8 obstacles, 12 x 12
obstacles, and 16 x 16 obstacles. The value of 8 at which the
polarization occurs does not change as the obstacle density
varies. The error bars indicate the standard deviation from
the mean for 50 independent realizations of the random noise.

are no favored directions for motion. For N, =4 x 4, in
Fig. c,d) there is very weak locking along some of the
symmetry directions, while for N, = 8 x 8, Fig. e,f)
shows that there is pronounced locking of both the veloc-
ity and the net polarization along the four symmetry di-
rections. As the number of obstacles increases, the lock-
ing effect becomes sharper, as seen for the N, = 16 x 16
array in Fig. [[g,h). For the 16 x 16 obstacle array,
the mean velocity direction shown in Fig. [4(h) is al-
ways aligned with multiples of 90°, with zero weight at
other angles; however, the individual particle velocities
in Fig. [[h) exhibit small additional peaks near multi-
ples of 45° due to the fact that some particles can switch
lanes between the obstacles. This result indicates that
when the square obstacle array is sufficiently dense, the
polarization becomes locked to the dominant symmetry
directions of the substrate lattice.

The directional locking we observe is similar to that
found for run and tumble particles with long run lengths
on square arrays where, during the run phase, the mo-
tion becomes locked to certain array symmetry directions
[7, 15, 16]. In the polarized active matter case, the di-
rectional locking arises from a combination of the col-
lective interactions, which create the velocity alignment,
and symmetry breaking by the substrate. We expect the
polarization to be locked to multiples of 60° for a trian-
gular substrate.

C. Rectangular arrays: laning transition

Next, we make the obstacle array anisotropic by in-
creasing the number of obstacles along the = direction,
denoted by NV, 5, while holding the number of obstacles
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FIG. 4. (a,c,e,g) Normalized histograms of the distribu-

tion P(6;) of the angular velocity of the individual particles.
(b,d,f;h) Normalized histograms of the distribution P(far) of
the mean direction of motion of the whole system. Here
N = 240, f = 1.0, D = 0.01, and the histograms are ac-
cumulated over 360 disorder realizations. The dashed lines
indicate the symmetry directions of the square array at 0°,
90°, 180°, and 270°. (a,b) No obstacles showing a lack of
directional locking. (c,d) 4 X 4 obstacles showing only slight
locking. (e,f) For 8 x 8 obstacles, both the individual and
mean velocities begin to lock to the substrate symmetry di-
rections. (g,h) For 16 x 16 obstacles, the mean motion occurs
only along the symmetry directions of the substrate.

along the y direction fixed to IV, , = 8, so that the ra-
tio of the lattice constant in the x direction to that in
the y direction changes over the range 1:1 to 4:1. In
Fig. |5, images and a schematic phase diagram illustrate
the behavior of a system in which we start with an 8 x 8
obstacle array and gradually increase Ny .. The color of
each particle indicates its polarization direction, and the
obstacles are shown as black circles. Here, red indicates
motion in the positive x direction, blue is for motion in
the negative = direction, and green is for motion along
the positive y direction. The images are obtained in sam-
ples with N = 576, g = 5.0, and D = 0.01, so that the
system would be deep in the polarized phase in the ab-
sence of the obstacles. The first of the three phases we
observe is a quasi-isotropic state, where the polarization
can be oriented along any of the four dominant directions
of the substrate, as shown in Fig. [5a) for a system with
Ny » = 14. As the anisotropy increases, there is a transi-
tion from the 2D global polarization to quasi-1D coupled
lanes in which the system forms a series of lanes that
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FIG. 5. (a,b,c) Images of the particles and (d) a schematic phase diagram for a system with an anisotropic obstacle array

where the number of obstacles along the x direction Ny, , is increased while the number of obstacles along the y direction Np 4
remains fixed at 8. Here § = 5.0, D = 0.01 and N = 576. The particle color indicates the particle polarization direction 6;
as shown by the color wheel, and the obstacles or posts appear as black circles. (a) The quasi-isotropic state in a system with
Np,» = 14, where the particle polarization can be oriented in any of the four major symmetry directions. (b) A coupled lanes
state in a system with Np , = 22, where the polarization is restricted to lie one direction, lane-to-lane hopping can occur, and
the system organizes into a state with a small number of dense lanes. (c¢) The uncoupled lanes state in a system with Ny o = 27,
where particles cannot move between lanes and each lane has the same density. (d) Schematic phase diagram as a function of
number of particles N vs N, , showing the window spanned by each of the three phases.

are polarized in either the +x or —z direction. Although
the particles predominantly move along z, hopping of the
particles from one lane to the next can occur, and over
time we find that the system organizes into a heteroge-
neous lane state in which a few lanes contain a dense as-
sembly of particles while other lanes contain very few par-
ticles. Nearest neighbor dense lanes tend to polarize in
the same direction, but lanes that are a greater distance
away may have the opposite polarization, as shown in
Fig. b) for a system with N, ;, = 22. Since some of the
lanes have opposite polarization, the polarization is not
global, unlike the global polarization that we observed
in the quasi-isotropic phase. For even higher anisotropy,
the spacing between the obstacles becomes smaller than
the diameter of the particles, so hopping of particles be-
tween lanes is no longer possible and adjacent lanes be-
come decoupled. The individual lanes still polarize, as
shown in Fig. [5fc) for a system with N}, , = 27, but the
particle clustering observed in the coupled lane state is
absent. Figure (d) shows a schematic phase diagram as
a function of number of particles N versus IV, , indicat-
ing where the three regimes occur.

