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Passive Janus Particles Are Self-propelled in Active Nematics

Benjamin Loewe,1, ∗ Tyler N. Shendruk1

1SUPA, School of Physics and Astronomy, University of Edinburgh,
Peter Guthrie Tait Road, Edinburgh EH9 3FD, United Kingdom

While active systems possess notable potential to form the foundation of new classes of au-
tonomous materials [1], designing systems that can extract functional work from active surround-
ings has proven challenging. In this work, we extend these efforts to the realm of designed active
liquid crystal/colloidal composites. We propose suspending colloidal particles with Janus anchoring
conditions in an active nematic medium. These passive Janus particles become effectively self-
propelled once immersed into an active nematic bath. The self-propulsion of passive Janus particles
arises from the effective +1/2 topological charge their surface enforces on the surrounding active
fluid. We analytically study their dynamics and the orientational dependence on the position of a
companion −1/2 defect. We predict that at sufficiently small activity, the colloid and companion
defect remain bound to each other, with the defect strongly orienting the colloid to propel either
parallel or perpendicular to the nematic. At sufficiently high activity, we predict an unbinding of
the colloid/defect pair. This work demonstrates how suspending engineered colloids in active liquid
crystals may present a path to extracting activity to drive functionality.

INTRODUCTION

Active matter extracts energy from internal or ex-
ternal sources and transforms it into persistent motion
[2]. Although many physical realizations occur in liv-
ing systems, such as bacterial colonies [3–5], cellular tis-
sues [6, 7], flocking animals and human crowds [8], there
has also been considerable success developing and un-
derstanding synthetic active systems. Examples include
swarming bots [9], vibrated granular matter [10], self-
propelled nanorods [11, 12] and active colloidal particles
[13–15]. In each of these examples, the work needed to
achieve motility comes from either chemical reactions or
responses to external fields.

An alternative route is to immerse a passive object
into an out-of-equilibrium system, extract work out of
the environment [16–18], and transform it into a driving
force [19–25]. In previous work, passive particles were
suspended into motile bacterial baths [26–29]. However,
only rarely has it been explored how active suspensions
can power motility of passive objects [1, 30–33]. Active
nematics [30, 34–41] possess many appealing properties
for this task. Active nematic films are characterized by
the presence of point disclinations in which the orien-
tational order vanishes and around which the nematic
director rotates by an angle ±π. Because this winding
cannot be untangled by smooth variations of the direc-
tor, these defects are topological in nature, carrying a
topological charge of ±1/2 (higher charge defects are en-
ergetically unfavorable). However, in contrast with pas-
sive nematics, a +1/2 defect in an active nematic system
generates spontaneous flows that yield non-zero advec-
tion at the defect core. This makes +1/2 defects motile
[37, 42]. The self-propulsion of these defects is sufficient
to overcome the attractive interaction exerted by neigh-
bouring non-motile −1/2 defects, allowing unbinding of
defect pairs, which drives the system into a chaotic state

FIG. 1. The θ̄BC contribution to the anchoring condition for
a Janus colloid of radius R0, see Eq. (4) The red semicir-
cle represents homeotropic anchoring, while the blue pole is
planar with continuous transition zones of width 2δ at the
equator that soften the π/2 jump between homeotropic and
planar anchoring (purple wedges). Notice the finite jump of π
between φ′ = 0 and φ′ = 2π, which provides the colloid with
an effective topological charge of +1/2. On the insert, we can
find, with matching colors, the different regions of anchoring
over the colloid. At a distance RD sits the companion −1/2
defect, here depicted in orange.

known as active turbulence [43].
Another important property of nematics is that they

can anchor to surfaces with a prescribed orientation [44].
If the anchoring is strong enough, this prescribed orienta-
tion leads to a non-zero winding of the nematic director
and thus to an effective topological charge localized at
the interior of the colloid [44–47]. Colloids with strong,
uniform homeotropic or planar anchoring have an effec-
tive charge of +1, which must be balanced by associated
defects in the nematic surroundings or at the colloid sur-
face.

Given both the motility of +1/2 disclinations in active
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FIG. 2. Nematic field around the Janus colloid according to Eqs. (5 and 6) for different angular positions φD of the companion
−1/2 defect. The sum was cut-off at N = 100 and RD = 3R0. The orange dots mark the position of the −1/2 defect. The
solution is for the combination of defect location φD and colloid orientation φc that together minimize the free energy. Therefore,
setting the defect position φD determines the colloid orientation φc. Varying the set defect angle results in a counter-rotation
of the colloid orientation.

nematics and the possibility of creating effective topolog-
ical defects through the inclusion of colloids, it is natural
to ask if it is possible to design a two-dimensional colloid
with topological charge +1/2 and if such colloid acts as
an effectively self-propelled particle. We focus in 2D be-
cause most active nematics occur in 2D films [30, 41, 48].
In this paper, we demonstrate that such self-propulsion
is possible by designing a colloid with a Janus structure.
Our Janus colloid possesses homeotropic anchoring on
one semicircle (red pole in figures), planar anchoring on
the other (blue pole), and a continuous transition zones
at the equator, resulting in an effective +1/2 topological
charge in the system. In analogy with positive +1/2
topological defects, the Janus colloid is self-propelled.
The resulting colloidal self-propulsion is similar to that of
active Janus particles [49] or Quincke rollers [50], in that
our passive colloid extracts energy from its surroundings
to achieve propulsive motion. Conservation of topologi-
cal charge requires that each Janus colloid is accompanied
by a −1/2 topological defect in the surrounding nematic.

