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We perform dynamical simulations of a two-dimensional active nematic fluid in coexistence with
an isotropic fluid. Drops of active nematic become elongated, and an effective anchoring develops at
the nematic-isotropic interface. The activity also causes an undulatory instability of the interface.
This results in defects of positive topological charge being ejected into the nematic, leaving the
interface with a diffuse negative charge. Quenching the active lyotropic fluid results in a steady
state in which phase-separating domains are elongated and then torn apart by active stirring.

Many biophysical nematic systems, including microtubule bundles [1], cytoskeletal filaments ordered by
molecular motors in motility assays [2], actin filaments [3], cells [4, 5] and dense suspensions of microswimmers [6] are active, meaning that the constituent particles generate motion by dissipating chemical energy, for
example from adenosine tirphosphate [7, 8]. This motion collectively manifests itself as a stress that keeps the
system out of equilibrium. Active nematics exhibit rich
pattern formation [9–11] and collective motion [12].
Almost all studies of active nematics thus far have concentrated on bulk systems. However there are many examples where active material coexists with an isotropic
fluid. These include active droplets [1, 12–14], biofilms,
bacterial colonies and bacterial carpets [15–17]. Existing
studies include spontaneous division and motility of active nematic droplets through self generated flows [13].
However, we are not aware of research reporting the
phase separation of active fluids nor the role of topological defects in lyotropic active nematics.
Therefore in this Letter we describe the behaviour of
active nematic - isotropic mixtures. We show that active
forces lead to nematic anchoring at the interface, as observed in growing bacterial colonies [18, 19]. Moreover,
active forces elongate nematic domains in the direction
parallel (perpendicular) to the director field for extensile
(contractile) systems. The elongated domains are torn
apart by hydrodynamic instabilites, which balance the
tendency to phase ordering, forming a dynamic steady
state with characteristic length scales. Furthermore, we
find that defect formation is dominated by the ejection of
point defects with topological charge +1/2 from the interface, leaving the interface itself with a negative topological charge.
The nematic order of the fluid is described by a symmetric, traceless tensor Q [20]. We assume that the director always remains within the plane of the system so
Qαβ = S (2nα nβ − δαβ ) is two-dimensional, with n the
director and S the magnitude of the order. The active
nematic fluid is mixed with an isotropic fluid, and the
amount of each is conserved. We use a scalar parameter

φ to measure the relative density of each at a given point.
The free energy of the system is
Z
F = (f (Q, ∇Q, φ, ∇φ) − µφ) d2 r,
(1)
with
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where A, C, K and L are positive constants. The first
term in f is the bulk energy of the binary fluid [21, 22],
which has two equilibria at φ = 0, 1. The second term
is the bulk energy of the liquid crystal [20], and here it
couples S to φ. We note that Qαβ Qαβ = 2S 2 , and thus
isotropic order is favoured in regions where φ = 0, while
nematic ordering with S = Snem is favoured where φ =
1. This biphasic bulk energy permits a diffuse interface
when combined with the third and fourth terms, which
penalise gradients in φ and Q respectively [22, 23]. Both
terms contribute to the surface tension of this interface,
and the fourth term also provides the nematic elasticity
in the bulk. µ is a Lagrange multiplier that conserves the
integrated value of φ.
The order parameters φ and Q evolve according to the
convection-diffusion equations [24, 25]
∂t φ + ∂β (φuβ ) = M ∇2 µ,

(4)

(∂t + uκ ∂κ ) Qαβ = −ζΣαβκλ Λκλ − Tαβκλ Ωκλ + ΓHαβ .
(5)
On the rhs of Eq. (5) the first two terms form the upper
convected derivative, which accounts for the rotation of
the nematic under shear. ζ is the tumbling parameter
and
Λαβ =

1
2

(∂β uα + ∂α uβ ) , Ωαβ =

1
2

(∂β uα − ∂α uβ ) ,

−1
Snem
Qαβ Qκλ

Σαβκλ =
− δακ (Qλβ + Snem δλβ )
− (Qαλ + Snem δαλ ) δκβ + δαβ (Qκλ + Snem δκλ ) ,
Tαβκλ = Qακ δβλ − δακ Qβλ .

