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ABSTRACT
While the behavior of active colloidal molecules is well studied now for constant activity, the effect of activity gradients is much less under-
stood. Here, we explore one of the simplest molecules in activity gradients, namely active chiral dimers composed of two particles with
opposite active torques of the same magnitude. We show analytically that with increasing torque, the dimer switches its behavior from
antichemotactic to chemotactic. The origin of the emergent chemotaxis is the cooperative exploration of an activity gradient by the two
particles. While one of the particles moves into higher activity regions, the other moves towards lower activity regions, resulting in a net bias
in the direction of higher activity. We do a comparative study of chiral active particles with charged Brownian particles under a magnetic field
and show that despite the fundamental similarity in terms of their odd-diffusive behavior, their dynamics and chemotactic behavior are gener-
ally not equivalent. We demonstrate this explicitly in a dimer composed of oppositely charged active particles, which remains antichemotactic
to any magnetic field.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0109817

I. INTRODUCTION

Living matter at the micron scale is able to perform a wide
variety of complex motions and behaviors; see e.g., Refs. 1 and 2.
This requires sensing chemical and structural properties of the
environment, processing this information by complex biochemical
networks, and adapting behavior accordingly.3–5 For example,
the bacterium E. coli measures the local nutrient concentration
while it swims and compares that with the concentration in the
past. If the current concentration is getting lower (higher), it
increases (decreases) its tumble rate. This strategy results in chemo-
taxis, i.e., preferential accumulation in regions where the nutrient
concentration is high.6,7

Active particles are regarded as the simplest models for motil-
ity in living systems. While they share the essential features, namely
self-propulsion and persistence, with the bacteria, their response
to local fuel concentration is rather simple; they merely adjust the
speed in proportion to the local fuel concentration,8–12 a mecha-
nism known as orthokinesis.13 As a consequence, active particles
subjected to fuel gradients preferentially accumulate in regions

where the fuel concentration is low.14,15 Nevertheless, the ability
to steer active particles towards the correct target zone—artificial
chemotaxis—remains a highly sought property of synthetic active
matter. While this has been demonstrated experimentally via elabo-
rate feedback mechanisms,16–18 where an external stimulus is applied
to the particle as a function of its state (position and orientation),
the continuous monitoring of the particle’s state might not always
be possible. Therefore, an autonomous approach where some form
of feedback emerges spontaneously is much more desirable and
can correctly steer the active particle towards the target without
requiring external stimuli.

Recently, we showed that chemotaxis can emerge in a system
of cargo carrying active particles.19 While active particles with light
cargo accumulate in regions of low activity, a crossover occurs with
increasing cargo such that the active-passive complex accumulates
in regions of high activity. For a heavy cargo, which moves much
more slowly than the active particle, the active particle performs
a local integration of the activity profile in the neighborhood of
the attached cargo, resulting in a net force towards the regions of
higher activity, giving rise to chemotactic behavior. Active particles
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connected in a chain to form polymers have recently received much
attention.20–25 We showed that active polymers are qualitatively sim-
ilar to a single active particle coupled to a passive cargo.19 While
short chains are antichemotactic, chains with four or more particles
exhibit chemotactic behavior.

In this paper, we extend the idea of emergent chemotaxis to
colloidal molecules made of active chiral particles (ACPs). Specifi-
cally, we consider a dimer composed of two active chiral particles
driven by opposite torques in an activity gradient (see schematic
in Fig. 1). With increasing torque, the active chiral dimer switches
its behavior from antichemotactic to chemotactic and accumulates
in regions of high activity. Unlike a single active particle, which
only performs chemokinesis,13 the preferential accumulation of
the dimer in the high or low activity regions can be regarded as
genuine chemotaxis. While the behavior of active colloidal
molecules is well understood for constant activity,26,27 the effect of
activity gradients is much less explored. Very recently, we studied
how a rigid dimer composed of two active particles with orienta-
tions fixed with respect to the connecting bond behaves in activity
gradients.28 In contrast, in an active chiral dimer, the orienta-
tions of the two particles evolve freely due to the thermal and
chiral torques.

