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We derive a fully covariant theory of the hydrodynamics of nematic and polar active surfaces, subjected to
internal and external forces and torques. We study the symmetries of polar and nematic surfaces and find that in
addition to five different types of in-plane isotropic surfaces, polar and nematic surfaces can be classified into
five polar, two pseudopolar, five nematic and two pseudonematic types of surfaces. We give examples of physical
realisations of the different types of surfaces we have identified. We obtain expressions for the equilibrium
tensions, moments, and external forces and torques acting on a passive polar or nematic surface. We calculate
the entropy production rate using the framework of thermodynamics close to equilibrium and find constitutive
equations for polar and nematic active surfaces with different symmetries. We study the instabilities of a confined
flat planar-chiral polar active layer and of a confined deformable polar active surface with broken up-down

symmetry.
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I. INTRODUCTION

Living systems contain a rich repertoire of dazzling and
seemingly choreographed surface movements. These underlie
vital biological functions, ranging from the subcellular up
to the organ scale. Biological surfaces are frequently active,
being driven by chemical reactions at the microscopic level.
They usually also possess internal degrees of freedom corre-
sponding to in-plane order and that interplay with each other
over large scales, giving rise to self-organized behavior. For
example, self-generated flow and nematic reordering in the
actomyosin cortex drive cell surface deformations at the late
stage of cell division [1]. At a larger scale, morphogenetic
movements involve coherent flows in epithelia, thin tissues
that grow and deform to give shape to organs. The constituent
cells often carry an in-plane polarity that dynamically couples
to tissue flow to help establish patterns in the developing
organism [2].

At the root of cell and tissue surface mechanics is the
actomyosin cytoskeleton, a type of filamentous, soft active
material [3]. Theoretical descriptions of these active gels
have been successfully applied to a number of problems in-
volving three-dimensional active flows and nematic or polar
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reordering [4]. Yet, surface movements pose special theoreti-
cal difficulties owing to the geometric nonlinearities inherent
in them. Thus, transposing active gel physics from three to
two dimensions is a challenging problem.

A step in this direction was made in a recent paper estab-
lishing a theoretical framework for active isotropic surfaces
[5]. From the different types of broken symmetries compatible
with isotropic surfaces, generic relations were derived linking
the tensions and moments across a surface cut to variables
such as the local curvature, velocity field, and chemical ac-
tivity. This theory has been successfully used to describe
mechanochemical instabilities of isotropic active fluid sur-
faces [6,7]. This and other continuum theories have also been
used to address the deformations of epithelia, which have
distinct apical and basal interfaces and can therefore be seen
as surfaces with broken up-down symmetry [8—11]. Despite
these advances, understanding and systematically exploring
how in-plane order couples to surface deformation and activ-
ity is beyond the reach of current theories.

Numerous experimental observations have shown that bro-
ken symmetry variables play a key role in biological systems.
Nematic order has been observed to emerge in the cell cortex
[1,12], but polar order could also exist. Long-range coherent
patterns of cell planar polarity emerge during development
[13,14]. Epithelia cultured in vitro exhibit patterns of nematic
order when the individual cells are elongated [15]. Recent
experiments on reconstituted and in vivo systems have re-
vealed how activity and topological defects in the surface
nematic field can lead to dramatic surface shape changes [16].
Coupling between nematic ordering and flows and deforma-
tions have been shown to play a key role in epithelial tissues
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[17-20] and can even explain regeneration in Hydra [21].
Along these lines, coarse-grained simulations have recapit-
ulated many of these findings and have shed some light on
the basic physics [22,23]. Still, there is no comprehensive
continuum framework yet that can be used to predict how
in-plane polar or nematic order interacts with active surface
deformation and flow. We expect that an understanding of
these effects will have broad relevance, including in living sys-
tems and in designing engineered materials [24]. We propose
here to develop such a framework.

In this paper we derive a covariant theory for polar and
nematic surfaces, which are driven out of equilibrium by
chemical reactions. We classify these surfaces according to
their symmetries, and find seven polar surfaces and seven
nematic surfaces (Fig. 3, Sec. III). We calculate equilibrium
tensions and torques of a generic polar or nematic fluid
surface, and obtain the entropy production rate close to equi-
librium. We then obtain linear constitutive equations, out of
equilibrium, for the different classes of polar and nematic sur-
faces (Secs. V and VI). We then discuss flows and deformation
of a confined active polar film with broken planar-chiral or
up-down symmetry (Sec. VII).

II. TENSOR VARIATIONS

We start by introducing notations and differential operators
for vectors and tensors, which will be convenient in the next
sections. Notations for differential geometry are as in [25] and
are summarized in Appendix A. Briefly, we denote by latin
indices i, j the surface coordinates s!, s2. The position of the
surface in three-dimensions is denoted by a vector X(s', s?).
The tangent vectors to the surface are denoted e; = 9;X and
the unit normal vector n = e; x e;/|e; x e|. The velocity
field on the surface is denoted v. In the following we consider
polar and nematic surfaces, whose local order is described
respectively by a tangent polar vector p and a tangent symmet-
ric traceless tensor Q. To describe variations of vectors and
tensors on the surface, we introduce a corotational operator
for vectors and second-rank tensors varying together with
the shape X. For a given infinitesimal variation of the shape
dX, we denote an infinitesimal rotation by d¥ = %V x dX
[Eq. (B8)]. Similarly, we introduce the vorticity @ = %V X vV
associated to the surface velocity field v. The corotational
variation of a vector a or second-rank tensor B, not necessarily
tangent to the surface, is then denoted with a capital D, and the
corotational time derivative with a capital D;,

Da =da —d¥ x a, €))]
d
D,a:d—?—wxa, ()
DB =dB —d# x, B —d# x, B, 3)
dB
D,B:E—wxlB—szB, (€]

where the notation x; and X, indicates vector products
with the first and second members, respectively, of the dyad
forming B [Eq. (A2)]. The corotational operator D applied
to a vector/tensor describes the vector/tensor variation that
does not arise from rotation of the surface in which the
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FIG. 1. (a) In this paper, we consider active surfaces with a tan-
gent polar or nematic order. (b) The distribution of stresses within a
thin layer gives rise to tensions and torques acting within the surface,
when integrated across the thickness of the layer. (c) Internal and
external forces and torques act on a surface element with surface
area dS. (d) The order parameter changes in time and is transported
by the flow. Lagrangian time derivatives are taken by comparing the
order parameter at two times ¢ and ¢ + dt, following the flow of the
surface.

vector/tensor is embedded. In Egs. (2) and (4), the time deriva-
tives of vectors a and second-rank tensors B, da/df, and
dB/dt, are Lagrangian time derivatives and are taken follow-
ing the flow of material points on the surface [Fig. 1(d)]. In
the following, when considering time-dependent surface fields
and surface deformations, we adopt an Eulerian perspective
where the coordinates of the surface move along the normal
to the surface, but do not vary with the tangential flow. In that
case, for a vector field a(s!, s2, ¢) or a tensor field B(s!, 5%, 1)
(Appendix B 4),

da ;
a = B,a +v 8ia, (5)
dB .
a = 8[B + vl8,-B. (6)

To keep notations compact, it is useful to introduce a covari-
ant derivative operator, which returns the components of the
infinitesimal variations of a tangent vector or tensor. We there-
fore introduce the following notation for covariant variations
of a vector a and a second-rank tensor B:

Va' = (da) - €, (7)
Vd' = (d;a) ¢, ®)
i d_a .i

V,a—(dt> ) ©)
VBY = (dB) : (¢ ® &), (10)
ViBY = (3B) : (¢ ® e/), (11)
V.5 — <@> (@ ®e)) (12)

! dt ) ° ’
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which can be distinguished, e.g., from component variations
such as da' = d(a - €'). The operator V; is the standard co-
variant derivative with respect to the surface coordinates.
The operator V, takes the Lagrangian time derivative of
a vector or tensor and projects it on the surface tangent
directions.

The components of the corotational operator read for a
vector a or a second-rank tensor B,

= (Da) - €', (13)

D;d' = (D;a) - ¢, (14)
DB’ = (DB) : (¢ ® &), (15)
DB’ = (D;B): (e’ ®¢'). (16)

The operators V and D obey the product rule for deriva-
tives; e.g., D(a'b’) = (Dd))b’ + a'(Db’), and indices of
components of the operators V and D can be lowered or
raised with the metric; for instance Da; = (Da) - ¢; = g,;,-Daj
(Appendix A). These definitions can be generalized to higher-
order tensors, using generalized cross products between a
vector and a tensor defined in Eq. (A3).

III. SYMMETRIES OF POLAR AND NEMATIC SURFACES

In this section we discuss symmetries of possible phases
for nematic and polar surfaces. We present a classification of
surfaces according to how a surface element transforms under
mirror operations and rotations.