(6)
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FIG. 1. Evolution with time of an initially circular drop of
extensile active fluid. The nematic phase is white, and the
isotropic phase is blue. The black lines show the scaled director Sn.

alignment becomes predominantly parallel to the interface.
We emphasise that, while many models incorporate
anchoring (a preferred orientation of the director field)
at the interface via coupling terms in the free energy [23, 29, 30], such terms are not included in Eqn. (2).
Thus, our system does not exhibit any anchoring of thermodynamic origin (in contrast to the active drops in
[13]). Rather, the active stresses alone generate a preferential orientation - a phenomenon that we shall therefore
term ‘active anchoring’. From Eq. (9), we identify the active force density as ∇·(−χQ). Denoting the unit normal
to the interface (pointing out of the nematic region) as
m, the force density is
Factive = χ{|∇S| (2(m.n)n − m)
− 2S (n(∇.n) + (n.∇)n)} .

The final term describes the relaxation of Q to the minimum of the free energy:
Hαβ =

1
2

(δαβ δκλ − δακ δβλ − δαλ δβκ )



∂f
∂f
.
− ∂γ
×
∂Qκλ
∂(∂γ Qκλ )

(7)

The total density ρ and the velocity u obey
∂t ρ + ∂β (ρuβ ) = 0,

(8)

∂t (ρuα ) + ∂β (ρuα uβ ) = −buα + ∂β 2ρηΛαβ − p0 δαβ

+Παβ + {ζΣαβκλ + Tαβκλ } Hκλ − χQαβ ,(9)
where b is a drag coefficient accounting for friction from
the substrate. There are four passive contributions to the
stress on the rhs of Eq. (9). The first and second are the
usual Newtonian stress, with η the kinematic viscosity
and p0 = ρ/3 the isotropic pressure. The third and fourth
are elastic stresses, with
∂f
∂f
∂α φ −
∂α Qκλ .
∂(∂β φ)
∂(∂β Qκλ )
(10)
The final term is the active stress. χ is the strength of
activity, and a positive (negative) χ corresponds to an
extensile (contractile) material [26–28].
We solve the equations of motion using a hybrid lattice Boltzmann method. This involves solving Eqs. (4-5)
using finite difference methods, and Eqs. (8-9) using a
lattice Boltzmann algorithm [12, 26]. Parameters used
are Snem = 1, A = 0.08, C = 0.5, L = 0.005, K = 0.01,
Γ = 0.1, M = 0.1, η = 1/6, b = 0.1, ζ = 0.3 (tumbling
regime) and on average ρ = 40. For these parameters,
the characteristic interface width is ∼ 3 lattice spacings.
As a first illustration of the consequences of active
stress in a lyotropic nematic, we show, in Fig. 1, how
a circular, extensile, active drop evolves with time. The
drop extends parallel to the director field, and the surface
Παβ = (f − µφ)δαβ −

This active force has contributions from gradients in both
the nematic order and orientation. The latter may be
neglected if distortions in the director are small. In this
approximation, the components of Factive perpendicular
and parallel to the interface area are

F⊥active = χ|∇S| 2(m.n)2 − 1 ,
(12)
Fkactive = 2χ|∇S|(m.n)(l.n),



(11)

(13)

where l is the unit vector tangent to the interface. Both
components contribute to active anchoring, but in different ways. First we consider the normal force component.
From Eq. (12), we find that F⊥active = χ|∇S| where m
and n are parallel, and F⊥active = −χ|∇S| where they are
perpendicular. Thus, for extensile activity, the drop is
extended where the interfacial alignment is homeotropic,
and compressed where it is planar, causing an initially
circular drop to be stretched along the nematic director
as shown in Fig. 1. As a result, the director field is oriented parallel to the interface everywhere except at the
ends of the elongated structure. In the case of a contractile suspension, the forces are reversed, so that the
nematic drop extends perpendicular to the nematic director, corresponding to homeotropic active anchoring.
However, elongation is not the sole cause of active anchoring, as can be seen by considering the tangential
force, Eq. (13). When the director is oblique to the interface (i.e. neither homeotropic nor planar), Fkactive will
be nonzero, generating a flow along the interface. The
resulting velocity gradient between the interface and the
bulk nematic has a tendency to rotate the director (assuming the system is flow-tumbling), as dictated by the
convective terms of Eq. (5). In the extensile case, the
director is in stable equilibrium when planar to the interface, as illustrated schematically in Fig. 2(a). In the contractile case, the flow direction is reversed, rotating the
director towards the homeotropic configuration. Thus,
this rotation effect acts in accord with the elongation effect to produce the active anchoring.
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FIG. 2. (a) Schematic illustration showing the tangential
force and resulting flow field for different director orientations
(thick black lines) at the interface. (b) Schematic illustration
of the forces acting at a curved interface.

