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Reversibility, Pattern Formation and Edge Transport in Active Chiral and
Passive Disk Mixtures

C. Reichhardt and C. J. O. Reichhardt®
Theoretical Division and Center for Nonlinear Studies, Los Alamos National Laboratory, Los Alamos,
New Mexico 87545, USA

We numerically examine mixtures of circularly moving and passive disks as a function of density and active
orbit radius. For low or intermediate densities and/or small orbit radii, the system can organize into a
reversible partially phase separated labyrinth state in which there are no collisions between disks, with the
degree of phase separation increasing as the orbit radius increases. As a function of orbit radius, we nd a
divergence in the number of cycles required to reach a collision-free steady state at a critical radius, while
above this radius the system remains in a uctuating liquid state. For high densities, the system can organize
into a fully phase separated state that is mostly reversible, but collisions at the boundaries between the phases
lead to a net transport of disks along the boundary edges in a direction determined by the chirality of the
active disk orbits. We map the dynamic phases as a function of density and orbit radii, and discuss the results
in terms of the reversible-irreversible transition found in other periodically driven non-thermal systems. We
also consider mixtures of circularly driven disks and ac driven disks where the ac drive is either in or out of

phase with the circular motion, and nd a rich variety of pattern forming and reentrant disordered phases.

I.  INTRODUCTION

There is a wide class of nonequilibrium systems that
undergo transitions from a non- uctuating to a uctuat-
ing state as a function of increased driving. Examples
include plastic depinning, in which the transition is be-
tween a non- uctuating pinned or well-de ned owing
channel state and a strongly uctuating plastically mov-
ing state!, periodically sheared colloidal system&, active
matter or self-driven systems{® | the transition to turbu-
lence in driven liquid crystals® and the general class of
systems that exhibit absorbing phase transitiong. A par-
ticularly clear example of this type of behavior appears
in periodically sheared dilute non-thermal colloidal parti-
cles, where at low shear or low colloid density, the system
organizes into a reversible state in which the particles re-
turn to the same positions after each cycle, but when the
shear or density is above a threshold value, the particles
do not return and undergo long time di usion?. Corte et
al.8 showed that although this system is always initially
in an irreversible or uctuating state, over many cycles
it organizes into either a reversible state or a steady ir-
reversible state, with the number of cycles or amount of
time required to reach either of these phases diverging as
a power law at a critical drive. In this case, reversible
states correspond to the loss of all collisions between the
particles. Further studies of periodically driven systems
have revealed that reversible to irreversible transitions
can also occur in more strongly interacting systems where
the particles are always in contact, such as vortices in
type-l superconductors®™? | dense granular mattef?13,
and periodically sheared amorphous solid$'8 . In dilute
colloidal systems, it was shown that the particle con g-
urations at the reversible-irreversible transition can ex-
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hibit hyperuniformity %1 and that numerous types of
memory e ects can arisé?23,

Active matter or self-propelled particles is another
example of a nonequilibrium system that often shows
transitions from strongly uctuating disordered states
to weakly uctuating or even non uctuating clustered
states as a function of activity or density*>242¢  Studies
of active matter frequently employ particles that undergo
run-and-tumble dynamics or driven diusion?®. Chi-
ral active matter consisting of circularly moving parti-
cles or spinnerd®?’ is another class of active systems
that can describe biological circle swimmer&®8  self-
propelled colloids”2%30 | active gears{®? | interacting
rotators3*3%, circularly driven particles 3% | and collec-
tions of rotating robots*!.

In this work we examine a binary assembly of non-polar
disks in which half the disks undergo active clockwise cir-
cular motion and the other half are passive. The system
is characterized by the disk area coverage and the or-
bit radius R of the active disks. We consider the limit
of no thermal uctuations, so the system can be trapped
in a truly non- uctuating collision-free reversible state,
and we initialize the disks in a non-overlapping dilute
lattice. At low disk densities, the system remains in a re-
versible state when the active radius is small enough, but
when the active radius increases above a threshold value,
a series of collisions between the active and passive disks
occurs and the system organizes into a phase separated
cluster or labyrinth state in which all collisions cease.
The phase separation becomes stronger with increasing
orbit radius, and the active disks perform circular orbits
in the open regions between clusters of passive disks. At
large enough orbit radius, the system remains in a per-
manently uctuating state with continuous collisions. We
show that the number of cycles or time required to reach
a reversible state diverges at a critical orbit radius in a
manner similar to that found for systems that exhibit
random organization, where the time exponent is consis-



tent with directed percolation or conserved directed per-
colation. At higher disk densities, the disks can organize
into pattern forming or completely phase separated states
in which reversible collisions occur along the boundaries
between the phases. As the orbit radius increases, we
nd states in which the motion of the bulk regions is
reversible but a net transport of disks occurs along the
phase boundaries in a direction that is controlled by the
chirality of the active disks. For very large orbit radii,
the system again enters a uctuating liquid state. We
also examine samples in which the second species is not
passive but moves under a one-dimensional (1D) ac drive,
and nd several distinct pattern forming states depend-
ing on whether the 1D ac drive is in or out of phase with
the circular motion of the rst disk species.

To achieve a physical realization of the system we con-
sider here, it is necessary to set up a mixture of chiral
active particles and passive particles of the same size and
shape. This might be achieved most easily by beginning
with an assembly of purely chiral active particles and
then deactivating the self-propulsion mechanism on some
fraction of the particles so that they become passive. For
example, in the case of colloidal swimmers whose motive
force originates from a Janus-type coating of the particle
surface, additional colloids with a uniform coating that
are not self-propelled could be mixed into the sample. In
the case of chirally moving robots, some motorless robots
with freely pivoting wheels could be introduced. We note
that collision-free states of the type we observe could also
arise in clustering or swarming living systems, such as the
recent observation of an emergent synchronized rotating
state in a dense bio Im of E. coli*?.