Active chiral particles exhibit odd-diffusive motion on time
scales greater than the persistence time.29 The diffusion tensor that
characterizes the overdamped motion contains both a symmetric
and an antisymmetric part. Both passive and self-propelled charged
Brownian particles also perform odd-diffusive motion under the
effect of the Lorentz force.30–34 While active chiral particles rotate

FIG. 1. Dimers in activity gradients. In the upper panel, both particles experi-
ence homogeneous torques in the direction perpendicular to the plane of motion,
giving rise to their chiral motion (curved arrows). When the active torque is small,
the dimer accumulates in the region of low activity (antichemotactic). Beyond a
threshold of active torque, the dimer switches its tactic behavior, i.e., it accumulates
in the region of high activity. The lower panel shows a dimer composed of oppo-
sitely charged particles. While the particles experience an active force, there is no
active torque acting on them. Instead, the dimer is subjected to a homogeneous
external magnetic field. The charged active dimer always shows antichemotac-
tic behavior, i.e., unlike its torque-driven counterpart, there is no magnetic field
governed crossover in its tactic behavior.

due to the microscopic active torque, in the case of charged
particles under a magnetic field, a certain handedness is intro-
duced by the Lorentz force. At a coarse-grained level, where one
integrates out the orientational degree of freedom, the two sys-
tems present many similarities. One can even map the two model
systems for homogeneous magnetic fields, activity, and torque.
However, as expected, the mapping does not hold in general. We
show this explicitly by analyzing their chemotactic behavior: a dimer
composed of oppositely charged active particles always accumu-
lates in the regions of low activity independently of the applied
magnetic field.

This paper is organized as follows: In Sec. II, we present our
model of a dimer composed of two active chiral particles driven by
opposite torques of the same magnitude. We derive a coarse-grained
Fokker–Planck equation from which we obtain an analytical predic-
tion for the density distribution of the dimer. In Sec. III, inspired by
the similarity between an ACP and a charged self-propelled particle
subjected to Lorentz force in terms of their odd diffusive behavior,
we construct a dimer of these active charged particles and show that,
unlike a dimer of ACPs with opposite torques, there is no magnetic
field governed crossover in the tactic behavior. Finally, in Sec. IV,
we discuss possible experimental realizations and present a brief
outlook for future work.

II. DIMER OF ACTIVE CHIRAL PARTICLES
We consider a two-dimensional system of a dimer composed

of two active chiral particles interacting via an attractive poten-
tial U(r) (e.g., a spring or a rigid rod). In addition to (ther-
mal) rotational diffusion, both particles experience homogeneous
torques in the direction perpendicular to the plane of motion,
giving rise to their chiral motion. We restrict our analysis to oppo-
site torques (ω,−ω) on the two active particles. The overdamped
dynamics of the system is governed by the following Langevin
equations:35

dr1

dt
= −

1
γ
∇1U(r1 − r2) + va(r1)p1 +

√
2DTξ1(t),

dr2

dt
= +

1
γ
∇1U(r1 − r2) + va(r2)p2 +

√
2DTξ2(t),

dθ1

dt
= +ω +

√
2DRη1(t),

dθ2

dt
= −ω +

√
2DRη2(t),

(1)

where pi = (cos(θi), sin(θi)) are the orientation vectors and
ξ1(t), ξ2(t), η1(t), η2(t) are independent random Gaussian vectors
with the following statistical properties:

⟨ξ1(t)⟩ = ⟨ξ2(t)⟩ = ⟨η(t)⟩ = 0,

⟨ξ1(t)ξ
T
1 (s)⟩ = ⟨ξ2(t)ξ

T
2 (s)⟩ = 1δ(t − s),

⟨η1(t)η1(s)⟩ = ⟨η2(t)η2(s)⟩ = δ(t − s).