A. Symmetries, order parameters, and phases

To discuss surface symmetries, we first introduce the sig-
natures of scalars, vectors, and tensors under a change of
coordinates. We define the signature €} of a tensorial quantity
A, .i, on the surface under a 3D linear transformation T, such
that

Al =TT A s (17)

i.e., €] = =£1 is a factor that distinguishes a tensor from a
pseudotensor. A true tensor has €1 = 1 for all transformations
{T'}; a pseudotensor has ef = —1 for a subset of transfor-
mations {T'}. For a surface, the effect of a local change of
coordinates can be decomposed into a tangential and a normal
part,

T°° = T2’ 1", (18)

such that T?P corresponds to a change of coordinates (s', s?)
on the surface and T” is a change of coordinates perpendicular
to the surface. Vectorial and tensorial quantities on the surface
have their components transformed by T?P only.

The introduction of signatures of order parameters under
linear transformations is helpful for the following reason.
Scalar, tangent vectorial, and tangent tensorial order pa-
rameters can be introduced to characterise the statistical
distribution and symmetry properties of molecules within the
surface. Under 3D spatial linear transformations, molecules
within a surface element are modified and change their
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FIG. 2. Examples of signatures of scalar and vectorial order pa-
rameters under linear transformations [Eq. (17)]. As an example we
consider two transformations, a mirror operation with respect to the
tangent plane M, and a rotation by 7 around the x axis, R, [Fig. 3(a)].
For each transformation, the top schematic indicates how the surface
as a whole is modified by the transformation, and the order parameter
is redefined accordingly, while the lower schematic shows the order
parameter modified by the tangential part of the transformation. The
signature (+1 or —1 in the right-hand side) then indicates whether
the two redefined order parameters are the same (signature +1) or
not (signature —1). (a) A true tangent polar vector has signature
+1 under all transformations. (b) The up-down pseudoscalar €yp has
signature —1 under M, and R,. (c) epc corresponds to a direction of
rotation on the surface, and is invariant under M, but ahs signature
—1 under R,. (d) The pseudopolar order parameter pc has signature
—1 under a mirror symmetry, but signature +1 under R, .

position and orientation. Order parameters can then be re-
calculated to characterize this transformed state, according to
Eq. (17). The recalculated order parameters may not simply
correspond to a transformation of the original order parame-
ters by the tangential part of the linear transformation (Fig. 2);
i.e., order parameters do not necessarily behave as simple
scalar, vectorial, and tensorial quantities on the surface. In-
stead, they may acquire an additional sign change under a
subset of transformations. The corresponding set of signatures
allow to classify order parameters, as further described below.

B. Isotropic surfaces

We first briefly discuss isotropic surfaces, which were con-
sidered in Ref. [25]. For such a surface broken symmetries
are described by pseudoscalar fields. To classify possible
pseudoscalar fields, we consider their signatures under the
following set of transformations (Fig. 3): M,, (reflection op-
eration with respect to a plane tangent to the surface), M,
(reflection operation with respect to a plane normal to the
surface and containing the tangent vector t), R, (rotation by an
angle 7 around a tangent vector t), R, (rotation by an angle &
around the normal n), and 7 (full inversion of space). These
transformations verify the composition relations M,R, = I,
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FIG. 3. Classification of polar and nematic surfaces.
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(a) We consider changes in the surface state under up-down mirror symmetry M,,

mirror symmetry with respect to a plane perpendicular to the surface M,, up- down rotation symmetry of angle & R,, rotation by 7 around

the normal R,, and rotation by 7 /2 around the normal R2 Combinations of R2 with other symmetries are considered but not represented.
(b) Order parameters. We consider combinations of three pseudoscalar order parameters with polar or nematic order parameters tangent to
the surface. [(c),(d)] Polar surfaces can be classified in 7 types according to their symmetries : 5 polar surfaces and 2 pseudopolar surfaces.
[(e),(f)] Nematic surfaces can be categorised in 7 types according to their symmetries: 5 nematic surfaces and 2 pseudonematic surfaces. In
panels [(c)—(f)], schematics give examples of actual surfaces belonging to each category. Red and green letters indicate respectively broken
and preserved symmetries. The Schoenflies notation for the surface symmetry is given for each surface type. When relevant, we add a || or L
superscript to the standard Schoenflies notation to indicate if the rotation axis (or, for C; = Cyj, the normal to the mirror plane of symmetry, or

for Dyq and Sy, the axis of rotation-reflection) is tangent or perpendicular to the surface.
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TABLE 1. Table of signatures of surface pseudoscalars.

TABLE III. Signatures of polar and pseudopolar order parameters.

M, M, R, I R, M, M, R I R,
€up -1 1 -1 -1 1 p 1 1 1 1 1
éc -1 -1 1 -1 1 pw -1 1 -1 -1 1
€pc 1 -1 -1 1 1 Pc -1 -1 1 -1 1

Prc 1 -1 -1 1 1

MR, = M,,, and M,R, = M,. As aresult, a pseudoscalar field
must break none, or at least two, of the symmetries within
each set {M,, R,, I} and {M,, R,, M,,}. For instance, a field that
breaks the M, symmetry, but is invariant under R;, also breaks
the mirror symmetry M,,. Furthermore, a surface scalar field
must be invariant under R,. Taking these rules into account,
one can define three distinct types of scalar fields for a sur-
face that breaks various symmetries [25]. The signatures of
these three pseudoscalars, denoted eyp (for up-down broken
symmetry), €c (for chiral broken symmetry), and epc (for
planar-chiral broken symmetry) are given in Table I. These
pseudoscalars are order parameters that distinguish different
types, or phases, of isotropic surface. We note that the 2D
Levi-Civita tensor has the same signature as epc, correspond-
ing to a planar-chiral surface, while the 3D Levi-Civita tensor
has the same signature as €c, corresponding to a chiral surface.

By considering how pseudoscalar order parameters can
combine, we find five phases of isotropic surfaces, which
are listed in Table II. There, we also give the correspond-
ing Schoenflies notation [26], which describes the symmetry
properties of the corresponding phase, as well as the orien-
tation of the rotation axis relative to the tangent plane of the
surface. More complex surface phases can be characterized
by (pseudo)vectorial and (pseudo)tensorial order parameters,
as described further below.

C. Polar and pseudopolar surfaces

We now consider polar surfaces, that is, surfaces with a
broken rotational symmetry characterized by a tangent vector,
p- Such a vector transforms under a change of coordinates

TABLE II. Schoenflies notation, order parameters, and con-
served and broken symmetries for the 5 types of isotropic surfaces.
An “X” in the table stands for a broken symmetry and a “1” for a
conserved symmetry. Here, a broken symmetry is a transformation,
which changes the order parameter, which does not imply a signature
—1 of the order parameter for the transformation. The second column
refers to the orientation, with respect to the surface tangent plane,
of the main rotation axis (here leaving the system invariant by any
angle) associated to the symmetry group described by the Schoenflies
notation.

~

Schoenflies notation Rotation axis Order parameters M,, M; R, I R,

Decn L ? 1 1111
Coov 1 €UD X 1 XX 1
D.. 1 €c X X 1X1
Cooh L €pc 1 XX11
Coo 1 {GUD’ €c, Gpc} X XXX 1

TP =T® ® T" as
pi=¢ TP pj, (19)

g is the vector signature. If p is a true tangent vector,

it has signature el{ =1 for all types of transformations. In
addition, one can define three pseudovectors pyp, Pc, Prcs
which have a —1 signature under at least one of the trans-
formations M,,, M;, R, R,, I. The corresponding signatures of
vectors and pseudovectors are listed in Table III. Subscripts of
the pseudovectors pyp, Pc, Ppc are given in analogy between
their signatures in Table IIT and signature of the pseudoscalars
€up, €c, and epc in Table 1.

We note that a rotation of p by 4 /2 about the unit normal
vector to the surface n, thatis, p=n x p or —p = —n x p,
defines an alternative order parameter. This corresponds to
a different convention to describe the ordering state of the
surface, which does not change the physics. In component
notation this is equivalent to defining p' = —e’;p/ or —p' =
€';p/. Here, ¢;; is the Levi-Civita tensor [Eq. (A18)] and has
the same signatures under the transformations M,,, M,, R;, R,
as epc. For this reason ppc does not describe a different phase
than a vector p, as Pppc = n X ppc has the same signatures
as a true vector p. Similarly, the pseudovectors pyp and pc
describe the same phase, as Pyp = n X pyp has the same
signatures as the pseudovector pc. Overall, there are therefore
only two distinct phases characterized only by a vectorial
order parameter: a simple polar surface (e.g., with polar order
p) or a simple pseudopolar surface (e.g., with pseudopolar
order pc).