Il.  SIMULATION AND SYSTEM

We consider a two-dimensional system with periodic
boundary conditions in the x and y directions containing
a total of N disks that are each of radiusRq. The sys-
tem size isL L with L = 36, and we take Rq = 0:5.
The disk-disk interactions have a repulsive harmonic
form, and the force between disksi and j is given by
ng = k(l’ij ZRd)( Fij 2Rd)r\ij , Whererij = jri rjj,
rj =(ri rj)=rj,and is the Heaviside step function.
As in previous works*3#4 we set the spring sti ness to
k = 50, a value large enough to ensure that there is
less than a one percent overlap between the disks. We
characterize the system in terms of the total area cover-
age = N R 3=L2, where a triangular solid forms when

= 0:9. The dynamics of the disks are determined by
the following overdamped equation of motion:

dr; . .
ditlz ng"' I:l:irc
j6i
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The rst term is the disk-disk interaction force and the
second term is the driving forceF ¢ that imposes a cir-
cular motion for N of the disks and is set to zero for

N N disks. Unless otherwise
noted, we take No = Np = N=2. The circular ac drive
has the form Fgc = FX + FY, where F = Asin(!t )®
and FY = Acos(t ). We x ! =1 10 °, and vary
the drive amplitude A. The damping constant is set
equal to unity. A single disk subjected only to the circu-
lar drive performs a clockwise circular orbit with a radius
ra =2A. If the sample is lled with identical active disks,
all of the disks rotate simultaneously in orbits with ra-
dius r, and there is no relative motion of the disks with
respect to each other. The disks are initially placed in
non-overlapping positions in a diluted triangular lattice.
Typically, the system starts in a transient uctuating
state and settles into a non- uctuating or steady uc-
tuating state.

In our model we neglect hydrodynamic interactions
(HI) between the disks, both for computational simplic-
ity, and since some chiral active systems, such as circu-
larly moving robots, do not experience signi cant HI. Ad-
dition of HI terms to the model could produce a wide va-
riety of e ects, such as a longer-ranged angle-dependent
e ective attraction or repulsion between the disks, bulk
ow of the entire system due to momentum transfer from
the disks to the uid, or even the appearance of Magnus
dynamics. Such e ects would be an interesting topic for
future study. Similarly, we consider only circular disks,
but adding a degree of freedom to the particles by mak-
ing them square or elongated in shape could also produce
a rich variety of new behaviors.

the remaining Np

I1l.  RESULTS AND DISCUSSION

We rst consider a system at a density of = 0:424
containing active disks labeled species 1 and passive disks
with A 0 labeled species 2. We measure the-
component of the I'gpstantaneous velocity of the passive
speciesV, = Nyt N (A)(vi ®). If the active disks
collide with the passive disks,V, will have a nite in-
stantaneous value that uctuates around zero; however,
if there are no collisions,V, = 0:0. If the system orga-
nizes over time into a state where there are no collisions,
then V, will initially uctuate around zero but will con-
verge over a number of cycles to the xed valuev, = 0:0.
In Fig. 1(a) we plot V, versus time in circular drive cy-
cles for the small circular drive amplitude of A = 0:2.
Here we immediately obtainV, = 0:0 since the circular
orbits are so small that disk-disk collisions never occur.
At A = 1:5in Fig. 1(b), V, initially has a nite value
with large oscillations, produced when a large number of
collisions occur between the active and passive disks, but
Vp gradually decreases and reaches zero after 30 cycles,
indicating that the system has organized into a collision-
free state. In Fig. 1(c) at A = 2:2, it takes 250 cycles to
reach a collision-free state, while atA = 2:75 in Fig. 1(d),
the system does not converge to a collision-free state but
remains in a permanently uctuating state.

In Fig. 2(a) we show the positions of the passive and



FIG. 1. V,, the instantaneous x-component velocity of the
passive disks, vs time in circular drive cycles for a binary
assembly of disks in a system with a total disk density of

= 0:424 where half of the disks are driven in a circular
motion and the other half are passive. (a) At a circular drive
amplitude of A = 0:2, the system is always in a collision-
free state as indicated by the xed value of V, = 0:0. (b)
At A = 1:5, V, is initially nite due to the occurrence of
disk-disk collisions, but drops to zero after 30 cycles. (c) At
A = 2:2, the system requires 250 cycles to reach a collision-
free state with Vp, = 0. (d) At A = 2:75, the system remains
in a uctuating state with continuous disk-disk collisions.

active disks at A = 0:1 where the system is always in a
collision-free state since the active disk orbits are too
small to produce disk-disk collisions. Here the disks
remain in their initial mixed state con guration. Fig-
ure 2(b) illustrates the reversible state at A = 0:5 where
the disks are initially in a uctuating state and then set-
tle into a collision-free state in which there is some local
clustering of both species. AtA =0:75 in the reversible
state, Fig. 2(c) shows that the system forms a phase sep-
arated labyrinth pattern containing local dense regions
in which disks of the same species are almost touching
each other. AsA increases, the width of the labyrinths
in the reversible state increases, as shown in Fig. 2(d)
at A = 1:5 for the system in Fig. 1(b) which requires
30 cycles to reach a reversible state. In Fig. 2(d) we il-
lustrate the reversible state at A = 2:3 which took 1050
cycles to form. This value of A is just below the critical
value of A, above which the system remains in a perma-
nently uctuating state. We nd the greatest amount of
phase separation just belowA. along with considerable
six-fold ordering within each phase, indicating that the
local density of the dense regions is close to the solidi-