In the ESI, we present results for a larger system,
L = 1000, N = 2304 particles and four times the num-
ber posts, that is with the same filling fraction and post
distribution as in Figs. a)—(c). The phases are essen-

tailly the same as those illustrated in Fig. Addition-
ally, we present three videos that illustrate each phase
of the system for I = 500. For all videos the parame-
ters are set to 8 = 5.0, N = 576 and D = 10~2. In the
first video, we set IV, , = 10 and the system settles into
a downward motion after the initial transient time. The
second video shows Ny, ; = 18, where the system exhibits
coupled lanes. Three densely packed lanes are seen, with
sparse lanes separating them. Stray particles can be seen
moving vertically until they are captured by dense flocks.
The final video features a system with N, ;, = 26, where
lanes can no longer communicate with each other. The
video is sped up to double time, as the system takes much
longer to reach equilibrium. In this phase, we observe a
jammed lane that forms and then breaks down due to
thermal fluctuations. The spacing between the obstacles
is just slightly smaller than the particle size, causing sev-
eral particles to become stuck in the ridges.

To better characterize the different phases, in Fig. @(a)
we plot the mean square velocity (V;?) and (V,?) versus
Npe. For N, = 8 to Ny, = 15, corresponding to
an anisotropy ratio of 1.0 to 2.0, the average velocity
is finite in both directions, but the x direction velocity
increases with respect to the y direction velocity as the
anisotropy increases. For N, greater than 16, corre-
sponding to an anisotropy ratio greater than 2.0, the ve-
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FIG. 6. (a) The mean square velocities (v2) and (v7) versus
Ny, for systems with N = 576, § = 5.0, and D = 0.01.
(b) The probability that two neighboring lanes have opposite
polarities. This quantity is close to 0.2 for the coupled lanes
and increases to 0.5, indicating random polarization from lane
to lane, in the decoupled lane state. The shaded error bands
are standard deviations from the mean obtained from 100
independent realizations of the random noise.

locities are almost exclusively in the z-direction since the
velocity becomes fully locked to the anisotropic channels.
In Fig. @(b), we plot the probability that a velocity inter-
face will appear between adjacent lanes, indicating that
the two lanes are polarized in opposite directions. In the
quasi-isotropic phase, this quantity is zero since the sys-
tem exhibits a global polarization. For 15 < N, , < 25
where the system is the coupled lane state, the particles
form a small number of highly packed lanes and neighbor-
ing lanes tend to have the same polarization direction, so
the probability of observing a velocity interface is a small
value close to 0.2. When N; , > 25, particles no longer
jump between lanes, and the system forms the decou-
pled lane state in which the velocity interface probability
is close to 0.5, indicating random choice of direction for
each lane.

In the isolated lane state, the system can become
clogged or jammed when initialized, so a small noise is
required to “force” a lane into picking left or right as
its direction of flow. The transient time required for the
system to settle into a steady flow state decreases with
increasing N and increasing (3, which can be viewed as
resulting when each lane develops impenetrable walls in
the vertical direction while maintaining periodic bound-

—— 480
300+ - 528
—#- 576
—— 624
k2007 4 672

100 |

21 23 25 27 29 31 21 23 25 27 29 31
Np, x Np, x

FIG. 7. (a) Transient time 7 to reach a steady velocity start-
ing from a random initial condition vs Ny, ; for different values
of N at 8 =5.0 and D = 0.01. Error bars indicate standard
deviations from the mean for 50 realizations of disorder. The
vertical mobility of particles is small when N, , = 25, lead-
ing to the formation of jammed states in some of the lanes.
These jammed states are gradually destroyed by noise, but if
they occur, 7 increases noticeably. For higher values of N,
there are more collisions between particles, and this enables
the system to reach a steady state faster. Similar behavior
appears for fixed N when S is increased, as shown in the plot
of 7 vs Np . in panel (b) for N = 528.

aries in the horizontal direction, turning each individual
lane into a quasi-1D version of the obstacle-free system
analyzed in Section[[ITA] At the transition from coupled
to uncoupled lanes, there is a small drop in (V;2) that
arises when a small number of particles become stuck on
the walls, unable to pass through, causing a clogging of
the traffic in their lane. As IV, , increases, the nooks in
the walls where the particles can become stuck shrink in
size, leading to smoother flow of the particles.