Scalar and vectorial order parameters can also exist simul-
taneously in a surface, resulting in more symmetries being
broken. To obtain a complete list of surface polar phases, we
consider any combination of the vectorial order parameters
P Pups Pc, Pec and the scalar order parameters ec, €pc,
and eyp, but eliminate combinations, which are redundant
as they describe the same phase. For instance, the combina-
tion {€c, pc} is redundant with the combination {ec, p}, as
€cpc has the same signature under symmetry operations as
a true vector p. Furthermore, those vectorial order parame-
ters, which when rotated by +m /2 have the same symmetry
properties as other vectorial order parameters, are redundant.
For instance the combination of order parameters {ec, pup}
can be redefined as {€c, pyp}, which has the same signatures
as {€c, pc}. The set {€c, €cpc} can be obtained from the order
parameters {ec, Pc}, and has the same symmetry properties as
the polar chiral surface {ec, p}. Therefore surfaces described
by {ec, pup} and {€c, p} are actually the same phase.

Listing all resultant independent combinations, we find 7
distinct surface phases, which are listed in Table IV, together
with the Schoenflies notation [26], which characterize the

where €
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TABLE IV. Schoenflies notation, order parameters, and conserved and broken symmetries for the 7 types of polar surfaces. When relevant,
the second column indicates whether the axis of rotation in the Schoenflies notation (or, for C; = Cyy, the normal to the mirror plane of
symmetry) is parallel (]|) or orthogonal (L) to the tangent plane of the surface. The first 5 types are polar surfaces, while the 2 last types are
pseudopolar surfaces. In the table, a “X” stands for a broken symmetry and a “1” for a conserved symmetry, and p = n X p is a tangent vector
orthogonal to p. See Figs. 3(c) and 3(d) for examples of surfaces of different types.

Rotation axis or mirror

Schoenflies notation  plane normal orientation ~ Order parameters M, M, R, My; Ry I R, Numberin Figs.3(c)and 3(d)
Cyy I P 1 1 1 X X X X (1)

C,=Cyp I {eup, P} X 1 X X X X X (>ii)

C, I {ec, p} X X 1 X X X X (iii)

C,=Cp 1L {epc, P} 1 X X X X X X @iv)

C] {EUD, €C, €pC, p} X X X X X X X (V)

Con I Pc X X 1 1 X 1 X (vi)

G=S5 {epc, P} X X X X X 1 X (vii)

symmetry properties of the corresponding phases. There, we
also indicate whether the order parameter is invariant under
a subset of orthogonal transformations. In addition to the
transformations M,,, R,,, I introduced earlier, we consider the
transformations My, My (mirror operations in a plane contain-
ing n and p and n and P, respectively) and Rp, Rp (rotation
of m around the axis p or P). These transformations sat-
isfy the composition relations MpR,, = MpRy = M, MyM; =
RpRp = R, MpRy = RyMy = I. These relations constrain the
set of possible conserved and broken symmetries for each
surface phase, since invariance with respect to two transfor-
mations implies invariance with respect to their composition.
For instance, all polar phases break the symmetry R,; there-
fore none of the phases can be invariant under both M, and
M, or under both Rp, and Rj. It is possible to find additional
combinations of conserved and broken symmetries compati-
ble with the multiplicative table of transformations discussed
above, which are not listed in Table IV: indeed we find that
for these cases, the redefinition of the polar order parameter
P =n x p allows to recover one of the categories already
listed in Table IV (Appendix C).

Examples of the polar surface phases listed in Table IV are
given in Figs. 3(c) and 3(d). There, we denote a surface to be
polar if its set of order parameters includes a true vector p,
and pseudopolar otherwise.

D. Nematic and pseudonematic surfaces

We now discuss the symmetries of nematic surfaces, with
tangent nematic order. Following the same reasoning as for
polar surfaces, we find that there are 5 nematic surfaces and
2 pseudonematic surfaces. Nematic order is characterized by
a traceless symmetric second-rank tangent tensor Q (Qi* = 0
and Q;; = Qj;). Such a tensor transforms under a change of
coordinates TP = T?° @ T" as

0, = b 10y, 20)

where 66 is the tensor signature. A true tangent tensor has
signature 66 = 1 under all transformations T?P. As for po-
lar surfaces, three different types of pseudonematic tensors

Qup, Qc, Qpc can be defined, according to their signatures
under reflections and rotations. The signatures of nematic

and pseudonematic order parameters are given in Table V.
The transformation of a nematic tensor Q — Q, with Q,» =

—€*Qyjor —Qij = €%y, corresponds to a rotation by £ /4
around the normal to the surface of the eigenvectors of the
order parameter. The tensors Q and Q correspond to two
different conventions to quantify nematic order, but describe
the same nematic phase. As the 2D antisymmetric tensor €;;
has the same signatures under transformations as epc, not
all pseudonematic tensors describe physically distinct phases.
Specifically, Qc and Qup describe surfaces with the same
symmetry. Similarly, Qpc and Q also describe surfaces with
the same symmetry. This can be seen from the fact, for in-

stance, that the order parameter QPC is a true tensor with
the same signatures under transformations as Q in Table V.
Overall, there are only two distinct phases characterized only
by a nematic order parameter: a simple nematic surface (e.g.,
with nematic order Q) or a simple pseudonematic surface
(e.g., with nematic order Qup).

As for polar surfaces, to obtain the full set of nematic
surfaces, we consider the combination of a nematic or
pseudonematic order parameter Q, Qup, Qc, Qpc with the
pseudoscalar order parameters eyp, €pc, €c, and eliminate re-
dundant combinations. The combination of the nematic order
parameter Q with the pseudoscalar order parameters €yp, €pc,
€c, gives 5 different types of nematic surfaces. Further combi-
nations of pseudoscalar and pseudonematic order parameters
can also correspond to surfaces with the same symmetry

using the transformation Q — Q: for instance the set {epc,
Qup} describes a surface with the same symmetries as {€pc,

Qc}.

TABLE V. Signatures of nematic and pseudonematic order
parameters.

Mn Mt Rt I Rn
Q 1 1 1 1 1
Qup -1 1 -1 -1 1
Qc -1 -1 1 -1 1
Qrc 1 -1 -1 1 1
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TABLE VI. Schoenflies notation, order parameters, and conserved and broken symmetries for the 7 types of nematic surfaces. An “X”
stands for a broken symmetry and a 1 for a conserved symmetry. q denotes a vector going along the eigenvector of Q with the largest
eigenvalue, { its rotation by 7 /2 around the normal, § its rotation by 7 /4 around the normal. When relevant, the second column indicates
whether the axis of rotation in the Schoenflies notation (or, for D,y and S, the rotation-reflection axis) is parallel (||) or orthogonal (L) to the
tangent plane of the surface. See Figs. 3(e) and 3(f) for examples of surfaces of different types.

Rotation or . , Number in
Schoenflies notation — rotation-reflection axis ~ Order parameters M, My or Mg RqorRy I R, R,ff Rij,L M; R, Figs. 3(e) and 3(f)
Dy, | Q 1 1 1 11 X X X X @)
Cyy 1L {eup, Q} X 1 X X1 X X X X (ii)
D, L {ec, Q} X X 1 X1 X X X X (iii)
Con 1L {epc, Q} 1 X X 11 X X X X @iv)
C, 1L {eup, €c, €pc, Q) X X X X1 X X X X )
Do L Qup X 1 X X1 X 1 X 1 (vi)
Sy 1 {epc, Qup} X X X X1 X 1 X X (vii)

Listing all combinations, which are not redundant, we ob-
tain a list given in Table VI. For each order parameter, we
indicate whether the order parameter is conserved under a
subset of orthogonal transformations. Nematic order param-
eters are all invariant under the rotation by m around the
normal, R,, and are all modified by the rotation of +m /2

+1 .
around the normal, R, *. In Table VI, pseudonematic surfaces
are distinguished from nematic surfaces by their behavior
under the transformations My (a mirror operation with respect

to a plane perpendicular to the surface and containing §),
Ry (a rotation of 7 around the axis q) and the composition

1 1
R,,iiM,,. Here, § = R q is the vector obtained by rotation of
7 /4 around the normal to the surface n, of the eigenvector
of Q with positive eigenvalue, q. These transformations sat-
isfy the composition relations MRy = RyMy = M,,, MMy =

q
1 _ 1
RyRq = R}, MgM; = RyR; = R, ”, M3Rq = R;My = Ri M,

1
and MqR; = RyM; = R, *M,. As for polar surfaces, these
multiplication relations restrict the set of possible conserved
and broken symmetries for each surface phase, as invariance
with respect to two transformations implies invariance with
respect to their composition. As for polar surfaces, additional
combinations of broken and conserved symmetries not listed
in Table VI are possible; we find that these combinations arise

=

from the redefinition Q; = —€*Q; of one of the already
listed surface phases (Appendix C).