FIG. 2. Snapshot of instantaneous positions for the active
(blue) and passive (red) disks for the system in Fig. 1 at
=0:424. (a) At A =0:1, the system is always in a collision-
free state since the orbits of the active disks are too small for
disk-disk collisions to occur, and there is no phase separation.
(b) The collision-free state that forms for A = 0:5 after several
cycles. (c) The collision-free state at A = 0:75 where we
observe a partially phase separated labyrinth con guration.
(d) The collision-free state at A = 1:5, where the widths of
the labyrinths are larger. (e) The collision-free reversible state
at A = 2:3 where the phase separation is the strongest. (d)
At A =2:75, the system remains in a permanently uctuating
state with collisions between the passive and active disks.

cation density of 0:9. Figure 2(f) shows a representa-
tive con guration in the uctuating state above A for
A = 2:75, where the clustering is lost and the disk con-
gurations are rapidly changing.

In Fig. 3(a-e) we highlight the trajectories of the active
disks during a xed number of cycles in the collision-free
state for the system in Fig. 2 at -0:424. At A =0:2,
where Fig. 1(a) shows that the system immediately enters
a collision-free state, Fig. 3(a) indicates that the circular
orbits of the active disks do not overlap. In Fig. 3(b)
at A = 0:5, the motion occurs in laments with over-



FIG. 3. Snapshot of disk positions and trajectories in the
collision-free state for the active (blue) and passive (red) disks
in the system in Fig. 2 at = 0:424. For clarity, the disks
are drawn at one-third their actual size. (a) A = 0:2. (b)
A =05 (c) A=0:75. (d) A=1:5. (e) A=2:3. (f) The
trajectories of only the passive disks in the uctuating state
at A = 2:5, where the passive disks are undergoing collisions
with the active disks.

lap in the orbits. In the reversible state the trajectories
trace out the same path on every cycle. AtA = 0:75
in Fig. 3(c), the passive disks are con ned to regions in
which no active disk motion occurs. This demonstrates
that the empty spaces which appear in Fig. 2(c) are pe-
riodically occupied by the active disks during each drive
cycle. In Fig. 3(d), the A = 1:5 system from Fig. 2(d)
exhibits orbits that are much wider. Figure 3(e) again
shows that in the A = 2:3 system, the empty regions
found in Fig. 2(e) correspond to locations through which
the active disks pass during each cycle. The circular re-
gion of active disks surrounded by passive disks in the
upper portion of Fig. 2(e) is actually rotating as a single
group, as shown in Fig. 3(e). There are no trajectory
lines associated with the passive disks in the reversible
states since the passive disks are completely at rest. This

FIG. 4. (a) The number of cycles N. required to reach a
reversible state vs A for the system in Figs. 1 and 2 at =
0:424. N diverges nearA. = 2:35, as indicated by the dashed
line. (b) N¢c vs JA Acj=Ac). The solid line is a power law
tto the form N¢/ (JA Ac¢j=Ac) with =1:236 0:058.
The inset shows the same plot on a log-log scale.

is in contrast to the behavior in the irreversible state, as
shown in Fig. 3(f) at A = 2:5 where we highlight the
trajectories of only the passive disks. The system is in
a permanently uctuating state, and the passive disks
are undergoing random motion that over time produces
a di usive behavior.

In Fig. 4(a) we plot the number of cycles N re-
quired to reach the reversible state versusA for the
system in Figs. 1 and 2 at = 0:424. There is a di-
vergence inN. near A, = 2:35, as indicated by the
vertical dashed line. In Fig. 4(b) we show N versus
JA  Ac¢j=Ac, where the solid line is a power law t to
the form N./ (JA A¢j=Ac.) with =1:236 0:058.
The inset shows the same data on a log-log scale. In
two dimensional (2D) simulations of periodically sheared
dilute colloids, the number of shearing cycles needed to
reach a reversible state also exhibits a power law diver-
gence at a critical shear amplitude with an exponent of

= 1:33, while in three dimensional dilute colloid ex-
periments, the power law divergence has an exponent of

= 1:18. Other computational works for 2D periodically
driven dilute disk systems systems give = 1:26%. Ex-
periments in periodically driven vortex systems produce
the value = 1:3'°, while more recent simulations of peri-
odically driven skyrmions and vortices show that 1:3
on the reversible side of the transitiorf®. In contrast, 2D
simulations of amorphous solids that are in a strongly
jammed state'® give = 2:53 and = 2:4, suggesting
that these amorphous jammed systems fall into a di er-
ent universality class. In principle, there can be another
diverging time scale on the irreversible side of the tran-
sition corresponding to the time required for the system



FIG. 5. Snapshot of instantaneous positions for the active
(blue) and passive (red) disks at = 0:67. (a) At A =0:1
the system organizes to a collision-free state. (b) At A =0:75
we nd a reversible collision-free labyrinth state. (c) At A =
2:0, the system is phase separated but there are reversible
collisions along the phase boundaries. (d) At A = 2:5, the
system is completely phase separated and there are reversible
collisions along the phase boundaries.

to reach a steady, rather than a transient, uctuating
state; however, the data on the irreversible side of the
transition in our system is much harder to t, so we con-
centrate on the behavior as the transition is approached
from the reversible side. Our results are consistent with
the idea that the system undergoes an absorbing phase
transition, since all collisions disappear on the reversible
side of the transition. Absorbing phase transitions in 2D
can fall into the directed percolation universality class
with = 1:30 or the conserved directed percolation uni-
versality class with = 1:23’. Our results are not accu-
rate enough to distinguish between these two scenarios;
however, in our system the number of disks is conserved,
and the exponent we obtain is closer to that expected for
conserved directed percolation.