We employ analytical models to construct such a col-
loid, estimate its self-propulsion and characterize its dy-
namics. By estimating and integrating the total stress at
the colloid’s surface, we learn that the surrounding ac-
tivity does indeed drive a net non-zero propulsive force.
Thus, the passive Janus particle effectively behaves as a
self-propelled particle. Crucially, we show that the self-
propulsion of the colloid, at the low activity limit, is pri-
marily parallel or perpendicular to the direction of local
nematic order. On the other hand, high activity leads to
spontaneous decoupling of the colloid with its companion
defect.

This novel activity-driven method of self-propulsion

sheds light in how to extract work from active nematics
and may serve as a new direction for collective phenom-
ena. As these colloids are topologically charged, they
experience long-range elasticity-mediated dipolar inter-
actions which could lead to flocking or other collective
behaviours. Furthermore, combining these systems with
light activated molecular motors [51] could open the door
to activity gradients and a possible control mechanism for
colloid self-propulsion through active materials.

MODEL

We consider a single colloid of radius R0 centered at
the origin, immersed in a two-dimensional nematic that
is globally aligned along the x-axis far from the colloid.
For the moment, the nematic can be treated as passive,
but we will consider non-zero activity further below. For
simplicity, we work in the far-field approximation. This
implies our model is a long length-scale theory in which
the size of a defect core acts as a natural cut-off. As such,
the alignment of the nematic liquid crystal is entirely
described through its director n̂ = cos(θ)êx + sin(θ)êy
via the nematic orientation θ. Furthermore, we will work
in the one-Frank-constant approximation, and thus the
energetic cost of bending or splaying the director is given
by

F =
K

2

∫
d2r|∇θ|2, (1)

where K denotes the Frank constant.
The colloid imposes an anchoring condition for the ne-

matic at its surface, denoted by θBC(φ). This function is:



3

FIG. 3. (a) Free energy landscape as surrounding a Janus colloid (δ = 0.3) as a function of the position of the companion
defect. The dotted line denotes the curve of stationary radii rs(i.e., points at which ∂rF = 0). Its shape is a result of the
competition between the long-range attractive force between opposite topological charges, the short-range repulsion due to the
strong anchoring condition and the repulsion between the negative topological charge density distributed along the transition
zones. Notice how the landscape has its minima on the poles, which are the furthest away from the transition zones. In
contrast, on the equator the landscape only has a local maximum. In agreement with the above, we also see the stationary radii
in the equator are further away of the colloid than in the poles, leading to a lemon-shaped curve. (b) Curve of stationary radii
for different values of δ; the coloring of the curves correspond to the local value of F . In agreement with our interpretation of
a locally distributed negative charge density on the transition zones, as these become wider and occupy a larger sector of the
colloid, their repulsion becomes less pronounces leading to a more isotropic curve, and finally a circle for δ = π/2.

i) not constant, and ii) not continuous, since the nematic
director is defined modulo π. We discuss the physical
consequences of such discontinuities further below. More-
over, we work in the strong anchoring limit, in which it is
energetically prohibitive for the director to deviate from
the prescribed anchoring. Under these conditions, the
anchoring can be treated as a boundary condition for the
nematic orientation, θ(r = R0, φ) = θBC(φ). This results
in the nematic director winding around the colloid sur-
face k = (θBC(2π) − θBC(0))/(2π) times, producing an
effective topological charge k.

Because the system is globally aligned, the total topo-
logical charge of the system must remain zero; therefore,
the colloid must induce one or more companion topolog-
ical defects whose topological charge must sum to −k.
In polar coordinates centered in the colloid, the position
of the i-th defect is (RiD,φiD). Their angular position
φD matches the angular position of the discontinuities in
the anchoring boundary condition θBC , with the defects’
topological charge being proportional to the size of the
jump in the discontinuity. Here, we consider a colloidal
design which necessitates only a single −1/2 defect.

Moreover, we work in an adiabatic approximation in
which the relaxation time for the nematic director is as-
sumed microscopic. As such, the system is invariably
at its energy minimum. Minimizing the free energy,
δF/δθ = 0, we obtain

∇2θ = 0, (2)

contingent on θ(r = R0, φ) = θBC(φ;φD, φc) and θ(r →
∞, φ) = 0, where φc is the orientation of the colloid. Our
description does not explicitly account for contributions

due to the orientation of the companion defect [52, 53]
— the defect orientation is that which corresponds to the
minimized free energy. Likewise, if the angular position
φD of the defect is set then the colloidal orientation φc
must minimize the free energy. Further details on the
boundary conditions of θ are provided in Appendix A.

JANUS BOUNDARY CONDITION

Inspired by the motility of +1/2 defects [37, 42], we
choose a boundary condition with an effective topological
charge of +1/2. We divide the colloid into two semicir-
cles, one with homeotropic anchoring (red) and the other
with planar anchoring (blue), with two continuous tran-
sition zones, each of angular width 2δ, at the equator (see
Fig. 1). The role of such transitions zones is to smooth
the π/2 jump between homeotropic and planar anchor-
ing, which cannot happen discontinuously since such a
jump would violate nematic symmetry. In the reference
frame of the colloid, defined by φc = 0, this boundary
condition takes the form

θBC(φ′) = θ̄BC(φ′)− πΘ(φ′ − φ′D), (3)

where ′ denotes angles in the colloid reference frame with
respect to the colloidal equator. The connection between
the colloid reference frame and the lab frame is illustrated
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in Appendix A, Fig. 8. We define

θ̄BC(φ′) ≡



π
4 +

(
1− π

4δ

)
φ′ φ′ < δ

φ′ δ ≤ φ′ < π − δ
π(π−δ)