Examples of the nematic surface phases listed in Table VI
are given in Figs. 3(e) and 3(f). There, we denote a surface to
be nematic if its set of order parameter includes a true tensor
Q, and pseudonematic otherwise.

We note that the Schoenflies notation we use here refers to
the symmetry properties of the phase, rather than of individual
molecules. Due to the statistical arrangements of molecules
within a surface element, these symmetry properties differ in
general. For instance, molecules belonging to the symmetry
group C,, in the Schoenflies notation, with a uniform ori-
entation and a mirror plane of symmetry constrained to be
tangent to the surface, give rise to a C2”V polar surface. Letting
the orientation axis of the molecules tilt towards one side
of the surface gives rise instead to a polar up-down surface
cl.

IV. FORCE AND TORQUE BALANCE
AND VIRTUAL WORK

The surface mechanics is described by a tension tensor
t' and a moment tensor m’, which, respectively, characterize
momentum flux and angular momentum flux in the surface.
The force f and torque T acting on an infinitesimal surface
line element with length d/ and unit vector v, oriented perpen-
dicular to the line element and tangent to the surface, are then
given by f = dlv;t' and T = dlv;m'. Ignoring the moment of
inertia tensor for simplicity, conservation of momentum and
of angular momentum result in the force and torque balance
expressions (Appendix D),

Vit = —f* 4 pa, 21

vVm' =t x e — '™, (22)
where a = dv/dt is the local center-of-mass acceleration, £
is the external force density and I'™™ is the external torque
density acting on the surface [Fig. 1(c)].

The force and torque balance equations can be expressed
in terms of the components of the tension and moment tensors
(Appendix D),

Vit + Gt = — ™ + pa, (23)

Vit! — Cijt = —f* + pay,, (24)
Vim' + Clm = €/tl — T (25)
Vim! — Cym"’ = —e;jtV — T, (26)

where C;; is the surface curvature tensor.

‘We now write the infinitesimal virtual work for an element
of surface S with closed contour C, associated to an infinites-
imal virtual surface displacement dX, as follows:

dW = dWexl + dWcontourv (27)
AWey = / dS[(f™ — pa) - dX + T'™ . d¥], (28)
S
AWeontour = 7§ dlv;(t'-dX +m' - d#), (29)
C
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where we follow the form given in Ref. [25]. The infinitesimal
rotation associated with the infinitesimal shape change dX
is do = %V x dX [Eq. (B8)]. The first contribution dWex
corresponds to the effect of external forces and torques acting
on the surface, while the second contribution dW,g,iour cOITE-
sponds to the work associated to forces and torques internal
to the surface, acting on the contour of the element of surface
considered here. Here the vector v is a unit vector tangent to
the surface and normal to the contour C.

Using the force and torque balance equations (21) and
(22), the infinitesimal virtual work can be rewritten (see Ap-
pendix E) as

_dgi: N .
dw =/dS|:t”% +mIJDCij+m:1(aidﬂ)'l‘li|, 30)
S

where expressions for the infinitesimal metric variation dg;;
and the corotational curvature infinitesimal variation DC;; are
given in Egs. (B4) and (B19). In Eq. (30), we have introduced
the modified tension and moment tensors, which are coupled
in the virtual work respectively to the change of metric and
the corotational curvature change [25],

Y TR e N
i = —mikékj, (32)

where the s subscript denotes the symmetric part of the tensor
[Eq. (A22)]. We note that with the definitions introduced
above for the tension and moment tensors, the modified mo-
ment tensor /" can always be symmetrized at the cost of a
redefinition of the tension tensor t' (Appendix E).

V. POLAR ACTIVE FLUID SURFACE

We now turn to a description of equilibrium and nonequi-
librium thermodynamics of polar active fluid surfaces. Here
we use concepts from irreversible thermodynamics to derive
constitutive equations for a curved polar fluid. We restrict
ourselves to the case of a polar vector tangent to the surface,
p- We consider a fluid surface, consisting of several species
o = 1...N with concentrations ¢®. The local mass density is
givenby p = > m®c® with m* the molecular mass of species
a. The corresponding mass conservation equations are given
in Appendix D 2.

In the following, we derive equilibrium tensions and
torques from a generic expression for a polar surface vir-
tual work. We then obtain the entropy production rate of the
surface close to equilibrium, and obtain linear constitutive
equations for the nonequilibrium generalized fluxes.

A. Free energy and external potential

We consider here a region of surface S of a polar fluid
membrane, with free energy given by

F= / dSf(v,c*,C,p.V ®p), (33)
S

with f the total free energy density, which has two contribu-
tions,

fO. " C.p.V®p) =300+ fo(c*,C.p. V®@p). (34)

where the kinetic energy density is given by %,ov2 =
Iplvv' + (v,)*] and f is the free energy density in the rest
frame. The tensor V @ p = e ® d;p is the gradient of polar-
ity [Eq. (A31)]. Here we consider for simplicity a situation at
fixed temperature and where the polar vector p is tangent to
the surface. The differential of f; can be written as

dfo = p?dc® + K :dC —hy-dp+m:d(V®p), (35)

where ©* is the chemical potential of component «, K is the
passive bending moment, hy and & are the forces conjugate
to the polarity field and to its gradient on the surface. These
conjugate forces are obtained by taking partial derivatives of
the free energy density fj,

B
o 0
dacv aC
0 0
hy = —ﬁ, T = ﬁ. (36)
op I(Vep)

We assume that fj is such that K and hy are tangent to the
surface, that K is symmetric, and that & can be written & =
¢, ® m'. Because of invariance by rotation of the free energy
[Appendix F and Eq. (41)], the differential of the free energy
density can also be written as

dfo = u*dc* +K:DC—hy-Dp+7r:D(V®p). (37

As C and p are tangent to the surface, DC and Dp are also
tangent to the surface [Eq. (B14)]. We also introduce the total
molecular field h, which is decomposed in two contributions,
SF :
h=—-——= l’l() + V_in], (38)
p
and is not necessarily tangent to the surface. Note that we
define here the functional derivative of the functional F[¢]
through F[¢ + d¢] — Fl¢] = fs dS%dqﬁ to first order in d .
In the following we also assume that the surface is sub-
jected to an external potential

U= / 4Sc“u® (X, n, p), (39)
S

where u* is an external potential density acting on species «.
Such a potential could be for instance generated by an external
magnetic field.

B. Invariance of free energy by translation and rotation

Using the fact that the free energy density fy(c*, C,p,V ®
p) is only a function of the surface variables and does not
explicitly depend on space, one obtains the Gibbs-Duhem
relation (Appendix F)

Vil(fo — p®c*)gi! — K*Cy — n/ - oip]
+Ca VK = —(9:n*)c* —h- 0ip. (40)

A similar calculation using that the free energy density
is invariant by local solid rotations, leads to the generalized
Gibbs-Duhem relation (see Appendix F)

7' x p+ (' -dpe/n=hy x p+C x; K+C x: K,
(41)
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where the notations for cross product of tensors is introduced
in Appendix A. These relations are valid at and out of equilib-
rium, and reflect a mathematical relation between the surface
variables and their conjugated forces in the free energy. These
arise from the form of the free energy, which does not depend
on the position or orientation of the surface in space.

C. Equilibrium relations

To obtain equilibrium relations and expressions for the
equilibrium tensions and torques, we consider changes of
free energy associated with an infinitesimal virtual surface
displacement dX, virtual change of polarity dp, and change
of concentration dc® of the component «. Therefore, we write
that, at equilibrium, for a surface patch S enclosed by the
contour C, the variation of Fy = f sdSfois

dFy = dW +/ dS[—h-Dp + p*dc®] + yg dlvz' - Dp,
S C
(42)

where dW is the mechanical differential work associated with
the surface deformation [Egs. (27) and (30)]. The corota-
tional differential Dp has been defined in Eq. (1). In this
equation, the molecular field h couples to the corotational
variation of the tangent polarity vector p, while x' is the
internal molecular field coupled to corotational variation of
p at the boundary of the patch S. The chemical potential p©*
couples to the variation of concentration of molecular species
o, which does not arise from dilution, dc* defined in Eq. (B7).
For surfaces perturbations where the polarity rotates with the
surface, Dp = 0, and the concentration fields change only by
geometric dilution, dc* = 0, the variation of free energy is
equal to the work dW associated with the surface deformation.