For < 05 we nd three well de ned phases as a
function of varied A and At low , as A increases
the system either remains in an initially reversible con-
guration, enters a reversible pattern forming state, or
exhibits a permanently uctuating state. For > 05
we observe several new sub-phases, including a pattern
forming state and a completely phase separated state in
which reversible collisions occur between some of the ac-
tive and passive disks. We also nd a state in which the
system is reversible in the bulk but exhibits a net trans-
port of passive disks along the boundary of the phase

FIG. 6. V, vs time in circular drive cycles for the system in
Fig. 5at = 0:67. (& A = 0:1, where the system forms
a pattern forming reversible state with no collisions. (b)
A = 2:0, where the system organizes into a completely phase
separated state with reversible collisions (RC). (c) A = 2:5,
where the system initially enters a completely phase separated
state with edge transport (EdgT) but then transitions into a
state with reversible collisions as illustrated in Fig. 5(d). (d)
A =4:0, where edge transport occurs.

separated regions, meaning that the system is irreversible
only along these boundary edges. In Fig. 5(a) we show
the disk positions at = 0:67 and A = 0:1 where the
disks have organized to a reversible collision-free state,
while in Fig. 5(b) at the same disk density andA = 0:75,

a uctuation-free reversible labyrinth state appears. At
A = 2:0, illustrated in Fig. 5(c), even though the mo-
tion remains reversible, collisions occur between the ac-
tive and passive disks along the boundaries of the phase
separated regions. In Fig. 5(d) atA = 2:5, the system
is completely phase separated, collisions between disks
at the phase boundaries continue to occur, and the mo-
tion is still reversible. At this density of = 0:67, for
3:0 A< 375 the disks are completely phase separated
but an irreversible ow of disks occurs along the phase
boundaries that generates a net edge current, while for
A > 375, the system enters a disordered state in which
all the disks can diuse. The edge current we observe
involves only a single particle layer and does not extend
further into the bulk.

In Fig. 6 we plot V,, versus time in circular drive cycles
for the system in Fig. 5at =0:67. At A=0:1, shown
in Fig. 6(a), there is a short transient time interval dur-
ing which disk collisions and rearrangements occur be-



FIG. 7. Snapshot of disk positions and trajectories in the

= 0:67 system for the active (blue) and passive (red) disks.
For clarity the disks are drawn at one-half their actual size.
(&) A =1:5, where there are no collisions. (b) A = 2:5, where
reversible collisions occur.

fore the system settles into a reversible collision-free state
with V, = 0:0, as illustrated in Fig. 5(a). In Fig. 6(b)
at A = 2:0, the system is in a disordered state for the
rst 100 cycles, and it then settles into a completely
phase separated reversible state in whiclv, remains -
nite due to the reversible collisions occurring along the
phase boundaries. We call this state the reversible col-
lision (RC) phase. At A = 2:5, plotted in Fig. 6(c), the
system initially reaches a phase separated state in which
irreversible transport of disks occurs around the edges
of the phase boundaries, but after 275 cycles the system
settles into a RC state as shown in Fig. 5(d). When the
edge transport is occurring,V, exhibits large uctuations
but remains centered around zero since the edge trans-
port runs in the positive y direction on one side of the
phase boundary and in the negativey direction on the
other side. In Fig. 6(d) at A = 4:0, the edge transport
regime remains stable, the system never becomes fully re-
versible, and the uctuations in V, are larger. At higher
drives (not shown), the system enters a liquid state and
the uctuations in V, are even larger.

In Fig. 7(a) we show the trajectories of the active disks
for a reversible motion state atA =1:5 for the =0:67
system from Fig. 6. In this reversible state, disks never
come into contact with each other. At A = 2:5 in the
same system, Fig. 7(b) shows that reversible collisions
now occur between the active and passive disks along the
boundaries between the two species. The large regions
that are not occupied by passive disks are entirely lled
by the motion of the active disks. Along the edges of the
passive disk regions, passive disks undergo small periodic
orbits due to collisions with the active disks, whereas in
the bulk of the passive disk regions, little or no motion
occurs.

In Fig. 8 we illustrate the passive disk trajectories at
A =2:5and =0:7272, where the system is completely
phase separated. In the bulk of the passive disk region,
the disks move in a reversible periodic fashion, while
along the edges the passive disks undergo net transport.
On the right edge, the passive disks move in the positive

FIG. 8. Snapshot of disk positions for the active (blue) and
passive (red) disks along with the trajectories of only the pas-
sive disks (lines) in a system with A =2:5and = 0:7272.
The motion in the bulk of the passive disks is reversible, but
a net transport of disks occurs along the edges, as indicated
by the trajectories. The arrows indicate the direction of the
currents. For clarity, the disks are drawn at one-third their
actual size.

y direction, as indicated by the arrow, while the passive
disks on the left edge move in the negativey direction,
giving a net current of zero. The behavior of the active
disks has a similar feature, with active disks in the bulk
undergoing collective periodic reversible motion, while
the active disks along the edges exhibit directed trans-
port. The appearance of edge currents for active chi-
ral systems has previously been observed for active spin-
ning particles consisting of mixtures of Janus particles
where one species orbits clockwise and the other orbits
counterclockwis€®. In the Janus particle system, partial
phase separation occurs and currents appear along the
phase boundaries. Edge currents have also been found in
models with active spinners in con nement*, as well as
in other studies of active rotators*’. There are also stud-
ies of colloids undergoing oscillatory motion on patterned
substrates where edge motion occurs along interfaceés
We can characterize the di erent phases by analyzing
the distribution of the instantaneous velocity P (V,). For
phases in which no collisions occurP (V,) exhibits a sin-
gle peak atV, = 0:0. In Fig. 9(a) we plot P(V,) after
600 circular drive cycles for a system with = 0:67 and
A = 5:5 in the uctuating liquid state. The peaks at
negative and positive values ofV, fall close to the posi-
tions expected for particles undergoing sinusoidal motion,
and there is a local minimum at V, = 0, indicating that
most of the passive disks are in continuous motion. At