(2)

The two ACPs composing the dimer have the same fric-
tion coefficient γ, translational diffusion coefficient DT =

kBT
γ and

rotational diffusion coefficient DR. In our model, the rotational
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diffusion coefficient is a free parameter.36–38 The two ACPs are
self-propelled along the direction given by their orientation vec-
tors (p1, p2) with an intensity set by the activity function va(r),
which we assume being positively correlated with a local fuel con-
centration. The additional torque acting on each particle produces
a systematic rotation of the orientation vector around the fixed
z-axis. Note that we do not take into account the torque on the two
active particles due to the activity gradient because this depends on
the specific self-propulsion mechanism.39,40 However, this torque
can be included in the analysis presented here. We also ignore the

hydrodynamic interaction between the two particles and their effect
on self-propulsion.41–44

The relative importance of the deterministic and stochastic
contributions to the pi (or θi) dynamics plays a crucial role in deter-
mining the behavior of our system, as shown in the following. Since
we are interested in where dimers accumulate at steady state, we aim
to find an expression for the coarse-grained density as a function
of the dimer’s center of mass only. After rewriting the dynamics in
terms of the collective coordinate R = r1+r2

2 and the inner coordinate
r = r1 − r2, the related Fokker–Planck equation reads as

∂tP(R, r, θ1, θ2, t) = −∇R ⋅ [
1
2
va(R +

r
2
)p1P] −∇R ⋅ [

1
2
va(R −

r
2
)p2P −

DT

2
∇RP] −∇r ⋅ [

2
γ

FP]

−∇r ⋅ [va(R +
r
2
)p1P − va(R −

r
2
)p2P − 2DT∇rP] −

∂

∂θ1
[ωP −DR

∂P
∂θ1
] −

∂

∂θ2
[−ωP −DR

∂P
∂θ2
]. (3)

One can now proceed by expanding the joint probability dis-
tribution P(R, r, θ1, θ2, t) into the eigenfunctions of the operator
R̂2
= ∂2

∂θ2
1
+ ∂2

∂θ2
2
. This angular multipole expansion leads to the

following expression:

P(R, r, θ1, θ2, t) =
1

Ω2
2
[ϕ + σ1 ⋅ p1 + σ2 ⋅ p2 + σ

1,2
: p1p2

+ w
1

: (p1p1 −
1
2
) +w

2
: (p2p2 −

1
2
) + ⋅ ⋅ ⋅ ].

(4)

A hierarchy of equations for the coefficients
(ϕ, σ1, σ2, σ

1,2
,w

1
,w

2
, . . .) can be obtained by projecting the

FPE onto their relative eigenfunctions. We focus on the case where
the activity function is slowly varying in space. This small gradient
assumption allows us to decouple the equations for the various
coefficients in the hierarchy and to find an effective equation for the
coarse grained density,

ρ(R) = ∫ dr ϕ(R, r). (5)

Details of the coarse graining procedure and the calculation of the
steady-state properties are shown in the supplementary material,
Sec. S1.

In particular, when the attractive interaction corresponds to
a spring with zero rest length, i.e., U(r) = k

2 r2, the coarse grained
density, ρ(R), satisfies the following Fokker–Planck equation:

∂tρ(R) = −∇R ⋅ [V(R)ρ(R) −D(R)∇Rρ(R)],

D(R) =
1

1 +Ω2
v2

a(R)
4DR

+
DT

2
,

V(R) = −
1
2

ϵ∇RD(R),

(6)

where Ω = ω/DR. The parameter ϵ is defined in terms of dimension-
less parameters τ = γDR/2k and Ω as

ϵ =
(1 + (1 −Ω2

)τ)(1 +Ω2
)

(1 + (1 −Ω2)τ)2
+ (Ω(1 + 2τ))2

. (7)

Ω and τ express the active torque and the relaxation time of the
spring in units of the rotational diffusion time scale, D−1

R . Since the
drift and diffusion terms are related by a derivative relation, it is
possible to find an expression for the steady state density without
specifying the form of the activity landscape. By imposing a zero flux
condition along the direction in which activity varies, one obtains
the density

ρ(R)∝ [1 +
1

DT

1
1 +Ω2

v2
a(R)
2DR

]