4d +
(
1− π

4δ

)
φ′ π − δ ≤ φ′ < π + δ

φ′ − π
2 π + δ ≤ φ′ < 2π − δ

π(2π−3δ)
4δ +

(
1− π

4δ

)
φ′ 2π − δ < φ′

,

(4)
and Θ(x) denotes the Heaviside function. The θ̄BC term
sets the director across all regions of the colloid (Fig. 1),
while the Heaviside function in Eq. (3) introduces a −π
jump at φ′D, which is physically allowed under head-tail
symmetry. Mathematically, however, this introduces a
branch cut which identifies the position of the companion
defect. In the limit δ → π/2 (i.e., when the entire colloid
is covered by transition zones), θ̄BC(φ′) = π/4 + φ/2,
identical the form that θ acquires around an isolated
+1/2 defect. As such, our choice for the boundary con-
dition also allows us to explore the properties of a colloid
that perfectly imitates a +1/2 defect.

We solve Eq. (2) for this choice of θBC in Appendix A.
The solutions are obtained by writing general forms of
the interior and exterior solutions to the Laplace equa-
tion and imposing appropriate boundary conditions to
obtain explicit forms for the coefficients of the solution.

Crucially, since the total topological charge enclosed by
concentric radius changes from +1/2 to 0 at the location
of the companion defect, we must separate our domain
into two regions: Region I, from the surface to the com-
panion defect (R0 ≤ r < RD), and region II, beyond
the companion defect (r > RD) see Fig. 7(d). Our solu-
tion reveals that the polarization of the colloid, φc, and
the position of the companion defect are linked in a one-
to-one relationship, φc = π/4 − φ′D/2 (see Eq. 20 and
Fig. 8 in Appendix A). This one-to-one relationship im-
plies that re-orienting the companion defect’s position in-
duces a change in the colloid orientation to minimizes the
free energy [52, 53]. As we have not set the colloid or the
companion defect orientation a priori, our solution se-
lects the combination that minimizes the free energy for
each given configuration. The colloid’s orientation de-
pendence on the lab-frame defect angular position, φD,
is given by φc = (π − 2φD)/2, which tells us that as the
set defect position is moved, the equilibrium colloid ori-
entation will counter-rotate. Although this effect is ap-
parently independent of the separation, the colloid must
move a distance comparable to RD in order for φD to
change considerably. This shows that the effect actually
weakens with distance. Having establish this connection,
we can write the solution to Eq. (2) in the lab frame(see
Appendix A) to be

θI(r, φ) =
1

2

(
φ+ φc +

π

2

)
− πΘ(φ− φD)

−
∞∑
n=1

[
(1 + (−1)n sin(nδ) sin(n(φ− φc)

2δn2

(
R0

r

)n
+

sin(n(φ− φD))

2n

{(
R2

0

RDr

)n
−
(

r

RD

)n}]
,

(5)

θII(r, φ) = −
∞∑
n=1

[
(1 + (−1)n sin(nδ) sin(n(φ− φc))

2δn2

(
R0

r

)n
+

sin(n(φ− φD))

2n

{(
R2

0

RDr

)n
+

(
RD
r

)n}]
, (6)

in which θI and θII denote the solution in regions I (R0 ≤
r < RD) and II (r > RD), respectively.

The first two terms in Eq. (5) for θI(r, φ) provide both
the orientation of the colloid and the behaviour of the ne-
matic in the intermediate regime R0 � r � RD. In this
region, all other terms are negligible. Not surprisingly,
this corresponds to a nematic surrounding an isolated
+1/2 defect. The first term inside the sum in Eq. (5) de-
scribes the behaviour of the nematic in the close vicinity
of the colloid and directly reflects the prescribed anchor-
ing. The second term inside the sum describes the de-
formation of the nematic field due to the presence of the
companion defect. Regarding the form of θII , its terms
play the same role that their counterpart in θI , with the
distinction that the first term in the sum, which goes as
∼ (R0/r)

n with r > RD, only becomes relevant if RD
is comparable with R0, i.e., when the companion defect

resides in the vicinity of the colloid surface.
Figure 2 depicts the solution of Eqs. (5-6) for represen-

tative companion defect positions when RD = 3R0. In
Fig 2(a), φD = 0, such that the colloid/defect orienta-
tion is aligned parallel to the global nematic orientation.
In this configuration, the colloid is also oriented parallel
to the far-field. Because the planar-anchored pole (blue)
is closest to the defect, the elastic deformation between
the surface and the defect is primarily bend. As the
defect position is moved to φD = π/4, the equilibrium
colloid orientation must turn clockwise to compensate
(Fig 2(b)). Because of this, the defect is closest to the
equator in this angular position. This process contin-
ues as we move the defect position to φD = π/2. By
this point, the equilibrium colloid orientation has rotated
−π/2; thus, the colloid/defect complex is now perpen-
dicular to the far-field director. The companion defect
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FIG. 4. Magnitude of the propulsive force as a function of δ.
The magnitude is an increasing function of δ, growing linearly
at first, then saturating and reaching a plateau near δ = π/2.

is now closest to the homeotropic pole (red) and so the
principle deformation mode between the colloid and the
surface is splay.