FIG. 9. P(V,), the distribution of the instantaneous velocities
of the passive disks, after 600 circular drive cycles. (a) The
uctuating liquid state at A =5:5and =0:67. (b) A=3:5

and = 0:67, where edge transport occurs. (c)A = 2:5
and = 0:67, in the reversible colliding phase. (d) A =0:5
and =0:8847, where the system forms a reversible jammed
state.

A = 3:5in Fig. 9(b), a state with edge transport forms
and there are two peaks at nite V, that correspond to
the passive disks moving along the edges as well as a
large peak atV, = 0:0 produced by the stationary bulk
passive disks. In Fig. 9(c) atA = 2:5, the system is in
the reversible collision phase and we nd a large peak at
Vp = 0:0 corresponding to the disks that are not collid-
ing. Multiple smaller peaks are present at nite values of
Vp due to the particular characteristics of the reversible
orbits that occur during the collisions. In contrast, when
there is edge transport, the motion along the boundaries
is irreversible, so there are only two smeared out peaks
as shown in Fig. 9(b). In a sample with = 0:8847
and A = 0:5, the system forms a reversible jammed
state in which all the particles move together rigidly, and
Fig. 9(d) indicates that the shape of P (V,) matches what
would be expected for completely sinusoidal motion.

By conducting a series of simulations for varied and
A and examining the behavior ofV, and the images, we
construct a dynamic phase diagram as a function ofA
vs , as shown in Fig. 10. At small and small A, the
system immediately enters a non-interacting mixed state.
This state extends over the largest range oA when is
small, since under these conditions the distance between
adjacent disks is large and thus it is necessary foA to
be relatively large in order for the disks to contact each
other. In the region marked with light blue squares, a re-
versible pattern forming or labyrinth state appears which
reaches its widest extent at = 0:484. The diamonds in-
dicate the completely phase separated RC state in which
the passive and active particles undergo collisions but the
system remains reversible. The yellow triangles show the
regime containing phase separated states that undergo
edge transport, the dark pink triangles mark the disor-

FIG. 10. Dynamic phase diagram as a function of the circu-
lar drive amplitude A vs for the binary system. Dark blue
circles: a mixed reversible state with no relative motion of
the particles. Light blue squares: a reversible pattern form-
ing or labyrinth state. Green diamonds: a completely phase
separated state in which reversible collisions occur along the
phase boundaries. Yellow triangles: a phase separated state
that exhibits edge transport. Dark pink triangles: a uctuat-
ing liquid state. Magenta circles: a reversible jammed state.

dered states, and the magenta circles appearing at large
show the presence of what we call a reversible jammed
state.

An example of a pattern forming reversible phase that
appears for > 0:67 is illustrated in Fig. 11(a) at

= 0:848 andA = 0:5. In this state, collisions between
the disks occur yet the motion remains reversible. We
do not distinguish such states from the pattern form-
ing states that form without collisions between disks.
For < 0:484, the disordered or liquid state that ap-
pears at higher A is generically strongly mixed, while
for > 0:484, the disordered phase exhibits a partial
phase separation of the type illustrated in Fig. 11(b) at

= 0:848 andA =5:5, even as all of the disks undergo
di usive behavior at long times. For > 0:67, there is a
window in which the disks remain in their initially diluted
triangular con guration but undergo no mixing, produc-
ing a state that can be viewed as reversibly jammed, as
illustrated in Fig. 9(d) and Fig. 11(d). At higher , near
but below the = 0:9 crystallization density, a small but
nite A causes the e ective radius of the active disks to
be larger than the actual radius, so the system behaves as
though it has reached the crystallization density, leading
to the formation of the reversible jammed state. OnceA
becomes large enough, however, plastic rearrangements
occur and produce a partial phase separation.

The studies described here were performed in the ab-
sence of thermal uctuations. It is possible that includ-
ing thermal uctuations would permit some portion of
the pattern forming phases to become completely phase
separated over time. Thermal uctuations would cause



FIG. 11. (a, b) Snapshot of instantaneous positions for the
active (blue) and passive (red) disks. (a) At = 0:848 and
A =0:5, there is a pattern forming state in which the particles
exhibit reversible collisions. (b) At =0:848 and A = 5:0,
we nd a uctuating state where some local phase separation
occurs. (c) Snapshot of disk positions and passive disk trajec-
tories during ve circular drive cycles for the active (blue) and
passive (red) disks in the edge transport state at = 0:848
and A = 1:5. For clarity, the disks are drawn at one-third
their actual size. There is a single passive disk that has be-
come trapped in the active disk cluster, and it rotates with
the active cluster as indicated by the large circular orbit. (d)
Snapshot of disk positions and active disk trajectories for the
active (blue) and passive (red) disks in the reversible jammed
state for the system in Fig. 9(d) at =0:8847 andA =0:5
where there is no mixing relative to the initial con gurations
but the disks undergo reversible motion and the entire system
moves as a rigid solid.

the disordered liquid phases to expand, and similarly the
regions containing edge currents could also expand. We
note that in studies of chiral polar mixtures, regions of
ordered and disordered phases were observed as functions
of various parameter$?; however, several of the phases
we nd for non-polar mixtures do not appear for the po-
lar chiral particles*°. Active systems containing run and
tumble or driven di usive active particles in which there

is a mixture of active and passive particles or multiple
active species with di erent mobilities also exhibit phase
separated and partially phase separated states of the dif-
ferent specie$®®! .