−
1
2 ϵ

. (8)

In the absence of activity (va(R) = 0) the system reduces to a dimer
of passive Brownian particles, so we expect a standard diffusive
process and a flat distribution at steady state. Notice that if va(R)
= 0, translational and rotational degrees of freedom are decoupled,
and the particle’s orientation vector does not play any role in the
dynamics. In the case of spatially homogeneous activity, the sym-
metry of the system imposes a flat steady-state distribution again.
Indeed, the spatial dependence of ρ(R) in (8) is a consequence of
the broken spatial invariance due to the inhomogeneous activity
landscape.

For a generic spatially varying va(R), the way activity affects
the steady state density profile depends on the sign of ϵ, which
in turn is determined by the relative importance of the follow-
ing two terms: 1+ τ and Ω2τ. For a fixed spring relaxation time,
the competition between rotational diffusion and deterministic
active rotation of pi can lead to qualitatively different scenarios.
In particular, if 1 + τ > Ω2τ, the exponent ϵ is positive and the
density peaks in regions of lower activity. In the limiting case of
a vanishing active torque, the exponent ϵ→ 1/(1 + τ). Since the
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activity profile reflects the local fuel concentration, we refer to
this behavior as antichemotaxis. On the contrary, if 1 + τ < Ω2τ
dimers accumulate in high activity regions. In the limit of ω→∞,
the exponent ϵ→ −1/τ. We call this phenomenon chemotaxis.
The crossover between these two regimes occurs at the critical value,

Ωc =
ωc

DR
=

√
1 + τ

τ
, (9)

at which the steady state is characterized by a homogeneous den-
sity distribution. Figure 2 shows the stationary density distribution
of dimers for three different values of ω obtained from simulations
of Eq. (1). The theoretical predictions of Eq. (8) are in excellent
agreement with the simulations.

At this stage, the following question arises: what is the mech-
anism responsible for the emergence of a chemotactic phase and
why does it require torque values above a certain threshold? To start
addressing this point, we focus on the limiting case where the time
scale of rotational diffusion is much larger than the spring relaxation
time scale, i.e., τ ≪ 1 and that of the active torque, i.e., Ω≫ 1. We
qualitatively describe the emergence of the chemotactic phase pre-
dicted by the model in this regime (1 + τ ≪ Ω2τ) with the help of
a schematic representation of the dynamics shown in Fig. 3. Let us
consider a configuration of the dimer in which one of the particles’
orientation is in the direction of increasing activity, whereas that of
the other is in the direction of decreasing activity. In this configu-
ration, the dimer is typically stretched and experiences a translation
towards the higher activity region. Accordingly, the dimer climbs

up the activity gradient and the distance between the two parti-
cles increases. As the dimer climbs up, the orientations of the two
particles evolve due to the active torque such that after some time
(∼1/2ω) they point towards each other. In this configuration, the
dimer experiences a drift towards the low activity region. The dimer
thus climbs down the activity gradient; however, while the dimer
descends the activity gradient, the two particles approach each other
such that the net downward drift continuously decreases before the
two particles again point outward as in the initial configuration.
Overall, while climbing up, the dimer experiences larger translation
due to the two particles getting farther from each other than dur-
ing the climb down, when the two particles approach each other. In
a cycle of period 1/ω, the dimer performs a forward and backward
motion, with net drift towards the region of higher activities. We
based our reasoning on a particular initial configuration. In general,
if the rotational diffusion is negligible with respect to the determin-
istic torque, the mechanism will be somewhat different depending
on the initial configuration, but in no case will it bias the motion
toward regions of lower activity. Note that for biased movement
up to the activity gradient, only a sufficiently large active torque
is necessary. The underlying mechanism does not require tempo-
ral integration of the fuel concentration,7 memory,45 or an explicit
coupling between the orientation of the particles and the activity
gradients.40,46,47

The mechanism presented here relies on the changing dis-
tance between the two active particles. In the case of a rigid dimer
where the distance between the two particles is fixed, there is
no biased movement towards higher activity regions. We show
analytically in Sec. S1 of the supplementary material that for a