COLLOID-DEFECT INTERACTION

The interaction energy between the colloid and its com-
panion defect can be obtained by inserting Eqs. (5) and
(6) in Eq. (1) (see Appendix B). The result, in the colloid
reference frame, is

F
K

=
π

2
ln (ρ)− π

4
ln

(
1− 1

ρ2

)
+

π

8δ
Im

[
Li2

(
e2i(φ′

D+δ)

ρ2

)
− Li2

(
e2i(φ′

D−δ)

ρ2

)] (7)

in which we have defined the dimensionless coordinate
ρ = RD/R0 and Li2 denotes the dilogarithm. The term
∼ ln(ρ) corresponds to the attractive interaction between
+1/2 and −1/2 defects. Since this term is identical to
a +1/2 defect in the far field, it can be thought of as
the leading term in a multipole expansion of the interac-
tion. The second term, which goes as ∼ ln(1 − ρ−2), is
a short-range repulsion between the colloid and the de-
fect, and is logarithmically divergent. It arises because of
our assumption of a strong anchoring: In contrast to an
“actual” +1/2 singularity, the anchoring at the surface
of the colloid does not change regardless of how close the
defect is, leading to an increase of elastic energy. As such,
at close distances the colloid behaves as a wall, strongly
repelling the defect. The third term corresponds to the
remaining contributions of the multipole expansion and
contain the details of the interaction at intermediate dis-
tances.

As it can be seen in Fig. 3(a), F is highly anisotropic.
The colloid repels the defect more strongly at the tran-

sition zone. This can be seen in Fig. 3(b), which depicts
the curves of radial stationary points at which ∂rF = 0.
The repulsion weakens and becomes more uniform as the
transition zone covers a larger sector of the colloid’s sur-
face. If the transition zone covers the entire colloid, then
the repulsion is completely uniform. This behaviour orig-
inates due to the presence of a negative topological charge
density distributed along the surface of the transition
zones (see Appendix B). Indeed, Eq. (7) can be recast
as

F
K

=
3π

2
ln (ρ)− π

4
ln

(
1− 1

ρ2

)
− π

4δ

[∫ δ

−δ
dβ ln (ρ̃(β, φ′D, ρ))

+

∫ π+δ

π−δ
dβ ln (ρ̃(β, φ′D, ρ))

]
,

(8)

where

ρ̃(β, φ′, ρ) =
√

1 + ρ2 − 2ρ cos(φ′D − β) (9)

is the distance between the defect and an element of topo-
logical charge −dβ/(4δ) at the surface of the transition
zone in units of R0. This negative charge density inte-
grates to a total of -1, and is superposed with a positive
charge of 3/2, which is uniformly distributed along the
entire colloid surface, as can be seen from the first term
in Eq. (8). These two sources of charge conspire to a
total colloidal topological charge of +1/2, as expected.

Finally, notice from Fig. 3(a) and (b) that the min-
ima of the free energy landscapes lay on lines along the
poles of the colloid, which are farthest from the transi-
tion zones. As such, the defect prefers to lie near the
poles of the homeotropic (red) and planar (blue) zones.
It follows that the colloid prefers to align its orientation
either parallel or perpendicularly to the global orienta-
tion of the nematic, as depicted in Fig. 2. Since both
minima are identical, there is no energetic preference be-
tween one state or the another. As can be seen in Fig. 2
by comparing when the defect lies near the pole of the
planar zone (Fig. 2(a); blue) versus when it lies near the
homeotropic pole (Fig. 2(c); red), bend and splay are
exchanged. Since we make a one-Frank-constant approx-
imation, both deformations have the same energetic cost,
leading to equivalent wells. In contrast, on the colloid’s
equator there are only local maxima, since the defect has
to overcome the repulsion of the transition zones in or-
der to approach it. However, as can be seen in Fig. 3,
the difference between the minima and the maxima be-
comes shallower as the transition zones become wider,
consistent with a more distributed negative charge. We
therefore expect it to become easier for the defect to cross
the equator with increased δ.
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FIG. 5. (a) Effective potential for a defect sitting at the colloid’s homeotropic pole (red semicircle in Fig. 2) as a function of
its distance to the colloid, Eq. (17), for different value of activity (parametrized through z = 2(αR2

0γ
′)/(Kγc)) for δ = 0.3. As

activity increases, the defect’s proffered position (filled points) becomes larger until we reach a critical activity, zc at which
there is no longer a local energy minima, (b) Same as in (a), but for a defect at the planar pole (blue semicircle in Fig. 2).
With increasing activity, the defect becomes closer to the colloid. There is always an energy minima. (c) Curve of stationary
radii at a finite activity; defects near the homeotropic pole are closer to the colloid than those on the homeotropic pole. (d)
Critical z at which defects unbind from the colloid, zc, as a function of the transition zone width. The orange dot marks the
value of zc in (a).

COLLOID PROPULSION

Having established the colloid-defect interaction and
the form of the nematic field in the vicinity of the Janus
particle, we now seek to understand the dynamics of the
colloid and its companion defect in an active nematic
fluid.

In order to analytically approximate the propulsive
force acting on the Janus colloid, we make two key as-
sumptions. Firstly, we assume sufficiently low activity
to neglect couplings between the director and the flow,
which implies that the passive solutions derived in the
previous section remain accurate. This approximation
suggests that the active nematic length scale `a =

√
K/α

[54–56] is much larger than any other length scales in the
system. Independently, we make a second assumption
that the incompressible active film (of viscosity η) sits
above a thin underlying oil-layer which dissipates mo-
mentum and imposes an effective friction γ. This pro-
duces a dissipative length scale `H =

√
η/γ [57, 58]

which we take to be smaller than other length scales in
the system. This assumption amounts to taking the over-
damped limit, in which frictional forces dominate over all
non-active stress contributions. This has proven a useful
limit for developing theoretical predictions for 2D active
nematic dynamics [43, 59]. As discussed in Appendix C,
the total stress is dominated by the active contribution
and passive pressure contributions are negligible.