The evidence for the existence of an absorbing phase
transition is strongest for < 0:5 from the reversible
collision-free state to the uctuating liquid state. We
have not been able to identify clear time scales for the
transition from the reversible pattern forming states to
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the phase separated states. This transition is more sub-
tle since the time scales in this case could be related to
coarsening dynamics rather than to a potential absorb-
ing phase transition. We are also not able to determine
whether the transitions from the phase separated states
with or without edge transport into the uctuating lig-
uid phase also show a diverging time scale. Such a mea-
surement is complicated to perform in states with edge
transport, since we often observe that the width of the
region in which the irreversible edge current ows grows
for higher A, as illustrated in Fig. 11(c) for a sample with
=0:848 andA = 1:5, before completely disappearing
at higher A.

In Fig. 11(a) we show the disk con gurations in the re-
versible pattern forming phase at =0:848 andA =0:5
where large regions of triangular ordering appear. There
are several active disks that have become trapped in the
bulk region of passive disks and are unable to move or
escape. Similarly, we nd an occasional passive disk that
is trapped in the bulk region of active disks and rotates in
synchrony with the active disks. Figure 11(b) illustrates
the disordered or liquid phase at =0:848 andA =5:0,
where the system tends to phase separate but mixing of
the disk species still occurs, and the passive disks un-
dergo di usive motion at long times. In Fig. 11(c), an
edge transport state at = 0:848 andA = 1:5 contains
a passive disk trapped in the bulk of the active disks
that moves in a circular orbit, while the remaining pas-
sive disks exhibit signi cant motion only along the phase
boundary between passive and active disks along with a
small circular motion in the bulk. Figure 11(d) shows
the trajectories for the active particles at = 0:8847
and A = 0:5 from the system in Fig. 9(d) in a reversible
jammed state where there is no phase separation beyond
the initial con guration but the disks are reversibly col-
liding and the entire system rotates as a rigid solid.

We have also considered varied ratios of active to pas-
sive disks and in general nd similar results. In Fig. 12
we plot N¢, the number of cycles required to reach a re-
versible state in which all collisions are lost, versus the
fraction of active particles Nao=N for a system in which
we X the total disk density and drive to = 0:424 and
A = 2:0, respectively. We nd that N is small when
Na=N < 0:1 or Na=N > 0:9 since most of the disks are
already e ectively phase separated into regions contain-
ing only the majority species. A local minimum in N¢
appears nearNao=N = 0:5 in the labyrinth state, while
there are local maxima in N near No=N = 0:35 and
Na=N = 0:75 at the transitions between the phase sep-
arated and labyrinth states. At the N. minimum falling
at half lling, the amount of demixing that needs to oc-
cur is largest since there are equal numbers of each disk
species, but the magnitude of the uctuations in the sys-
tem is also largest due to collisions between di erent disk
species, and as a result the system can rapidly explore
phase space in order to reach a reversible state. We nd
a weak asymmetry aroundNA=N = 0:5 in which N is
slightly higher for 0:5 N =N compared to its value



FIG. 12. N, the number of drive cycles required to reach

a collision-free state, versus the fraction of active particles

Na=N for a system with = 0:424 and A = 2:0. For

Na=N 0:35, the system forms a stripe structure as il-

lustrated in Fig. 13(c), while for 0 :35 < Na=N < 0:75,
a labyrinth state appears as shown in Fig. 13(a,b). For

Na=N > 0:75 the system enters another phase separated
stripe state of the type shown in Fig. 13(d).

for 05+ N =N, where Nao=N < 0:1. This is a re-
sult of the reduced amount of uctuations in the system
when the number of active disks is smaller than 50%
compared to when it is higher than 50%, and the sys-
tem can more rapidly reach a reversible state when the
uctuations are larger. Labyrinth patterns appear when
0:35 < N a=N < 0:75, as indicated by the dashed lines
in Fig. 12, while outside of this window strongly phase
separated con gurations form. In Fig. 13(a) we illus-
trate the collision-free state for the system in Fig. 12
at Na=N = 0:4, and in Fig. 13(b) we show the sys-
tem at No=N = 0:6. In each case we nd a labyrinth
pattern, and the smallest labyrinth widths appear for
Na=N = 0:5. The collision-free state atNo=N = 0:15
is shown in Fig. 13(c), where the passive disks form a
single dense cluster or stripe with mostly triangular or-
dering while the active disks form a non-clustered disor-
dered arrangement. AtNA=N = 0:85 in Fig. 13(d), the
active disks form a dense cluster and the passive disks
are in disordered positions. The peaks i\ in Fig. 12
correspond to disk ratios for which the system rst starts
to form single domains instead of labyrinths, indicating
that that there is a competition between the two di erent
types of pattern formation.

IV. OTHER TYPES OF DRIVING

We next consider the case wherdN, = N=2 and both
disk species are driven. When all the disks are active
with the same chirality, driving amplitude, and driving
frequency, there are no disk-disk collisions and the system

rotates in unison as a whole. If the second disk species larly driven disks for a sample with

FIG. 13. (a-d) Snapshot of instantaneous positions for the
active (blue) and passive (red) disks for the system in Fig. 12
at =0:424andA =2:0. (@) Na=N =0:4. (b) Na=N =0:6.
() Na=N =0:15. (d) Na=N =0:85. (e, f) Snapshot of disk
positions and active disk trajectories for the active (blue) and

passive (red) disks in the same system at (e)Na=N = 0:25
and (f) Na=N =0:75.

moves counterclockwise while the rst disk species moves
clockwise, we observe the same behavior found for mix-
tures of active and passive disks, except that the values
of A and at which the reversible to irreversible tran-
sition appears shift downward. If the second species is
subjected to a one-dimensionaly-direction ac drive in-
stead of a circular drive, while the rst species continues
to undergo circular motion, we observe several di erent
phases depending on whether the ac drive is in or out of
phase with the circular drive.