FIG. 4. A typical configuration of the concentration φ and
the director in the steady state of a system with 50% nematic
and activity χ = 0.005. The rh panel is an enlargement of the
orange square.

off from the cusps and migrate into the nematic. This
is in contrast to bulk active nematics, where topological
defects of charge +1/2 and −1/2 are always produced
in pairs [1, 10, 11]. Here, we will need to characterise
topological charge in terms of a diffuse charge density,
instead of point charges. We thus define the topological
charge contained within a boundary loop ∂R.
I
1
(Qxα ∂β Qyα − Qyα ∂β Qxα ) drβ
(14)
m=
8π
∂R
which returns the standard definition [20] for S = 1.
Green’s theorem gives the corresponding charge density
as
q=

FIG. 3. Interface instability and defect formation in a stripe of
extensile active nematic, with time running from (a) to (d).
For panels (c) and (d), the rhs shows the charge density q,
with dark (light) shades corresponding to positive (negative)
charge. We omit charge density plots for (a) and (b) since
there is little separation of charge at these stages.

Planar anchoring can be observed in studies of growing
bacterial colonies [18, 19]. We conjecture that in such
systems, the division of bacteria along their long axis
provides an extensile stress and hence active anchoring
may provide an explanation for this behaviour.
In the last frame of Fig. 1, the well-known hydrodynamic instability of an extensile active nematic to a bend
deformation [7] is starting to develop. In a bulk system
this leads to active turbulence. To demonstrate its role
in the behaviour of a lyotropic active fluid, Fig. 3 shows
the time evolution of a stripe of extensile, active nematic.
The bend instability leads to pronounced undulations of
the stripe. Note the asymmetry between the rounded
convex (with respect to the nematic) sections of interface and the cusp-like concave sections.
In Fig. 3(d), topological defects of charge +1/2 pinch

1
4π

(∂x Qxα ∂y Qyα − ∂x Qyα ∂y Qxα ) .

(15)

Note that Eq. (15) predicts that curved interfaces in general have a charge density. Assuming the director takes
a constant orientation with respect to the interface, the
charge density is positive for concave and negative for
convex interfaces. However, it is apparent from Fig. 3(cd,rhs) that the charge is not symmetrically distributed:
the negative charge becomes widely spread over long regions of gentle curvature, while the positive charge is far
more concentrated at sharp cusps. Eventually the positive point defects are pinched off, leaving behind a net
negative charge at the interface.
To understand this asymmetry, we look again at
Eq. (11). Assuming active anchoring (i.e. n remains
perpendicular to m in the extensile case) and taking into
account gradients of n, the force is
F⊥active = χ {−|∇S| − 2Sm.(n.∇)n} .

(16)

The first term represents the force arising from the gradient in nematic order, which always acts inwards. The
second term may be of either sign depending on the position along the interface. As Fig. 2(b) illustrates, on the
concave parts of the interface −(n.∇)n is opposed to m
and therefore this force contribution is directed inwards,
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FIG. 5. Plots of the radial averages of the correlation functions ck (red circles) and c⊥ (blue squares) against radial distance d for 50% nematic mixtures with (a) χ = 0.005 (extensile) at the steady state, (b) χ = 0.0001 at the steady state,
and (c) χ = 0 (passive) at a point in time during the phase
separation process.

while at the convex parts, −(n.∇)n is aligned with m and
hence the force contribution is directed outwards. Thus,
in the concave parts, the two force contributions combine
to give a strong force that pulls the interface sharply inwards, while in the convex parts, the two contributions
are opposed so the resultant force is weak. For the case
of a contractile active nematic, the evolution of topological charge is the same because the change of sign of χ is
cancelled out by the change in active interface alignment
from planar to homeotropic.
When a uniformly mixed state of a lyotropic nematic
is quenched to below its ordering temperature, the free
energy in Eq. (1) drives it to phase-separate into nematic and isotropic regions. However, activity disrupts
and limits the phase ordering. Nematic regions are carried around by the flow, dynamically colliding, breaking
up, coalescing and being re-formed, and a steady state
is reached where the domains size saturates. This is illustrated in Fig. 4 where we show a typical configuration
for a system of size 480 × 480 (only a 240 × 240 portion
is shown) lattice spacings with periodic boundary conditions, activity χ = 0.005 and equal concentrations of
the isotropic and nematic phases. A movie showing the
evolution of the fields is available in the S.I. [31].
To quantify the characteristic domain size of the system, we construct correlation functions. The elongation
effect suggests that we need two such functions, separately measuring the correlations parallel and perpendicular to the director. To this end, we define,


1 X1
g(r, r + d) dˆα dˆβ Qαβ (r) + 1 , (17)
2
N r


1 X1
ˆα dˆβ ǫακ ǫβλ Qκλ (r) + 1
d
g(r,
r
+
d)
c⊥ (d) =
N r 2
ck (d) =

(18)
where r are the lattice nodes of the simulation, N is the
total number of nodes, d̂ is the unit vector along the
displacement vector d, and
g(r, r′ ) = (2φ(r) − 1) (2φ(r′ ) − 1) .