Similarly, the variation of the external potential U has
a mechanical contribution, corresponding to the work dWex
[Eq. (28)], and contributions from the variations in the polar
field Dp and the concentration fields dc?,

AU = —dWoy + / dS[h®™ - Dp — u®dc®],  (43)
S

where external molecular field h®* and external chemical
potential u®"% are defined by

oU
= (44)
sp
sU
luext.ot —— _a‘ (45)
éc

We assume that U is such that h®*' is tangent to the surface.
Equations (42) and (43) can be combined such that

dFy +dU = f dS[(h™ —h) - Dp + (u® — u4)dc*]
S
+ dWcomour + % dlvini . DP (46)
C

The equilibrium tension and moment tensors can be ob-
tained by calculating the infinitesimal change of surface free
energy (35) under a surface deformation, and using the expres-

sion of the virtual work, Eq. (30) together with the equilibrium
condition (42). This procedure then gives (Appendix G 1 a)

1 =(fo — n*c)g! —K*GJ —n'-a'p,  (47)
ton =ViK" +€[T8 — (hx p) - €], (48)
m, =K"*¢/e; +p x n'. (49)

The last term in Eq. (47) is the surface tension tensor aris-
ing from distortion of the polar field; yg/ — n' - 3/p with
y = fo — u®c” is the equivalent, for a surface, of the Ericksen
stress tensor in a liquid crystal [27,28]. The expression for the
normal component of the equilibrium tension tensor !, arises
from the tangential torque balance Eq. (25).

To obtain external forces, external torques, and molecular
field deriving from an external potential U, we obtain the
differential dU from the potential U defined in Eq. (39), and
use the equilibrium condition (43) and external virtual work
(28) to identify £, TS, h®™', and u®““. One then obtains
(Appendix G 1 b)

ou®

f:Xt = —Caﬁ, (50)
ou” u®
Fﬁ’“:c"‘(%xn—i— (;; xp), 5D
ou®
hexl — Cot a";) , (52)
Mext,a — _ua. (53)

Next, minimising the total free energy Fiox = Fp + U with
respect to the polarity field p and the concentration fields ¢
at fixed surface shape results in the equilibrium relations for
the tangential part of the molecular field and for the chemical
potential, using Eq. (46),

hi :hext,i’ (54)

MO{ :Mext,a. (55)

‘We now discuss relations between equilibrium tensions and
torques and invariance of the surface properties under a rigid
translation or rotation, Egs. (40) and (41). Using the expres-
sions for the equilibrium tensors (47)—(49) and the relations
(G15) and (G16), the Gibbs-Duhem relations (40) and the
normal projection of (41), obtained by invariance of the free
energy under solid translations and rotations, can be rewritten
in the simpler form

Vit + Gty + [ = (B = i)V
+ ¢ (U — ), (56)

Vim;,e — C,‘jmi,j + E,’jl‘éj + F:ﬁ ZEU (l’l?Xt — ]’l,)p] (57)
The right-hand sides of these two equations vanish when the
equilibrium equations for the concentration field [Eq. (55)]
and for the polar field [Eq. (54)] are satisfied. In that case the
left-hand sides of these two equations also vanish, correspond-
ing to the tangential force balance Eq. (23) and normal torque
balance Eq. (26), applied to equilibrium tension, moments,
external force, and torque densities.
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Overall, at equilibrium the tangential force balance equa-
tion and normal torque balance equations are satisfied by
expressing the chemical potential balance u® = u®“* and
that the polar field is at equilibrium, Eq. (54). The tangential
torque balance expression gives the expression of the normal
tension 7/, Eq. (48). The remaining normal force balance equa-
tion following from Eq. (24),

C’J t;j f:;t ’ (58)
together with the equilibrium relation for the tension tensor t!,
Egs. (47) and (48), and for the external force density Eq. (50),
is an equation for the equilibrium shape of the surface.

D. Entropy production rate

We can now calculate the entropy production, by calculat-
ing the time derivative of the surface free energy. We consider
a region of surface S enclosed by a contour C, which can
deform in three dimensions. We consider a situation where the
contour C is deforming with the surface. We also consider that
the total external force density f**' and external torque density
I'**' have a conservative part arising from an external potential
U, which are written £, TS, with corresponding defini-
tions given in Egs. (50) and (51). We consider that species
a can change due to the surface tangent flux J* and due to a
source term r* arising from chemical reactions. Correspond-
ing balance equations for the concentration of species « in the
surface are discussed in Appendix D 2. The total flux J* can
be separated into a part that depends on the center-of-mass
velocity ¢®v and a relative flux j*. The rate of the total free
energy change Fi, = F + U is calculated in Appendix H 1,
and we obtain

Eot = / dS{ — (l_‘ij — lTi,j)Uij - (mij - mij)D[Cij
S
— (m}, = m}, o — (A —=h™) - Dip
+(Ma eXtOl)r +]ala( _—exta)
+ (fext _ feexl) V4 (rext _ rzxt) . (0}

+¢.dlvi[ti-v+mi~w+ni-D,p
c

— (@ = ™o, (59)

where we have introduced the gradient of flow v;;, the vortic-
ity @, the normal vorticity gradient w;,, and the corotational
derivative of the curvature tensor D,C;;, which are given by

vij = %(vivj + V;v) + Cijvp, (60)
® = €7(0;v, — Cyrv")e; + 1€/ (Vivym,  (61)

win = (3®) - n = dw, — C w;, (62)

DtCij - V(a vn) Un lkC +v chtj
+ 0, (€ Crj + €,*Cri), (63)
and
m* m*
ﬁa — Ma _ _ll'Ll’ ﬁexl,a — uext,a _ _lluext,]’ (64)
m m

are the relative chemical potential of species «. Here we
have made the arbitrary choice of taking chemical potentials
relative to the chemical potential of species @ = 1, which in
practice can be chosen to be the solvent. As a result, the sums
over species « involving i* in Eq. (59) can be taken for
o = 2...N. If one considers / = 1..M chemical reactions, the
contribution (u* — p™“*)r% can be rewritten as a sum over
chemical reactions (Appendix D 2),

o ext Ol)r

(e — Z Aulr! (65)

where Apl =Y, a®!(u* — pu™t%) with a*/ the stoichiomet-
ric coefficients for « in reaction I, and ' the rate of reaction
I as defined in Eq. (D9). In the following we consider a single
chemical reaction between a fuel and its product; such that
(u® — u4*)r* = —r A with r the rate of fuel consumption
and Apu the chemical potential of conversion of fuel to the
product.

For an isothermal surface, the free energy density evolves
according to the balance equation (D13),

Of +Vi(fv' + N+ G f =T, —T6,  (66)

where J{ and j/*" are respectively the normal flux of free
energy and tangential flux relative to the center of mass of
free energy, and the entropy production rate within the surface
is denoted 6. Using Eq. (D14), identification with the rate of
change of free energy then gives the rate of entropy production
within the surface,

76 = (i — 1 )vi; + (M7 — m7)D,C;;
+ (m}, — m, Yo + (h —h™) - D,p
FrAR — T — T, 7

and the flux of free energy with normal and tangential compo-
nents,

Jr{ — (fext _ f:xl) .V _I_ (rext _ rixt) W, (68)

Jr=—t.v—m'-w—x Dp+ @ —u™)j"". (69)

Here we have assumed that external forces and torques do not
contribute to the surface entropy production. The conjugate
fluxes and forces can be read from the entropy production rate
Eq. (67) and are listed in Table VII.

E. Constitutive equations

To obtain constitutive equations, we perform a linear ex-
pansion of thermodynamic fluxes into thermodynamic forces
listed in Table VII [29]. We discuss coupling terms that are
allowed for different types of polar surfaces classified in
Sec. III.

1. Polar surfaces

We first consider true polar surfaces, associated with a
vectorial order parameter p. The deviatoric parts of the tension
and moment tensors, the convected time derivative of the
polarity field, the flux of species «, relative to the center of
mass and the rate of fuel consumption can be decomposed
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TABLE VII. List of conjugate forces and fluxes for an active fluid polar surface.

Flux

Force

In-plane deviatoric tension tensor 7 = 7"/ — fij

In-plane deviatoric bending moment tensor 712; = =m’ —m
Normal deviatoric moment m/, , = m}, — m,,

Convected, corotational derivative of polarity D, p'

Rate of fuel consumption r

Flux of species o = 2., .N, j*!

In-plane shear tensor v;;
Bending rate tensor D,C;;
Vorticity gradient w;, = (d;®@) - n

Deviatoric molecular field k), = h' — heti
Fuel hydrolysis chemical potential Au
Deviatoric gradient of relative chemical potential of species « = 2...N,

aﬂd—_a(ﬂ cxta)

as

td = to + 6UDIUD + Eclc + GPCIPC,

mdj = mo —+ EUDmUD + Ecmc —+ EpcmPC,
m, g = My + €upmyyp + €cimie + €pciypc,
D,p' = P} + eupPip + ecPi + epcPoc,

o,

=g

r = ro + euprup + €crc + €pcrec, (70

.o, .o, .ol
+ €unJjyp + €cJc + €pcipes

where to is the part of the tension tensor that exists for any

surface, tUD correspond to terms present when the surface
breaks up-down symmetry, tC exist for chiral surfaces, and
tPC for planar-chiral surfaces. Similar rules apply for the de-
composition of other thermodynamic fluxes.