The active stress is proportional to the nematic ten-
sor σA = −αQ, where α quantifies the activity and Q

denotes the nematic tensor. Positive values of α > 0 cor-
respond to extensile stress, whereas α < 0 corresponds to
contractile stress. We compute the force exerted by the
active nematic on the colloid by using the total stress σ
to compute the traction force t at the colloid’s surface

t = ν̂ · σ, (10)

where ν̂ denotes the normal to the colloid surface. As
seen in Appendix C, the dominant term in the total
stress σ is its active part σA. Neglecting all other passive
stresses, we find

t(φ′L) ≈−(α cos(2(θBC(φ′L)− φ′L))) r̂

− α sin(2(θBC(φ′L)− φ′L)) φ̂,
(11)

in which φ′L is the polar angle with respect to the hori-
zontal in the colloid’s reference frame and θBC is given
by Eq. (3). The total force F is obtained by integrating
t over the surface of the colloid

F≈− αR0

∫ 2π

0

dφ′L [cos(2(θBC − φ′L)) r̂

+ sin(2(θ′BC − φ′L)) φ̂]

= 2απR0 sinc
(
δ − π

2

)
p̂, (12)

where p̂ denotes the colloid’s orientation, which points
from the colloid center to the planar (blue) pole. Hence,
for extensile activity the colloid travels towards its pla-
nar pole. In a contractile system, the colloid travels to-
wards the homeotropic (red) pole. There is no net-torque
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from the traction. While the defect position reorients the
colloid (as in Fig. 2), the propulsion direction is always
predicted to be parallel to p̂. Crucially, this shows that
passive Janus particles are subject to a net force and, and
thus are effectively self-motile, when suspended in an ac-
tive nematic. As we can see in Fig. 4, the magnitude of
the propulsive force increases with δ and approaches a
plateau as δ → π/2. Since this value of δ corresponds to
the boundary condition of an isolated +1/2 defect, we see
that self-propulsion of the Janus colloid with a vanishing
transition zone can reach at least a 63% of the magnitude
of the “perfect” +1/2 defect condition (Fig. 4).

COLLOID-DEFECT PAIR DYNAMICS

Similar to what occurs with a pair of two nematic topo-
logical defects, the colloid’s active propulsive force can
have strong effects on the dynamics of a colloid-defect
pair. In this section, we explore such phenomena by
modelling both the colloid and defect as interacting point
particles located at Rc and RD respectively in the lab
frame (Fig. 8). Assuming overdamped dynamics with
drag coefficient γc and γD for the colloid and the defect,
respectively, we have that their dynamics are governed
by

γcṘc = −∇Rc
F(RD −Rc) + F , (13)

γDṘD = −∇RD
F(RD −Rc) + ξ, (14)

where ξ denotes random forces acting on the defect,
which we assume to be negligible on the larger colloid.
As such, we see that the relative coordinate r = RD−Rc

satisfies

γ′ṙ = −∇rF(r)− γ′

γc
(F + ξ), (15)

in which γ′ = γcγD/(γc+γD) is a “reduced friction” coef-
ficient. The radial component of the above equation has
the same structure in the colloid’s co-rotational reference
frame, with the exception that, for an extensile system,
F always points downwards in this frame (Fig. 8). Thus,
we write

γ′ṙ = −∂rVeff(r) +
γ′

γc
ξr, (16)

in which we have identified the effective potential

Veff(r) = F(r) + γ′

γc
F · r and the radial component of

the noise ξr. Explicitly, this amounts to

2Veff(r)

Kπ
= ln(ρ)− 1

2
ln(1− ρ−2)− z sin(φ′D) sinc

(
δ − π

2

)
r

+
1

4δ
Im

[
Li2

(
e2i(φ′

D+δ)

ρ2

)
− Li2

(
e2i(φ′

D−δ)

ρ2

)]
,

(17)

where we have defined the parameter z =
2(αR2

0γ
′)/(Kγc), which acts as a dimensionless ac-

tivity number that balances the colloid size against the
active nematic length scale `a =

√
K/α [54–57] and

the ratio of drag coefficients γ′/γc. As such, activity
introduces a radial potential whose slope depends on the
angular position of the colloid.

This angular dependence breaks the symmetry be-
tween the homeotropic and planar poles. Configurations
with defects on the poles of the homeotropic (red) or pla-
nar (blue) sides carry active contributions to the effective
potential with opposite signs. Hence, the symmetry be-
tween the colloid being oriented parallel or perpendicular
to the global nematic orientation is also broken. The rea-
son behind this symmetry breaking is entirely due to the
polarity of the self-propulsive force: In an extensile sys-
tem, when the defect sits on the homeotropic side (red),
the colloidal propulsive force pulls away from the defect.
This widens the separation between the two, which can
be seen in Fig. 5(a), depicting the stationary radii shifting
to larger values with increasing activity (Fig. 5(a); closed
circles). In contrast, if the defect sits on the planar side
(blue) the propulsive force on the colloid pushes it to-
wards the defect. This reduces their separation, as can
be seen from the shift of the stationary radii to smaller
values with increasing activity (Fig. 5(b)). These effects
and their variation with the angular position of the com-
panion defect can be observed in the curve of stationary
radii deformed by activity illustrated in Fig. 5(c).

While we have focused on extensile stresses with both
α and z > 0, the consequence of considering contractile
forces in Fig. 5 is straightforward. In contractile active
nematics, +1/2 defects move in the opposite direction
compared to in extensile activity and the same is to be
expected of our Janus colloid. Thus, the situation for
which the colloid moves towards or away from the com-
panion defect is flipped. The ultimate effect is simply
that Fig. 5(a) and Fig. 5(b) are exchanged for a contrac-
tile activity.