We rst consider the case in which disk species two
experiences ay-direction ac drive that is in phase with
the circular ac drive of species one, such thatF) =
A, cos(t ). Here! has the same value for both disk
species. In Fig. 14(a) we plot the positions of all the
disks and the trajectories of only the species one circu-
=0:4242,A =15,



FIG. 14. Snapshot of disk positions and trajectories for
species one (blue) and species two (red) disks in a system
with = 0:4242 where species one undergoes clockwise circu-
lar motion with A = 1:5 and species two undergoey-direction
ac driving with A, = 4:0. For clarity, the disks are drawn at
one-half their actual size. The drives of the two species are
in phase. (a) Trajectories of only species one showing circu-
lar orbits. (b) Trajectories of only species two showing 1D
motion.

and A, = 4:0. Figure 14(b) shows the same state with
only the trajectories of the species two ac driven disks.
At this value of A we observe a new vertical stripe or
laned phase that is absent when the species two disks are
passive. As we vary , we also observe a uctuating dis-
ordered state and phase separated states. In Fig. 15(a)
we plot the disk positions in a sample with = 0:182,
A = 1:5, and A, = 7:0, which is initially in a disor-
dered state but organizes over time into a collision-free
reversible laned state in which the particles are aligned
along the y-direction. In Fig. 15(b) at = 0:424 and
A, = 4:0, which is also illustrated in Fig. 14, the lanes
are thicker and there is a tendency for the two species to
cluster together. At A, = 7:0 in Fig. 15(c), the width
of the lanes is reduced, while in Fig. 15(d) at = 0:67
and A, = 7:0, the lanes are wider. In general we nd
that as A, increases, the lanes become thinner, while the
lanes get thicker as increases. The laned states for

< 05 are collision-free, while for > 0:5, reversible
disk-disk collisions can occur. In Fig. 15(e) at =0:848
and A, = 7:0 we nd a uctuating liquid state without
lanes, while in Fig. 15(f) at = 0:848 atA, =15, a
fully phase separated state appears. In general, when
the drives of the two species are in phase, the edge trans-
port that occurs in the fully phase separated states is
weaker compared to the edge transport exhibited by pas-
sive species two disks.

In Fig. 16 we plot a dynamic phase diagram as a
function of A, versus for the system in Figs. 13 and
14 in which species one undergoes circular motion with
A =1:5. We nd alaned state, a pattern forming state, a
phase separated state, a uctuating phase, and the initial
reversible state in which the particles do not rearrange.
Here we do not distinguish phase separated states that
have edge transport from those that do not have edge
transport. We have also varied A in addition to vary-
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FIG. 15. Snapshot of instantaneous positions for the circu-
larly driven species one disks (blue) and ac driven species
two disks (red) for a system with A = 1:5 in which the two
species move in phase. For clarity, the disks are drawn at one-
half their actual size. (a) Reversible laned state at A, =7:0
and = 0:182. (b) Reversible laned state at A, = 4:0 and

=0:4242, which is also illustrated in Fig. 14. (c) Reversible
laned state at A, = 7:0 and = 0:4242. (d) Laned state
at A, =7:0and = 0:67. (e) Fluctuating liquid phase at
A, =7:0and =0:848. (f) A completely phase separated
state at A, =1:5and =0:848.

ing A, and observe phases similar to those illustrated in
Fig. 16, but nd in general that the fully phase separated
state remains stable for much lower values of compared
to systems in which the species two disks are passive. In
Fig. 17(a) we plot the disk positions for a system with
= 0:4242 atA = 0:0 and A, = 7:0. A laned state
appears in which the lanes are aligned in they direction,
parallel to the ac drive on the species two disks. This
is distinct from the laned state that forms at nite A
in which the lanes are tilted, as illustrated in Fig. 17(b)
for A =2:5and A, = 7:0. In Fig. 17(c) at A = 4:5
an A, = 7:0, complete phase separation occurs, while in
Fig. 17(d) at A =8:0 and A, =7:0 we nd a uctuating



FIG. 16. Dynamic phase diagram as a function of A, vs
for a system in which species one disks undergo clockwise
circular motion with A = 1:5 and species two disks are sub-
jected to a y-direction ac drive of amplitude A;. Dark blue
circles: reversible laned state. Light blue squares: reversible
pattern forming state. Green diamonds: completely phase
separated state. Dark pink triangles: uctuating liquid state.
Light green circles: initial reversible state. Here we do not
distinguish the fully phase separated states that exhibit edge
transport from those that do not exhibit edge transport.

FIG. 17. Snapshot of instantaneous positions for the circu-
larly driven species one disks (blue) and ac driven species two
disks (red) for systems with = 0:4242 and A, = 7:0. (a)
A=0:0. (b) A=2:5 (c) A=4:5.(d) A=8:0.
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FIG. 18. V-, the instantaneous x-component velocity of the
species two disks, vs time in ac drive cycles for a system
in which the species one disks are circularly driven and the
species two disks experience a-direction ac drive that is out

of phase with the species one drive. Here = 0:242 and

A =15 (a) At A, = 0:5, the system organizes into a
collision-free pattern forming state. (b) At A, = 4:0, the
system remains in a uctuating state. (c) At A, = 8:0, the

system forms another reversible collision-free state.

liquid state.