To express constitutive equations for each of the compo-
nents, one can then write possible terms of the expansion at
linear thermodynamic fluxes into generalized thermodynamic
forces, and ask whether the corresponding terms break the
symmetries M,, M,, R, I, according to the signatures given
in Sec. III. To check which symmetries are broken or satisfied
by couplings in the constitutive equations, we note that 7" is
a true tensor, whereas 7'/ is a pseudotensor with signature
—1 under M,, R;, I and signature +1 under M;, R,. Indeed,
m'/ is the product of m"/ and the tensor €/ [Eq. (32)]. m/ is
proportional to a torque [Eq. (D2)] and has therefore signature
—1 under the mirror and inversion symmetries M,, M;, I.
The tensor €/ has signature —1 under M,, R, and 41 under
M,,R,,I. Also, m, = mﬁle,- is a pseudovector with signature
—1 under M,, R, and +1 under M,, R,, I, since n is a pseu-
dovector with signature —1 under M,, R,,I and +1 under
M;, R,. These observations can be summarized in the table
of transformation (Table VIII).

The corresponding constitutive equations for polar surfaces
are given in Appendix 1. Because many coupling terms are
possible, for simplicity we have imposed some restrictions on

TABLE VIII. Signatures of tension and moment tensors under a
set of linear transformations.

M, M, R, I R,
I 1 1 1 1 1
mii -1 -1 1 -1 1
'l -1 1 -1 -1 1
m 1 -1 -1 1 1

the coupling terms considered. We limit ourselves to an ex-
pansion of phenomenological coefficients to first order in the
curvature tensor, the polarity vector and its associated nematic
tensor q;; = pip; — % Plgi ;. Viscous coupling terms between
f;j ,m, ml, , and v;j, D,Cjj, w;, and diagonal coupling terms
between a flux and its conjugated force that are dependent
on the polarity vector and on the curvature tensor are not
listed. We do not include cross couplings between the various
mechanical tensors and the molecular field h that depend on
the curvature tensor. Also, we do not include cross-coupling
terms involving the gradient of the chemical potential 9;/iy,
except for active couplings of the relative flux j* with the fuel
hydrolysis chemical potential Au. Finally, we do not write
active terms, which are proportional to the gradient of the
polarity o;p.

We give below the contributions to constitutive equations,
which depend on the polarity vector. Viscous terms and
curvature-coupling terms for in-plane isotropic, chiral, and
planar-chiral surfaces, which do not depend on the polarity
vector, were derived in Ref. [25]. The polarity-dependent con-
tributions to the deviatoric contributions to the tension tensor
then read

7y = 5 20+ P, — W gy + VR pgl + caAug,
b = &Ang" Cug? + 51g"Cf A,
ficj = en A (€% qi'CF + €7 g C)Y)
+ ZCHAM(Gikalqu +e*Clq)’).
The = 5 PC (€ehhp? + €l b pf — enhthpl gl
+ vpce P g7 + Cpen Ape qi’, (71)

where we use the notation h; = h' — h®*' for the deviatoric
molecular field, and we have introduced the nematic tensor
that can be constructed from the polar order parameter p,

¢’ =p'p' - 5p’¢’. (72)
We do not restrict ourselves here to |p| = 1; although we
note that the modulus of p is not in general a hydrody-
namic variable, except close to a polar/nonpolar transition.
In the linear expansion of thermodynamic fluxes into ther-
modynamic forces, we have used that the tensor e’g,/ is
symmetric [Eq. (A45)] and that ¢;*€x; = —eig*j [Eq. (A46)].
To avoid introducing redundant couplings, we have also
used that [e™ peh) 1, = [€'ch /]y — eup*hlg7 as well as the
identities, which follow from Eqs. (A42)—(A43), [Cixg" ils=
[qikaj]S = %Ckkqij + %Cquk’gij. Here we use the notation
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[-]s for the symmetric part of a tensor, as defined in Eq. (A22).
We find only two independent active terms in the contribu-
tion tc proportional to [eqC], and [eCq],, due to the tensor
product identities qeC = —eqC, Ceq = —Cqe, [Cqel; =
—[eqC]; and [qCe];, = —[eCq];, as well as the two relations,
which follow from Egs. (A42) and (A43),

[ewC qijls = 1C*end" ; — Seuq Cu ij, (73)
leid"'Cijls = 3Ci*end" ; + Leuq" Cutgij.  (74)
The deviatoric contributions to the moment tensor rhg ,
which depend on the polarity vector p read
my =CenAng Cug’ + 7, Ang’Ct,

—ij _/3

My, =5 (0 + Py — pelyd) + B pelig” + Lening”,

mij :BC(

S =" (e'hbp! + €l ihlip’ — enhlip' §7) + Bret pihly g
+ gchAlLEikaja

m{jc = {CPCHA[,L(EiquZC/j + Ejqulcli)
+ Lpen A (e*Cl g’ + € Clq)'), (75)

where to list independent terms, we have used the same rela-
tions as for the tension tensor ;. In Eq. (75), we also have only
introduced symmetric contributions to the bending moment
tensor 71;;. We find the following contributions to the tensor
my,:

m,’;o = XPA,ueijpj + Gijhj,
mop = (7peika-i +7;6jkai)Aij,

mie = (xepC + xepCig?) Aup),
Mipe = xpep AP + Ypchl. (76)
We have used the relation €, C* = €/ ,C* + Cikell

[Eq. (A45)] to avoid redundant couplings in the equation for
the normal moment tensor m,,yp.

In the equations above, active coupling coefficients with
the nematic tensor ¢;; are denoted with a subscript “n”, while
active polar coupling coefficients with the polar vector p are

denoted with a subscript “p”. Terms contributing to the dy-

namics of the polarity field reads
Py = ;hﬁl —vilp; —Vukp + AApp + ¥ e w)y,
Pip =— Bp;D,C7 — B'p'D,C*
+ 2upARCYp; + Ayp A Cl;p,
PL=Bce'DiCYp; + Bre' p;DiC*
+ (A€ CH + A€/, CHp i A,
. 1
Ppc = — h + vpee! Dk pj + vPCvk € pj
YpC
Vecw), (7

where we have introduced the notation A;; = A;; — 1A g;;
for the traceless part of a tensor A;;. Here 1/ypc is an odd in-

+ hpcApe’p; —

verse rotational viscosity, analogous to odd or Hall viscosities
that can arise in surfaces with broken planar-chiral symmetry
(Appendix I). Note that 1/ypc can be nonzero in systems close
to equilibrium only if time-reversal symmetry is broken, for
example in the presence of a magnetic field. If time-reversal
symmetry holds, Onsager symmetry require this odd inverse
rotational viscosity to vanish.

The flux of species o = 2...N, relative to the center of
mass has different contributions, which are dependent on the
polarity vector and are given by

ot =g p' A,

Jin = (KgDpCij + K{?Dpckkgij)ijM’

Jg' = (Kgpe"kC"f + K&,Ejkck[)iju,

Jid = KGep€piAp, (78)

where we have used the relation €/, C*/ = €/, C¥ + Ci¥e¥ to
avoid redundant couplings in the equation for jc. Finally,
the rate of fuel consumption has the following contributions,
which depend on the polarity vector:

(Zenq"'Cug? + 2/,C* 47D C;j
difly, (79)

ro= — g —
— Xp€" pjwin + Apihly — kS p'

rup = — (8ag" Cuug”’ + 2147 C*)vij — Leng’ DiCij

— (Xp€'kCY + X,k C") pjin

+ (hunC + AypCig”) piha.
(o G 6O
— 2¢cn€® quCl + 2Zcae™ Cug' u;
— Lecn€™ g’ DiCjj
— (xcpC” + x&pCi* ) pjwin
+ ()»céika‘i + )»/Céjkcki)l?jhd,i
— (k& €'%CY + 1’ E, € C ) p i 81)

rec = — é“PCnGikCijvij
— (2¢epen€™ qi' CF + 28epcne™Ci /) D,
— XpcpP' @in + Apce pihg i — K{fcpeijpjaiﬁ3~ (82)

In the equations above, coefficients containing the letters
v, B, ¢, x, and ¥ are all reactive. Coefficients containing the
letters y, A, and « are dissipative. The Onsager symmetry re-
lations impose symmetry relations between couplings, which
are reactive or dissipative. Couplings, which relate flux and
forces with the same signature under time reversal are reactive
and are antisymmetric. Conversely, couplings, which relate
flux and forces with opposite signatures under time reversal
are dissipative and are symmetric.