Interestingly, the effective potential for the defect on
the homeotropic pole (φ′D = π/2) is very similar to
the one discussed in Ref. [59], in that the negative lin-
ear potential creates a local maximum or energy bar-
rier which the defect can overcome through noise and
thus unbind from the colloid. However, in contrast to
Ref. [59], our colloid has a divergent short-range repul-
sion, which creates an additional possibility: For a suf-
ficiently large activity the effective potential no longer
possesses a local minimum (i.e., the energy barrier com-
pletely disappears), becoming effectively completely re-
pulsive (Fig. 5(a); z = {0.76, 0.9}). As a consequence,
the defect will spontaneously unbind from the colloid,
even in the absence of noise. The critical activity neces-
sary for such unbinding to occur gives a zc between 0.3
and 1 as a function of transition zone width δ (Fig. 5(d)).
The critical activity number zc corresponds to an active
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FIG. 6. Effective potential (δVeff(rs) = Veff(rs, φ
′
D) −

Veff(φ′D = π/2)) along the curve of stationary radii for dif-
ferent angular widths of the transition zone (δ). Notice how
the energy barriers get shallower and narrow as δ increases.

length `a comparable to the colloidal diameter when the
drag coefficients γc and γD are taken to be similar. Thus,
defect unbinding is a high activity phenomena.

At high values of activity, many of the approximations
we have assumed are no longer valid such that the cou-
pling of the nematic with the flow cannot be disregarded
and the length scales at which we can assume the nematic
to be aligned become comparable with the size of the col-
loid. Although we don’t expect our analytical results to
hold in such a high-activity regime, we note that the first
three terms of the effective colloid-defect potential do not
depend on the nematic global orientation and are suffi-
cient to create the repulsive potential at high activity.
As such, we can expect this phenomenological prediction
to persist; if not quantitatively, at least qualitatively. To
test this, future work will require full dynamical simula-
tions of both the colloid and the active nematic.

In the small activity limit, in which `a � R0, or
for a large discrepancy between the defect and colloidal
drag coefficients, the defect should remain attached to
the colloid, wiggling in the vicinity of a slightly per-
turbed lemon shaped “orbit”, such as the ones in Fig. 3.
Although the probability of unbinding through noise is
not zero, it is exponentially small, and thus likely to be
rare. As such, colloid and defect remain close to each
other, enacting strong orientational effects on one an-
other. In particular, we saw in the previous section that
the colloid propulsion is parallel to p̂ in the colloid ref-
erence frame. For an extensile system, its orientation is
θ′p = −π/2. Relative to the global nematic alignment, we
find θp = θ′p + φc = −φD. As such, the direction of self-
propulsion is directly dictated by the angular position of
the companion defect.

However, not all angular positions have the same prob-
ability of being occupied. On the one hand, the free en-
ergy is minimum when the position vector of the compan-
ion defects lays at the middle of either the homeotropic
or planar regions. On the other hand, the maxima of

the free energy occurs when the position vector of the
companion defects lays along the equator of the colloid
(Fig. 6). As a result, the companion defect lies at one of
the poles of the colloid, although fluctuations may allow
it to jump the energy barrier. Such jump events would be
expected to sharply change the colloid’s direction of self-
propulsion. The height determines the resilience of the
colloid’s persistence to fluctuations. As the transition
zones become wider, the potential well becomes flatter
and, in the case in which the entire colloid is a transition
zone (i.e., δ → π/2), we observe a flat potential (Fig. 6).
The width of the potential well on the other hand, sets
how collimated the colloid trajectories are, i.e., how much
it deviates from travelling parallel or perpendicular to the
nematic director.

CONCLUSIONS

We have designed a 2D Janus boundary condition for a
colloidal particle, which becomes effectively self-propelled
when immersed in an active nematic. This boundary con-
dition sets homeotropic anchoring on the surface of one
semicircle and planar anchoring on the opposite one, with
a continuous transition zone at the equator. This bound-
ary condition amounts to a net effective +1/2 topological
charge. Moreover, balancing the total stress and traction
on the colloid surface reveals a non-zero net force caused
by the fluid activity, which propels the colloid forward.
Conservation of topological charge induces a companion
passive −1/2 defect. We analytically solve the nematic
field for an arbitrary position of this companion defect
and calculate its interaction energy with the colloid.

Moreover, we show the angular positions of this com-
panion defect and orientation of the colloid are linked in
a one-to-one relationship. This prediction relies on an
adiabatic approximation in which the nematic’s director
and flows relax infinitely fast. However, we also show that
the transition zones at the equator of the colloid have an
effective topological charge density which induce an en-
ergy landscape for the position of the companion defect,
with valleys at the poles and peaks at the equator. As
a result, the defect tends to sit near one of the colloid
poles, which results in the colloid orientation pointing
either along the far-field nematic director or perpendic-
ular to it. In the small activity regime, this leads to an
anisotropic run-and-tumble-type process.