FIG. 2. Steady state density of dimers made by active chiral particles with opposite torque. All lengths and times are measured in units of l =
√

DT/DR and τr = 1/DR,
respectively. The numerical density estimation has been carried out by computing the histograms of the time series coming from simulations of the equations of motion
(simulation details can be found in Sec. S5 of the supplementary material). Both analytical (continuous line) and numerical (symbols) results have been obtained by
adopting periodic boundary conditions. The dashed red curve represents the activity profile, which in this case is homogeneous along y-direction and varying according
to va(x) = 10

√
10 sin( π

2L
x + π

2
) (in units of

√
DT DR) along the x-direction, with 2L the elementary cell size. Since the system is invariant to translations along the

y-direction, we report here the marginal distribution ρ(x) divided by the bulk density. The two figures are characterized by different spring relaxation time scales τ.
In particular, for higher stiffness, the density peak in the chemotactic regime is broader and the dimer is less localized. Simulations have been carried out with the
following parameters: Ω1 = 2 < Ωc , Ω2 = 4.58257 ≈ Ωc , Ω3 = 10 > Ωc , τ = 0.05 on the left panel, and Ω1 = 2 < Ωc , Ω2 = 10.05 ≈ Ωc , Ω3 = 15 > Ωc , τ = 0.01 on the
right panel.
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FIG. 3. Left: schematic representation of the mechanism leading to chemotaxis in the case of a dimer made by two active chiral particles with opposite and homogeneous
torque (red arrows). The cycle refers to the limiting case of a large time scale related to rotational diffusion compared to the ones of the active torque and spring relaxation,
i.e., τ ≪ 1 and Ω≫ 1. The orientation vectors (green arrows) are typically opposite when the dimer is stretched (step 1). For this reason, the dimer experiences a
translation (orange arrows) in the direction of the activity gradient (black arrows). The evolution of the orientation vectors due to the active torque leads, after some time
∼1/2ω, to the configuration in step 3, where the system translates towards the low activity region. However, since the spring in step 3 is typically less extended than in
1, this downward drift is much smaller than the one experienced by the dimer in step 1. Overall, this asymmetry results in a biased motion toward high activity regions.
For a more detailed representation of the mechanism, see the supplementary material, Video 1. Right: stochastic trajectories obtained from simulations of the equations of
motion. Again, all lengths and times are measured in units of l =

√
DT/DR and τr = 1/DR, respectively. In contrast to the blue trajectory (Ω = 3 < Ωc ≃ 4.58257), where

the stochasticity due to rotational diffusion prevails on the deterministic rotation induced by the active torque, the green one (Ω = 20 > Ωc ≃ 4.58257) exhibits a directed
motion of the dimer’s center toward the region where the activity profile (red curve) is higher. This behavior can be regarded as genuine chemotaxis.

rigid dimer ϵ = 1/2. Thus, a rigid active chiral dimer always accu-
mulates in the low activity regions. This is in contrast to the
active-passive rigid dimers,19 where rigid dimers can also exhibit
chemotaxis.

Equation (9) defines the critical curve in the (Ω, τ) plane sep-
arating the chemotactic phase from the anti-chemotactic one (see
Fig. 4). It is interesting to consider the limit τ → 0, in which case
the critical torque scales as ωc ∼

√
kDR. For a fixed DR, the criti-

cal torque diverges in the limit of k→∞ implying that the dimer
preferentially accumulates in the low activity regions. This is indeed
expected as, in this case, the two particles are tightly bound to

each other, and therefore, the dimer is effectively reduced to a
single active particle, which shows antichemotactic behavior. Sim-
ilarly, for a fixed k, it is apparent that with increasing DR, one
requires an increasingly large active torque to induce chemotactic
behavior.

It is important to note that the collective coordinate, R, can
describe the location of the dimer only when the two particles stay
sufficiently close to each other. For small k, the activity gradients can
become large on the length scale of the distance between the two
particles. Our theory, based on the small-gradient approximation,
cannot describe such a situation.