2. Pseudopolar surfaces

We now discuss pseudopolar surfaces. As discussed in
Sec. I1I, several combinations of pseudoscalar and pseudovec-
tor order parameters can be used to describe the order of a
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surface, such that only two physically distinct pseudopolar
surfaces exist. Here we consider surfaces described by the
order parameter pc and by the combination {epc, pc}. We note
that for surfaces whose order is described by a pseudovector
Pc, a true nematic tensor ¢V = plpl. — 3pck pig? can be
defined. We then obtain the following constitutive equations,
writing here only terms that depend on the pseudopolar vector
(other terms are given in Appendix I):

£ =tatug’ + Z(peht g + Plhic g = W apess”)
+ V/hl({;,dpc,kgij + 6PC[§PCnAM€ikCij
o+ (e gl + € HE Pl — ekl gt
+ vpeerpehe 48], (83)
) =g Cug’ A+ g7 C* Ap
+ epc[Lepen A (€X' CF + /¥ i C)F)
+ Zpcn A (€*Cl g’ + €™ Cil q/')]. (84)
mi g = (xeoC'j + x6,Ci' 8 j) LA
+ epc (X, Crs + TpenC)pLAp,  (85)

1. . . .
Dipk = ;h&’d — v pej — vV ukph + AAppk
L ik~ j
+ epc| —€'jh 4+ vece" Ui pe
YpC ’

+ vpevr €V e + )\pCA,ueijp'éi|, (36)
o= (Kgpe”‘ij + K(,:O;ijcki)péAM
+ enc(iippC’j + kG g ) peAm,  (87)
r=— &g — (Lng" Cug’ + 7/,G 47 )D,Cy)
— (xcpCY + Xépckkgij)l?éwm
+apeilicy — (e Cry + ke nC) prdiing
—epc| — )»Pcéijpéhé:,d + Zpone gl vy
+ (7p6ikaj + 7;€jkcki)l’jwm
+ (KloijCij + K{?Dpckkgij )pc. ;%G
+ (2¢epen€™a' G + 2Zepcn€* Gl g/ )D,Cij]. (88)

In the above, we have used the notation for the molecular field
associated to the pseudovector, hc = —(;%. All the couplings
in these equations were already introduced for polar surfaces,
and only a subset of couplings for polar surfaces are permitted
for pseudopolar surfaces.

VI. NEMATIC ACTIVE FLUID SURFACES

We discuss here nematic surfaces by introducing a trace-
less nematic order parameter Q on the surface, tangent to
the surface. Our analysis follows the same presentation as
the previous section for polar surfaces. The force and torque

balance equations (21) and (22) also apply here for a nematic
surface.

A. Free energy and external potential

We consider here a region of surface S of a multicompo-
nent nematic fluid membrane, with free energy given by

F= / dSf(v,c*, C,Q,V ® Q), (89)
S

where the total free energy density f has two contributions,

f.¢*.C.Q.V®Q) = 300"+ fo(c",C,Q.V®Q),
(90)

with f;y is the free energy density in the rest frame. The
tensor V ® Q = et ® 9,Q is the gradient of nematic tensor
[Eq. (A33)]. We introduce conjugated fields to the thermody-
namic variables, such that the differential of the free energy
density fy reads

dfy = pdc® + K :dC —Hy : dQ+ M :d(V®Q), (91)

where in addition to the chemical potential ©“ and the pas-
sive bending moment tensor K, we have introduced the force
conjugate to the nematic order parameter Hy, and the force
conjugate to the gradient of the nematic order parameter IT.
These conjugate forces are obtained by taking partial deriva-
tives of the free energy density fp,

. _0h 0
B =5 BT ¢

_ o A
h="30 " veq ©2)

We assume that fj is such that K and Hy are tangent to the
surface, that Hy is symmetric traceless, and that one can write
I = ¢; ® IT, with the tensor IT* taken to satisfy Hkij = l'[kji,
Hkm' = Hkm, and Hk,m =0.

Because of rotation invariance of the free energy [Ap-
pendix F and Eq. (97)], the differential of the free energy
density can also be written as

dfy = 1®dc* + K : DC —Hy : DQ + II: D(V ® Q). (93)

As C and Q are tangent to the surface, DC and DQ are
also tangent to the surface (Appendix B 3). We note that as
Q is tangent, symmetric and traceless, DQ is also tangent,
symmetric and traceless (Appendix B 3).

The total force conjugate to the nematic field, H = _

5Q°
reads
H =H, + Vill' = J(V,TT1; + 2MT,,;,C e, ® €, (94)

where we have imposed that the tangential part H/ is symmet-
ric traceless, and we have used that Hj is tangent, symmetric,
and traceless, and that the tangent part of the tensor V;IT¥
is symmetric since (Vkl'[k) -(e;®ej) = ank[j + l'Ik,,jCk,- +
1%,Cy.-

As for polar surfaces, we assume that the surface is sub-
jected to an external potential,

U :/dSc"‘u“(X, n, Q), 95)
S
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where u“ is an external potential density acting on species
«. Here again, the external potential could be provided by an
external magnetic field.

B. Invariance of free energy by rotation and translation

Using the fact that the free energy density
fo(c*,C,Q,V®Q) is only a function of the surface
variables and does not explicitly depend on space, one obtains
the Gibbs-Duhem relation (Appendix F),

Vj[(fo — Maca)g,‘j — KjkC,'k - Hj : B,Q] + C,-ijKj"
= —(Oiu*)c* —H: 9,Q. (96)

Invariance by rotation of the free energy also leads to the
following identity, which can be seen as a generalized Gibbs-
Duhem relation:

M x; Q4+ M x5 3Q + &/ (I : 3;Q)n
:HOX1Q+HOX2Q+CX1K+CX2K, (97)

where we use a notation for the cross product of tensors
introduced in Appendix A.

C. Equilibrium relations

To obtain equilibrium relations and expressions for the
equilibrium tensions and torques, we consider changes of free
energy associated to an infinitesimal virtual surface displace-
ment dX, virtual change of nematic tensor dQ, and change of
concentration dc® of the component «. Therefore, we write
that for a patch of surface S enclosed by the contour C, the
variation of Fy = [ dSfy is

dFy =dwW +/ dS[—H : DQ + pn*dc*] + % div;IT' : DQ.
S C
(98)

The corotational differential DQ has been defined in Eq. (3).
In this equation, the molecular field H couples to the tangent
nematic tensor Q, while IT is the internal molecular field
coupled to Q on the contour of the surface patch C. As for
polar surfaces, the chemical potential ©* couples to the vari-
ation of concentration of molecular species «, which does
not arise from geometric dilution, dc* defined in Eq. (B7).
For surfaces perturbations where the nematic tensor rotates
with the surface, DQ = 0, and where the concentration fields
change only by geometric dilution, dc¢* = 0, the variation of
free energy is equal to the work associated with the surface
deformation dW.

Similarly, the variation of the external potential U has
a mechanical contribution, corresponding to the work dWey,
[Eq. (28)], and contributions from the variations in the ne-
matic field DQ and the concentration field dc,

dU = —dWoy + / dS[H™ : DQ — pn®“dc®],  (99)
S

where external molecular field H®' and external chemical
potential %" are defined by

e

sU
HeX =50° (100)
sU
o,ext — 8ca . (101)

We assume that U is such that that H**" is traceless, symmet-
ric, and tangent to the surface. As a result the variation of the
total free energy Fy + U reads

dFy +dU = / dS[H*' — H) : DQ + (1% — u"*)dc?]
S

+ dWeontour + jﬁ div;II' : DQ. (102)
C

For a nematic surface with the free energy differential
introduced in Eq. (91), we then obtain (Appendix G 2)
m: s/Q,

1) =(fo — uc)g’ — K*G/ - (103)

th, =V;K/' +e ;[T —Hx; Q+Hx,Q)]-¢/, (104)

en

m’ =K*¢Je; — ' x; Q — I x, Q. (105)
The expression for the normal component of the equilibrium
tension tensor 7., arises from the tangential torque balance
Eq. (25).