In Fig.[7a) we show the dependence of the mean tran-
sient time 7 to reach steady flow from a random initial
configuration on IV, , for different values of IV in the de-
coupled lane state at 8 = 5.0 and D = 0.01. In order
to highlight the effect of clogging on the transient time,
in our measurement we include only lanes that contain
a particle density equivalent to at least 80% of the nom-
inal number of particles per lane, N/8. For each dense
lane, the mean velocity evolves approximately exponen-
tially from zero to an almost fully polarized steady state
flowing in either the positive or negative x direction. The
mean transient time 7 is then calculated as the average
of the time constants obtained from exponential fits of
the mean velocity data of each lane over 50 independent
realizations. For N, , > 25, the reduction in the vertical
mobility of the particles can cause temporarily jammed
states to form in the lanes, so the time needed for the
system to reach a steady state, defined as having a lane
collectively move to the left or right, increases. An in-
teresting effect is that as the particle density is increased
by increasing N, more collisions between particles occur,
and this allows the system to reach a steady state faster.
This is the opposite of the effect that might have been
expected, in which higher densities of particles could in-
crease the jamming probability. A similar behavior ap-
pears when we hold N fixed and increase (3, as shown in
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FIG. 8. Heat maps as a function of N vs Np .. (a) The

net difference between the number of right-moving lanes and
left-moving lanes, |N_, — N|. (b) The number of velocity in-
terfaces between neighboring lanes. (¢) and (d) Mean square
values of the x and y components of the particle velocities,
(v2)? and (vy)?, respectively. When N, , < 15, the system
organizes into a globally polarized state with no velocity in-
terfaces. In this state, both velocity components are finite,
meaning that the particles can move either vertically or hori-
zontally. All measures are averaged over 60 realizations of the
random noise. The results of these measurements were used
to construct the schematic phase diagram in Fig. @(d)

Fig. [7{b) for a system with N = 528. At larger values of
3, the lanes are better able to overcome transient jam-
ming due to the high angular mobility of the particles.
This suggests that enhancing the collective alignment of
the particles in the lane, either by increasing 3 or increas-
ing the number of particles, reduces jamming, leading to
smoother flows and shorter transient times.

In Fig. [8] we plot heat maps showing how the various
quantities change as a function of N versus IV, ,. Fig-
ure a) shows the net difference between the number of
right-moving lanes and left-moving lanes, |[N_, — N_|,
while in Fig. [§(b) we illustrate the number of velocity
interfaces between neighboring lanes. When N, , < 15,
I[N, — N_| ~ 8 and the number of velocity interfaces
is close to zero, indicating that in the quasi-isotropic
phase, all of the particles move in the same direction
and the system is globally polarized. For Ny, = 15 to
25 in the coupled lane state, we find a smaller value of
IN_, — N_| ~ 5 since some of the lanes are now moving
in opposite directions. For Ny, > 25, [N, — N_| = 0
and there are almost equal numbers of lanes moving in
each direction. Similarly, when N, , < 16 there are no
velocity interfaces, for 16 < N, , < 25 there are two or
three velocity interfaces, and for N, , > 26, there are
multiple velocity interfaces. In Fig. [§c,d) we plot (V)2
and (Vy>2, respectively. Both velocity components are fi-
nite for IV, , < 15 in the quasi-isotropic phase. For large
values of N, the system shows 1D velocity polariza-
tion and the y-component velocity becomes nearly zero
in the coupled and decoupled lane states. We find that

the boundaries between the quasi-isotropic, coupled, and
decoupled lane states are nearly insensitive to changes in
N. The features in the heat maps of Fig. [§] were used to
construct the schematic phase diagram in Fig. @(d)

IV. SUMMARY

In summary, we have numerically examined active
matter particles with both steric and alignment interac-
tions in the presence of square and anisotropic obstacle
substrates. In the absence of a substrate, this system
can form polarized or flocking states where the particles
align their velocities in the same direction at a critical
alignment parameter. In the presence of a square array,
the location of the alignment transition is not modified,
but for dense enough arrays, the polarized velocity be-
comes locked to one of the four symmetry directions of
the substrate. When we make the obstacle array increas-
ingly anisotropic by increasing the density of obstacles
along the x direction only, in the polarized phase we find
a crossover from a quasi-isotropic state with global ve-
locity polarization in both the x and y directions to a
one-dimensional state in which the velocity only polar-
izes along the x direction. For intermediate anisotropy,
the particles can jump from lane to lane, and the system
forms a coupled laned state containing densely packed
lanes of particles with the same polarizations that can
coexist with other more distant lanes that are oppositely
polarized. When the anisotropy is large enough, the par-
ticle hopping from lane to lane is suppressed, and the
system forms a decoupled lane state in which each lane
forms a polarized state independent of the polarization
of neighboring lanes. Our results can be generalized to a
wide range of active matter or flocking models with align-
ment interactions and could be used to devise methods
of controlling the direction of polarization.
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