FIG. 4. Left: ϵ as a function of Ω for different values of τ. For vanishing torque, the parameter ϵ→ 1
1+τ , whereas for large torque ϵ→ − 1

τ . With increasing active torque, a
dimer switches behavior from antichemotactic (ϵ > 0) to chemotactic ϵ < 0. Right: Phase diagram in (Ω, τ) plane. The blue critical curve separates the chemotactic from
the anti-chemotactic region. In particular, for small spring relaxation time, it is much harder for the dimer to switch its tactic behavior as the threshold torque tends to diverge.
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III. ODD DIFFUSION
In Sec. II, we demonstrated how two interacting self-propelled

particles driven by microscopic opposite torques can exhibit, for
sufficiently high torques, chemotactic behavior. The single com-
ponents of this molecule belong to a class of systems defined as
odd diffusive. This kind of system, usually characterized by a break
in time reversal and parity symmetry, has antisymmetric compo-
nents in the diffusion tensor and flows perpendicular to the density
gradient. Recently, the analysis of odd diffusive systems has attracted
a lot of attention for both equilibrium and out-of-equilibrium sys-
tems such as passive/active charged particles in a magnetic field,
see e.g., Refs. 30–33. In the case of charged self-propelled (active)
particles immersed in a magnetic field, rather than a microscopic
driving torque, it is the Lorentz force that induces a certain chirality.
Despite the different physical origins underlying their odd diffusive
behavior, both self-propelled particles (with torque induced chiral-
ity and Lorentz force induced chirality) are characterized by very
similar dynamics. This similarity can be better appreciated from a
comparison of their coarse-grained FPEs (derived in Secs. S2 and
S3 of the supplementary material), where one integrates out the
rotational degree of freedom. In particular, for a single ACP with
spatially homogeneous driving torque ω and an activity function vC
in d = 2, we have

∂tρ(r, t) = ∇r ⋅ [(
v2

C

2DR
M−1

+DT1)∇rρ(r, t)], (10)

with M = 1 + ω
DR

ε and ε the totally antisymmetric Levi-Cività tensor
in two dimensions. For a charged self-propelled particle immersed
in homogeneous magnetic field B and activity vB, we have instead

∂tρ(r, t) = ∇ ⋅ [(
v2

B

2DR

1
1 + κ2 1 +DTΓ−1

)∇ρ(r, t)], (11)

with γΓ = γ(1 − κε) the effective rank-2 friction tensor and κ = qB
γ .

The two equations present a similar structure, with both diffu-
sion tensors (expressions in round brackets) containing an anti-
symmetric component. They can even be equivalent if the following
relationships hold:

⎧⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎩

v2
C = −2DT

D2
R + ω2

1 + κ2
κ
ω

,

v2
B = 2DRDTκ(κ −

DR

ω
).

(12)

Given this intriguing similarity between the two systems, it is nat-
ural to wonder whether this extends to their chemotactic behavior.
In particular, can two self-propelled oppositely charged interacting
particles immersed in a magnetic field B = Bẑ cooperate in such a
way as to exhibit chemotaxis, similarly to what has been demon-
strated for a dimer composed of two active particles driven by
opposite microscopic torques?

We show below that, despite the suggestive similarity to active
chiral dimers, such charged dimers are always antichemotactic. To
prove that, we need to work out an expression for the steady state
density of the charged dimer. The derivation is similar to the one
outlined in Sec. II for a dimer composed of active particles driven by

a torque (for details, see Sec. S4 of the supplementary material) and
starts from the evolution of the joint probability density,

∂tP(r1, r2, θ1, θ2, t) = (L̂1 + L̂2 + L̂rot)P (13)

with

L̂1 = ∇r1 ⋅ [−Γ−1
+

(
1
γ

F + va(r1)p1 +DT∇r1)],

L̂2 = ∇r2 ⋅ [−Γ−1
−

(−
1
γ

F + va(r2)p2 +DT∇r2)],

L̂rot = DR(
∂2

∂θ2
1
+

∂2

∂θ2
2
).