(19)

Radial averages of ck and c⊥ are plotted for an extensile system with activity χ = 0.005 in Fig. 5(a). ck

FIG. 6. Charge density q shown for a 275 × 275 area of the
simulation box for (a) 100% nematic with χ = 0.005, (b) 50%
nematic with χ = 0.005, (c) 50% nematic with χ = 0.

decays more slowly than c⊥ , which shows anticorrelations
at medium distances. This is in agreement with the elongated domains that we see in Fig. 4. Fig. 5(b) shows an
extensile system with weaker activity. The correlation
lengths are longer, indicating that the lower stirring of
the system allows for the formation of larger domains,
but the anisotropy remains. Fig. 5(c) compares a passive
system at a moment during the phase ordering process
confirming that there is no domain anisotropy relative to
the orientation of the director.
Another way in which the active lyotropic mixture is
distinguished from both the passive lyotropic mixture
and a pure active nematic is in the distribution of topological charge. In the case of a pure active nematic, with
no isotropic regions, topological charge evolves through
the creation and annihilation of pairs of +1/2 and −1/2
defects [10, 11]. This is shown in Fig. 6(a), where charge
is concentrated, with positive (dark) and negative (light)
point charges equally abundant. Fig. 6(b) shows a system with the same value of χ, but with 50% nematic. A
large number of positive point charges remain, but the
negative charge is predominantly smeared along the interfaces. For comparison, Fig. 6(c) shows that there is
little separation of charge in the case of a passive fluid
undergoing phase separation.
To summarise, we have shown that active stresses at
the interface between an active nematic and an isotropic
fluid lead to domain elongation, effective anchoring and
the asymmetric production of topological defects. Moreover, active stirring causes phase-separating mixtures
to reach a steady state characterised by finite domain
lengths. To assess the robustness of these results, in the
S.I. we present simulations for different system parameters, and find that the phenomena observed in Figs. 1
and 3 are qualitatively unchanged. We hope that our
predictions will help to motivate and explain experiments
on systems as diverse as bacterial colonies, crowded microswimmers and driven microtubule suspensions.
We thank Guillaume Duclos, Daniel J. Needleman,
David E. Nelson, Wilson C. K. Poon, Pascal Silberzan, Nuno M. Silvestre and Margarida M. Telo
da Gama for enlightening discussions.
M.L.B. acknowledges funding from the Portuguese Foundation
for Science and Technology (FCT) through grants

5
SFRH/BPD/73028/2010, EXCL/FIS-NAN/0083/2012
and PEst-OE/FIS/UI0618/2014. S.P.T. and J.M.Y.
acknowledge funding from the ERC Advanced Grant
MiCE.