The colloid’s propulsive force further affects the sep-
aration between colloid and defect, breaking the sym-
metry between homeotropic and planar sides (closer at
the planar side, further away on the homeotropic side).
In the high activity regime, the colloid-defect interaction
becomes fully repulsive on the homeotropic side, leading
to spontaneous unbinding of the companion defect. Al-
though in such high activity regime the nematic would be
highly turbulent, we expect this phenomena to persist,
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leading to potentially interesting dynamics. We hope
this work will serve to motivate research on predefined
nematic anchoring as a method of self-propulsion in ac-
tive fluids. Similarly, we hope that it can also shed light
in how to extract work from active nematics, as well as
introduce a new playground for collective phenomena.
For example, as these colloids are topologically charged
they exert long-range elasticity mediated dipolar interac-
tions which, similar to motile disclinations [59], can lead
to flocking. Furthermore, combining these systems with
light activated molecular motors [51] opens the door to
activity gradients and possible control of colloidal self-
propulsion.
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FIG. 7. (a) Non-periodic boundary conditions for an isolated colloid. Because of its topological charge, θ must jump by π at
some arbitrary radial line, (b) solution for the nematic director anchoring to the Janus colloid with its prescribed anchoring,
(c) same as in (b) but from further away; at long length-scales the colloid appears exactly as a +1/2 defect, and (d) boundary
conditions for a Janus colloid immersed in an ordered nematic. Conservation of topological charge implies the presence of a
−1/2 defect, which lies at a radial distance RD from the colloid. For r < RD, θ must jump by π at a line whose polar angle sets
the position of the defect. For r > RD the solution must be periodic. The remaining conditions are continuity and smoothness
of θ at RD.

Appendix A: Director Field Solution

We focus first on the case of a Janus colloid immersed
on a free nematic crystal. As described on the main text,
we work in the strong anchoring condition in which the
preferred colloid anchoring, Eq. (4) becomes a boundary
condition for the nematic. Because this boundary con-
dition rotates the nematic around the colloid by π, the
colloid has an effective 1/2 topological charge, which en-
tails that after a full rotation around the colloid, θ must
jump by θ. Notice that this differs from the traditional
boundary condition for the Laplace equation in polar co-
ordinates which demands periodicity on the polar angle.
Here, in contrast, we must have an arbitrary line, defined
by φ′0, along which we have this discontinuity in θ, i.e.,
θ(φ′0−) = θ(φ′0−) + π, see Fig. 7(a). Notice that a par-
ticular solution that satisfies this boundary condition is
θ = φ′/2−πΘ(φ′−φ0)+f(r, φ′), where f(r, φ′) is a peri-
odic harmonic function in φ, whose role is to make sure θ
satisfies the anchoring condition at the colloid’s surface.
Since θ must not diverge as we r →∞, then f(r, φ′) must
take the form f =

∑∞
n=0(an sin(nφ′) + bn cos(nφ′))r−n.

By demanding θ(R0, φ
′) = θBC(φ′) we then obtain the

solution

θ(r, φ′) =
1

2

(
φ′ +

π

2

)
− πΘ(φ′ − φ0)

−
∞∑
n=1

(1 + (−1)n) sin(nδ) sin(nφ′)

2δn2

(
R0

r

)n
.

(18)

This solution is displayed on Figs. 7(b) and (c), which
show, respectively, how the nematic follows the pre-
scribed anchoring and how, looked from afar, the colloid
behaves as a +1/2 topological defect.

Next, we discuss the case of a Janus colloid immersed
on an ordered nematic, i.e., a nematic that, without loss
of generality, satisfies the following asymptotic condition

in the lab reference frame θ(r → ∞) = 0. For sim-
plicity, we work in the reference frame of the colloid in
which the homeotropic semicircle (red) points towards
the y axis (Fig. 8). In this reference frame, denoted by
primed coordinates, the asymptotic condition becomes
simply θ′(r →∞) = θ0, for some constant θ0. In order to
go back to the lab frame, we simply rotate the solution by
−θ0. Fig. 8 presents for a diagram of the frame transfor-
mation. More importantly, imposing an ordered nematic
far way from the colloid implies that the net topological
charge in the system must be zero. However, because we
know that the colloid itself has topological charge +1/2,
this necessarily implies that there must be a companion
−1/2 defect somewhere in the system, say at a radial dis-
tance RD and a polar angle φD. This naturally divides
our system into two regions, see Fig. 7(d). On the one
hand, for R0 ≤ r < RD we have a situation very similar
to the colloid in the free nematic: Any rotation around
the colloid must lead to a jump in θ′ of −π. As such,
we use the same boundary condition as before with the
caveat that in this case φ′0 = φ′D. That is, the line that in
the previous case was arbitrary, in this case determines
the angular position of the defect. Therefore, we look for
a solution of the form θ′I(r, φ

′) = 1/2φ′ − πΘ(φ′ − φ′D) +∑∞
n=0(an sin(nφ′)rn + bn sin(nφ′)r−n + cn cos(nφ′)r−n +

dn cos(nφ′)r−n2), where now, because this region is fi-
nite, we also allow for positive powers of r. On the other
hand, for r > RD the total topological charge encir-
cled by a loop is zero, which implies that our solution
should be periodic in φ; i.e., θ′(r > RD, φ

′
D−) = θ′(r >

RD, φ
′
D+). As such, the solution in this region must have

the form θ′II(r, φ
′) =

∑∞
n=0(An sin(nφ)+Bn sin(nφ))r−n.

The coefficients in both θ′I and θ′II are obtained by
imposing the colloid anchoring (θ′I(R0, φ

′) = θBC(φ′)),
continuity (θ′I(RD, φ

′) = θ′II(RD, φ
′)) and smoothness

(∂rθ
′
I(r, φ

′)|r=RD
= ∂rθ

′
II(r, φ

′)|r=RD
). With this, we ob-

tain the solution
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FIG. 8. Relationship between the colloid frame and the lab frame: In the colloid frame, the colloid is always oriented with
the homeotropic (red) semi-circle pointing up. As such, the global orientation of the nematic, θ0, changes when we change the
position of the defect. Since in the lab frame the nematic is oriented along the horizontal, in order to change frames we just
need to rotate clock-wise by θ. This sets up the colloid orientation as φc = −θ0. Notice also how the angular position of the
defect changes between the two frames.