(14)

The tensor Γ
±

has the same definition as Γ , with the additional sub-
script denoting the sign of the charge ±q, F is the force experienced
by the two monomers due to their attractive interaction, and va(r)
is the activity function. Rewriting (13) in terms of center-of-friction
R = 1

2(Γ+r1 + Γ
−

r2) and inner coordinate r = r1 − r2, and follow-
ing similar steps to the ones presented for an active chiral molecule
driven by opposite torques, we get a coarse-grained FPE analogous
to (6) with the following drift and diffusion terms:

D(R) =
v2

a(R)
4DR

+
DT

2
,

V(R) = −
1
2

ϵ∇RD(R).
(15)

The exponent ϵ is defined as

ϵ = [1 −
1 − κ2

1 + κ2 (1 −
1

1 + τ(1 + κ2)
)], (16)

and κ = qB/γ. By imposing again zero flux at steady state, the
following density profile can be easily derived:

ρ(R)∝ [1 +
1

DT

v2
a(R)
2DR

]

−
ϵ
2

. (17)

We note that the expressions (8) and (17) are equivalent when both
the magnetic field B and the torque ω are zero. Indeed, in this case
both systems reduce to a dimer of simple active Brownian particles
(ABPs). However, for generic non-zero values of B and ω, there is
a striking difference between the two systems to be noticed. In the
dimer of ACPs, it is possible to change the sign of ϵ by varying
the value of the torque ω. This allows the system to explore both
a chemotactic and an anti-chemotactic phase. Conversely, for the
active dimer immersed in a magnetic field, the value of ϵ is strictly
positive regardless of the intensity of B. This constraint prevents the
system from exhibiting a chemotactic phase.

IV. DISCUSSION
An active chiral particle preferentially accumulates in low

activity regions. However, when two such particles are connected to
each other with opposite chiralities, the resulting dimer can become
chemotactic with increasing active torque. Such an assembly of
active chiral particles might be possible using advanced fabrication
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techniques that have been used to assemble colloidal particles into
desired structures.48–53 However, at the colloidal scale, it might be
challenging to fabricate such dimers without affecting the rotation
of the individual chiral particles.

At the millimeter scale, our predictions could be tested in
vibrots that are miniature robots that convert vibrations into
rotational and translational motion.54–57 Vibrots with chiral leg con-
figurations can rotate in both senses and hence mimic active chiral
particles of opposite polarities.58 They can be connected to each
other without affecting their rotation.59 Activity gradients could be
realized in a vibrating plate via surface patterning, which modifies
the effective friction experienced by a vibrot.

Active chiral particles belong to a class of systems referred to
as odd-diffusive. In these systems, probability fluxes are not only
along the density gradients but also perpendicular to them.29,60,61

Odd-diffusive behavior is encoded in the diffusion tensor that has
an antisymmetric part [Eqs. (10) and (11)]. We showed that despite
sharing the property of odd-diffusion, the two systems, namely,
active chiral particles and Brownian particles under Lorentz force,
exhibit distinct dynamics such that one cannot be mapped to
another in general. We showed this explicitly in the context of the
tactic behavior of dimers. Another example concerns the dynam-
ics of charged Rouse dimers under a magnetic field. These dimers
exhibit strongly enhanced dynamics, even superballistic behavior,
when subjected to a uniform magnetic field.61 The enhancement
of dynamics predicted in charged Rouse dimers under a magnetic
field61 cannot be reproduced by dimers of active chiral particles. An
example where the mapping is valid concerns the enhancement of
self-diffusion due to interactions in odd-diffusive systems.60 This
theoretical prediction can indeed be tested experimentally using
active chiral particles.

Since we considered particles with opposite chiralities, the
dimer itself does not show odd-diffusive behavior. This is evident in
the scalar valued diffusion coefficient in Eq. (6). Additional work is
needed to characterize a dimer with arbitrary chiralities, which will,
in general, exhibit odd-diffusive behavior.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed derivation of the
results presented above.
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