[1] T. Sanchez, D. T. N. Chen, S. J. DeCamp, M. Heymann,
and Z. Dogic, Nature 491, 431 (2012).
[2] J. Kierfeld, K. Frentzel, P. Kraikivski, and R. Lipowsky,
Eur. Phys. J. Special Topics 157, 123 (2008).
[3] N. Chakrabarti and P. Das, J. Surface Sci. Technol. 23,
177 (2007).
[4] M. Poujade, E. Grasland-Mongrain, A. Hertzog,
J. Jouanneau, P. Chavrier, B. Ladoux, A. Buguin, and
P. Silberzan, PNAS 104, 15988 (2007).
[5] L. Petitjean, M. Reffay, E. Grasland-Mongrain, M. Poujade, B. Ladoux, A. Buguin, and P. Silberzan, Biophys.
J. 98, 1790 (2010).
[6] H. H. Wensink, J. Dunkel, S. Heidenreich, K. Drescher,
R. E. Goldstein, H. Lowen, and J. M. Yeomans, PNAS
109, 14308 (2012).
[7] S. Ramaswamy, Annu. Rev. Cond. Mat. Phys. 1, 323
(2010).
[8] M. C. Marchetti, J. F. Joanny, S. Ramaswamy, T. B.
Liverpool, J. Prost, M. Rao, and R. A. Simha, Rev.
Mod. Phys. 85, 1143 (2013).
[9] L. Giomi, L. Mahadevan, B. Chakraborty, and M. F.
Hagan, Nonlinearity 25, 2245 (2012).
[10] L. Giomi, M. J. Bowick, X. Ma, and M. C. Marchetti,
Phys. Rev. Lett. 110, 228101 (2013).
[11] S. P. Thampi, R. Golestanian, and J. M. Yeomans, Phys.
Rev. Lett. 111, 118101 (2013).
[12] E. Tjhung, D. Marenduzzo, and M. E. Cates, PNAS
109, 12381 (2012).
[13] L. Giomi and A. DeSimone, Phys. Rev. Lett. 112, 147802
(2014).
[14] J.-F. Joanny and S. Ramaswamy, J. Fluid Mech. 705, 46
(2012).
[15] J. N. Wilking, T. E. Angelini, A. Seminara, M. P. Brenner, and D. A. Weitz, MRS Bulletin 36, 385 (2011).
[16] D. Boyer, W. Mather, O. Mondragn-Palomino,
S. Orozco-Fuentes, T. Danino, J. Hasty, and L. S.
Tsimring, Phys. Biol. 8, 026008 (2011).
[17] N. Darnton, L. Turner, K. Breuer, and H. C. Berg, Biophys. J. 86, 1863 (2004).
[18] D. Volfson, S. Cookson, J. Hasty, and L. S. Tsimring,
PNAS 105, 15346 (2008) See Fig 1A.
[19] O. Hallatschek, P. Hersen, S. Ramanathan, and D. R.
Nelson, PNAS 104, 19926 (2007) See movie in S.I..
[20] P. G. de Gennes and J. Prost, The Physics of Liquid
Crystals (Oxford University Press, 1995).
[21] P. M. Chaikin and T. C. Lubensky, Principles of Condensed Matter Physics (Cambridge University Press,
2000).
[22] E. Orlandini, M. R. Swift, and J. M. Yeomans, Europhys.
Lett. 32, 463 (1995).
[23] N. Sulaiman, D. Marenduzzo, and J. M. Yeomans, Phys.
Rev. E 74, 041708 (2006).
[24] J. W. Cahn and J. E. Hilliard, J. Chem. Phys. 28, 258
(1958).

[25] A. N. Beris and B. J. Edwards, Thermodynamics of Flowing Systems (Oxford University Press, 1994).
[26] D. Marenduzzo, E. Orlandini, M. E. Cates, and J. M.
Yeomans, Phys. Rev. E 76, 031921 (2007).
[27] R. A. Simha and S. Ramaswamy, Phys. Rev. Lett. 89,
058101 (2002).
[28] R. Voituriez, J. F. Joanny, and J. Prost, Europhys. Lett.
70, 404 (2005).
[29] P. Patrı́cio, J. M. Romero-Enrique, N. M. Silvestre, N.
R. Bernardino, and M. M Telo da Gama, Molecular
Physics 109, 1067 (2011),.
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SUPPLEMENTARY INFORMATION

In the main paper we use a single set of simulation
parameters, namely Snem = 1, A = 0.08, C = 0.5,
L = 0.005, K = 0.01, Γ = 0.1, M = 0.1, η = 1/6,
b = 0.1, ζ = 0.3, ρ = 40 and χ = 0.005. Here we
consider the effect of changing some of these parameters.
The first variation we consider is a five-fold increase
in A and K to A = 0.4 and K = 0.05. This has the
effect of increasing the interfacial tension between the
two fluid phases while leaving the interfacial width
approximately unchanged. The second variation is a
ten-fold decrease in the mobility parameters, such that
Γ = 0.01 and M = 0.01. This slows down the rate of
approach to equilibrium, and hence weakens the role
of thermodynamics compared to flow. And third, we
consider removing the substrate friction by setting b = 0.
In figure S1, we compare, for the different parameters,
the evolution of an initially circular drop, as shown in
Fig. 1 of the main paper. Although there is variation in
the exact drop shape and the rate at which it evolves,
all four parameter sets show the same qualitative stages
of behaviour: elongation, active anchoring, and the
eventual undulatory instability.
In figure S2, we compare the evolution of an initially
straight stripe, as investigated in Fig. 3 of the main paper. Again, the four situations differ in the details; e.g. in
the high surface tension case the amplitude of the interface undulations is smaller and the point defects do not
have an isotropic core, while the frictionless case evolves
more quickly. But notwithstanding these differences, the
same qualitative stages are observed. The stripe undergoes a waving instability, in which the concave parts of
the interface form sharp cusps while the convex parts
gain only a small curvature. Finally, singular point defects, of charge +1/2, are emitted from the interface into
the bulk nematic.
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FIG. S1. Evolution in time of an initially circular drop of
extensile active fluid for the various parameter sets.
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FIG. S2. Evolution in time of a band of extensile active fluid
for the various parameter sets.