We next consider samples in which the ac drive on
species two is out of phase with the circular drive of
species one, so thaF) = A,sin('t ). Placing the two
drives out of phase tends to increase the frequency of col-
lisions between the particles. It also produces the inter-
esting e ect of several reentrant phases, such as reversible
behavior for low and high values of A, but irreversible
behavior at intermediate values of A,. An example of
this appears in Fig. 18(a) where we plotV,, the instan-
taneous x component velocity of the species two disks,
versus time in number of ac drive cycles for a system
with = 0:242, A = 1:5, and A, = 0:5. Initially the
disks are in a uctuating state, but after 110 cycles, they
settle into a collision-free reversible state withV, = 0:0.
We note that the instantaneous y component velocity
of the species two disks (not shown) has strong peri-
odic oscillations due to the ac drive. For this value of
A,, the reversible state is a pattern forming state sim-
ilar to those previously shown. In the same system at
A, = 4:0, Fig. 18(b) shows that the sample remains in
a uctuating state as illustrated in Fig. 19(a), while at
A, =8:0in Fig. 18(c), the system settles into a collision-
free reversible state. The reversible state atA, = 8:0
appears in Fig. 19(b). It di ers from the pattern forming
state found at lower A, since it is composed of a series
of single-species vertical stripe segments of alternating



FIG. 19. Snapshot of instantaneous positions for the circu-
larly driven species one disks (blue) and ac driven species two
disks (red) in the system from Fig. 18 where the two species
are moving out of phase. (a) Irreversible state at = 0:242
and A; = 4:0. (b) Reversible mixed laned state at =0:242
and A, = 8:0. (c) Phase separated state at = 0:424 and
A, = 3:5. (d) Fluctuating state at =0:424 and A, = 8:0.
(e) Phase separated state with edge transport at = 0:848
and A, = 4:5. (f) Partially phase separated uctuating liquid

at =0:848 and A, =8:0.

species type, and the stripe segments themselves form a
higher order diagonal stripe. We label this phase a mixed
laned state. In Fig. 19(c) we show the disk con gurations
at = 0:4242 andA, = 3:5 where the system forms a
phase separated state, while in Fig. 19(d) at the same
density and A, = 8:0, a uctuating liquid phase appears.
Figure 19(e) shows a phase separated state with edge
transport at =0:848 andA, = 4:5, while in Fig. 19(e),
a sample with the same density andA, = 8:0 is in a
liquid state that has undergone partial phase separation.
In Fig. 20 we construct a dynamic phase digram as a
function of A, versus for the system in Figs. 18 and
19 at xed A =1:5. We nd a reversible initial state, a
pattern forming state, fully phase separated states that
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FIG. 20. Dynamic phase diagram as a function of A, vs

for the system in Figs. 18 and 19 in which species one
is circularly driven with A = 1:5 and species two has ay-
direction ac drive that is out of phase with the species one
motion. Dark blue circles: initially reversible state. Light
blue squares: reversible pattern forming state. Green trian-
gles: fully phase separated state. Dark red diamonds: mixed
laning state. Dark pink triangles: uctuating liquid state.
We note that the fully phase separated states at the higher
values of A, and have edge transport.

can be completely reversible or have edge transport, a
uctuating state, and a reversible mixed laning state.
A reentrant phenomena appears for < 0:5 when the
low A, reversible pattern forming state is followed by
an intermediate irreversible state that transitions into a
reversible state of either the mixed lane or phase sepa-
rated type. At = 0:303, the system transitions from
a reversible pattern forming state to a uctuating state,
than into a phase separated state, and nally back to
an irreversible uctuating state as a function of increas-
ing A,. We generally nd larger regions of uctuating
states when the drives of the two species are out of phase
compared to when they are in phase. We have also ex-
amined several cases where we vary botA and A, and
nd similar phases, including complete phase separation
for < 0:5 in which stripes form that are parallel to the

x direction, a con guration that is distinct from the vy
direction stripes that form when the drives of the two
species are in phase.

V. SUMMARY

We examine a binary assembly of two-dimensional
disks at an overall disk density in which one disk species
undergoes chiral motion under a clockwise circular drive
while the second disk species is passive. We nd a rich
variety of distinct pattern forming and dynamical states.
As we vary the disk density and the radius of the active
disk orbit, the system is generally initially in a uctuat-



ing state where collisions between the disk species occur,

and then it gradually organizes into either a reversible
state or a steady uctuating state. At low disk densi-
ties, there are no disk collisions in the reversible state,
and the system forms labyrinth patterns that become
coarser as the active orbit radius increases. We iden-
tify a critical orbit radius at which the time required
for the system to reach a collision-free reversible state
diverges as a power law with exponent = 1:236, a
value that is close to what is expected for a conserved
directed percolation transition. This behavior is similar
to that found in other periodically driven systems that
organize to reversible states. For higher disk densities,
the system forms completely phase separated states that
can either be reversible or exhibit edge currents or di-
rected transport along the boundaries between the two
phases. The direction of the edge current is controlled
by the chirality of the active disks. We identify several
reversible phases in which collisions or contact between
the disks continues to occur, and show that these can
be pattern forming states or a reversible jammed state.

For the case in which one disk species undergoes circular

driving while the second disk species is not passive but
experiences a-direction ac drive, we show that di erent

types of phases can occur depending on whether the ac

drive and circular drive are in or out of phase. These
states include various types of laned structures as well
as fully phase separated states and reentrant reversible
phases.
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