θ′I(r, φ
′) =

1

2

(
φ′ +

π

2

)
− πΘ(φ′ − φ′D)

−
∞∑
n=1

[
(1 + (−1)n sin(nδ) sin(nφ′)

2δn2

(
R0

r

)n
+

sin(n(φ′ − φ′D))

2n

{(
R2

0

RDr

)n
−
(

r

RD

)n}]
,

(19)

θ′II(r, φ
′) =

1

4
(2φ′D − π)

−
∞∑
n=1

[
(1 + (−1)n sin(nδ) sin(nφ′)

2δn2

(
R0

r

)n
+

sin(n(φ′ − φ′D))

2n

{(
R2

0

RDr

)n
+

(
RD
r

)n}]
.

(20)

The above solution determines that θ0 = (2φ′D − π)/4
and thus that the orientation of the colloid is given by
φc = −θ0. Rotating by −θ0, i.e., θ(r, φ) = θ′(r, φ+ θ0)−
θ0, finally leads us to the expression in the main text,
Eqs. (5-6).

Appendix B: Computation of Free Energy

In this section we compute the free energy of the sys-
tem for a defect at RD, φD using Eq. 1. Throughout
this entire section, all coordinates are with respect to
the colloid’s reference frame: For simplicity we drop the
primes. Notice that this computation requires some care,
as the presence of the companion defect makes the inte-
gral divergent. As such, we must first regularize and then
renormalize this expression. To do the former, we con-

strain the region of integration by excluding an annulus
of inner radius RD − ε and outer radius RD + ε centered
in the colloid. This allows us to approach the defect in a
controlled way by taking the limit ε→ 0. In addition, we
also exclude the line joining the colloid with the defect,
taking out a sector of width h, after which we take the
limit h → 0. In practical terms, this amounts to ignore
the squared of the derivative of the Heaviside function
inside θI , which is not defined. See Fig. 9 for a depiction
of the region of integration.

By performing the integral in the regularized domain

, using that Lis(z) =
∑∞
k=1

zk

ks , where Lis(z) is the poly-
logarithm or order z, and taking the limit ε/RD � 1 we
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obtain that

2F
πK

=− ln(2)

2
− 1

2
ln

(
ε

R0

)
+ ln(ρ)− 1

2
ln

(
1− 1

ρ2

)
+

1

4δ
Im

[
Li2

(
e2i(φD+δ)

ρ2

)
− Li2

(
e2i(φD−δ)

ρ2

)]
+

1

16δ2
Re
[
Li3(e4iδ)− ζ(3)

]
,

(21)

which has allowed us to isolate the divergent part of
the integral in the ln(ε/R0) term. We now proceed to
renormalize by subtracting the bare energy 2F0/(πK) =
− ln(2)/2 − ln(ε/R0)/2 + Re[Li3(e4iδ) − ζ(3)]/(16δ2),
which leads to the expression on the main text, Eq. (7).

Finally, in order to go from Eq. (7) to Eq. (8), we use
the identity

Li2(a) =

∫ a

0

dt
ln(1− t)

t
. (22)

We then change the variable of integration to β, defined
via t = e2i(φD+β)/ρ2 , to find

FIG. 9. Magnitude of the propulsive force as a function of δ.
The magnitude is an increasing function of δ, growing linearly
at first, then saturating and reaching a plateau near δ = π/2.

Li2

(
e2i(φD+δ)

ρ2

)
− Li2

(
e2i(φD−δ)

ρ2

)
= −2i

∫ δ

−δ
dβ ln

(
1− e2i(φD+β)

ρ2

)
= −2i

(∫ δ

−δ
dβ ln

[
1− ei(φD−β)

ρ

]
+

∫ π+δ

π−δ
dβ ln

[
1− ei(φD−β)

ρ

])
,

(23)

from which Eq. (8) naturally follows.

Appendix C: Neglecting hydrodynamic stresses and
pressure

In the main text, leading up to Eq. (12), we neglected
all hydrodynamic stresses, effectively considering over-
damped active stresses. In this limit, the viscous and
passive nematohydrodynamic stresses can be neglected
in the limit of a vanishingly small hydrodynamic length
`H . Yet, the hydrostatic pressure may not be necessar-
ily small; however, we demonstrate here that it is indeed
negligible.

The passive pressure P contributes to the force on the
colloid

FP = −R0

∫ 2π

0

dφ′L P (φ′L)r̂. (24)

Unfortunately, the pressure contribution cannot be ob-
tained analytically. To numerically estimate the pres-
sure, we write the relevant Stokes equation for the fluid

velocity

− γv −∇P − α∇ ·Q = 0, (25)

which is complemented by the incompressibility condi-
tion ∇ ·v = 0. Using incompressibility in Eq. (25), leads
to

∇2P = −α∇∇ : Q. (26)

The boundary condition associated to this equation
comes from demanding an impenetrable colloid, i.e.,
r̂ ·v = 0. This leads us to the following Neumann bound-
ary condition for the pressure

r̂ · ∇P = −α r̂ · (∇ ·Q). (27)

We solve Eqs. (26) and (27) using finite elements [60, 61]
and use the solution in Eq. (24) to obtain an estimate for
FP . The results show that, although this force is different
from zero, it is much smaller than the active contribution
as it satisfies |FP |/|FA| ∼ 10−2, allowing us to neglect it.
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