The external forces, external torques, molecular field H and
external molecular potential ©**"¢ deriving from the external
potential U read (Appendix G 2b)

a o
@_c%% (106)
ou® ou® “
FZXt_c‘)‘<8—xn+aQ le—i—aQ sz) (107)
ext C(aua
H = e (108)
ext,o — ua (109)

Imposing that the total free energy Fp 4+ U is minimised
at equilibrium also results in the equilibrium relations for the
tangential part of the molecular field and for the chemical
potential,

HY =H*, (110)

o ext,o

w =p (111)
Using these expressions for the equilibrium tensors, the
Gibbs-Duhem relations (96) and the normal projection of (97),
obtained by invariance of translations and rotations, can be
rewritten in the simpler form, using Egs. (G30) and (G31),

Vit + Gl + [ = (HE — Ha) V' Q™

N (= ), (112)

V'

"n,e

— Cijmf_,j + Gijtéj + F:Xrt =2(H6Xt’ij — Hij)QikEjk.
(113)

At equilibrium, the conditions (111) and (110) imply that
the right-hand side of these two equations cancel; such that
Egs. (112) and (113) are then equivalent to the tangential force
balance and normal torque balance.
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TABLE IX. List of conjugate forces and fluxes for an active fluid nematic surface.

Flux

Force

In-plane deviatoric tension tensor fi,j
In-plane deviatoric bending moment tensor i ¥

Normal deviatoric moment 7, ,

Convected, corotational derivative of nematic tensor D, Q;;
Rate of fuel consumption r
Flux of species @ = 2...N, j*!

In-plane shear tensor v;;
Bending rate tensor D,C;;
Vorticity gradient w;, = (d;®@) - n

Deviatoric molecular field H, ;; = H;; — H3"
Fuel hydrolysis chemical potential Au
Deviatoric gradient of relative chemical potential of species « = 2...N,

—ext oz)

o = — (" —

D. Entropy production

For a nematic surface, the rate of change of the total free
energy Fios = F + U reads

oo [[as (@ =)y~ (7 - WD,
S
— (miZ —m!, Jwin —(H—H™):D,Q
+(Ma eXtol)r _i_]utla(u/ —exta)
+ (fext fext) . (rext r:xt) . (0}

+7§d1vi[tf-v+mf.w+ni:DtQ
C

—extot)ja I]

- (i (114)

As for polar surface, we consider a single chemical reaction
between a fuel and its product, such that we rewrite the term
(u® — u4*)yr* = —r Ap with r the rate of fuel consumption
and Apu the chemical potential of conversion of fuel to prod-
uct. Using Eq. (D14), we then identify the entropy production
rate introduced in Eq. (66),

79 = (" — 7)) + (M7 — m)D,.C;;
+ (ml, — m!, Jwin + (H' — H*"")D,0Q;;
+rAp — jOR(ET — m), (115)

and the normal and tangential fluxes of free energy,

J;{ — (fext _ feext) v+ (rext _ r:xt) C® (116)
= —t.v—m'-o—1%"D,Q0;
+ (ﬁa —extot)]ou (117)

Here we have assumed that external forces and torques do
not contribute to the surface entropy production. In Table IX,
we list the corresponding conjugate fluxes and forces that
can be read from the expression for the entropy production
rate, Eq. (115). There we introduce the deviatoric molecular
field, the tangent tensor H; U = Hii — Ui and the devia-
toric chemical potential, ug = pu* — put*.

E. Constitutive equations

We now obtain constitutive equations for different types of
nematic surfaces, as illustrated in Fig. 3.

1. Nematic surfaces

The deviatoric part of the tension and moment tensor can
be decomposed as in Eq. (70). In writing down these relations,

the nematic couplings already present in Egs. (71)—(75) carry
over here, with Q;; replacing ¢g;;. Whenever possible we give
the same name to phenomenological coefficients, which re-
semble those already introduced for a polar surface. As for
polar surfaces, for the sake of simplicity we make a number
of restrictions on couplings: we do not include couplings
between the various mechanical tensors and the deviatoric
molecular field H; that depend on the curvature tensor. Cou-
plings are included to linear order in the curvature tensor C
and in the nematic tensor Q, except for diagonal coupling
terms whose dependency in C and Q is not written. Viscous
coupling terms between 7 J mi, mt nd and v;;, D,C;j, w;, that
are dependent on the nematlc and curvature tensors are not
listed. We do not include cross-coupling terms in the gradient
of the chemical potential 9;1§ or the flux j%!, except for active
couplings with the fuel hydrolysis chemical potential Au.

Below we only list terms, which involve the nematic tensor
Q' and the deviatoric molecular field H7; the complete con-
stitutive equations are given in Appendix I. The contributions
to the tension tensor, which depend on the nematic tensor Q
read

i =vH +V'QuHf'¢" + & AuQ”,
T0p =L AnQ Cug’ + £, ARQUCE,
¢ = teaAp(€%Qi'C7 + €70,/ C)
+ Zen A (e*Cl QY + € Gl Q)F),
The = vpce' s Hy + e O H' g7

+ Cpen Ape™® Q7 (118)

where we have used that [QuHX]l, = ékaHjlg,J,

that [eQH,]; = [QHye]; = [HyeQl, = —[eHdQ Is =

_[Hde]r = —[QeH,], and that [e*QquH], =
le "Hymcg?, which follows from H; and Q being

tangent symmetric and traceless [Eqs. (A47) and (A48)],
to avoid redundant couplings. We also note that the tensor
€*Qy/ is symmetric. We find only two independent active
terms in the contribution t_g proportional to [eQC]; and
[eCQ]y; following the same arguments as given for the polar
case after Eq. (71).

The contributions to the moment tensor, in the decomposi-
tion indicated in Eq. (70), which depend on the nematic tensor,
read

i) =L AnQ ' Cug’ + & AnQUCHk,
My = BH; + B'OQuHy'§” + taAnQY,
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Wg = ,BCGikHjj + ﬂ/celeka:iﬂlgij + gchAMGika'i9
filpe = Ceren A (€% Q' + €74 Q' G
+ Zpen A (€%Cl O + €5 Cl Q)F).

In Eq. (119), we have only introduced symmetric contribu-
tions to the bending moment tensor. With our simplifying
assumptions, there is no contribution to the normal moment
m,,, and to the flux of component «, j*, involving the nematic
order parameter Q or the molecular field H.

The comoving, corotating derivative of the nematic order
parameter field reads

(119)

D,Q7 = QU + eup QU + €c QY + epc Qi (120)
with
Q) = —H(;/ — v — VROV + aAw OV,
Y

o = — BD.CY — B'D,CA QY
+ Aup A C7 + Ay ApC QY

QY = Bee'vD,CY + BLe' 0¥ D,C/!
+ )»CA//L(Eikaj + ejkai) + ren AuCiie®* 0y,

.. 1 . ki . .
o leH J + VPCleTjkj
PC d

ypC

+ Vpe€ k00! + Apc Aue®* 0y,

where we have used that [C",Q"], — 1C, Q¥ g = %Cka’j,
following Eq. (A42), to avoid redundant terms. We have also
used the identities (73) and (74) as well as the tensor identi-
ties QeC = —eQC, CeQ = —CQe, [CQe]; = —[€QC], and
[QCe]; = —[€CQ];,, and that D, Q" is traceless, to obtain the
only term proportional to €, C and Q. With a similar reasoning
we obtained one term proportional to e, v/, and Q and one
term proportional to €, D,C iJ_ and Q. As for the polar case,
the odd inverse rotational viscosity 1/ypc can be nonzero in
systems close to equilibrium only if time-reversal symmetry
is broken, for example in the presence of a magnetic field. If
time-reversal symmetry holds, Onsager symmetry require this
odd inverse rotational viscosity to vanish.

Finally, the rate of fuel consumption has the following
contributions, which depend on the nematic tensor:

ro = — &7 Qi — (Een QY Crug” + /,CF Q) D,Ci;
+ 1QiHy |

(121)

(122)
rop = — (5,04 Cug”’ + £,07C*vij — ¢ 0D, C;;
+ (AunCY + AypCi* Q) Hyij (123)
re = — (20ca€™ QuCr/ + 28cne™ G Q) )y
— ecn€ Qi DiCij + 2hceCFiHy Y
+ AcenCi* €™ Qi Hy
rpc = — Cpen€ Qi vy + )\PCEikaij

- (2§cPCn€ikalC1j + ZZCPCneikalQlj)DtCij- (124)

In the equations above, coefficients, which contain the
letters v, B, or ¢ are all reactive. Coefficients containing the
letters y, A are dissipative.

2. Pseudonematic surfaces

Here we consider the two types of pseudonematic surfaces
and assume that their order is described by, respectively, the
pseudotensor Qup and the combination of the pseudoscalar
and pseudovector {epc, Qup}. With this restriction, the con-
tributions to the constitutive equations for the pseudonematic
surfaces, which depend on the pseudonematic tensor read

7 =v'QuoiiHipg” + & AnQinCug”
+ 5 ApQUL G + epc[vhee! Qup imHfh,8”
+ Cen A (€ QipCrY + €41 0GpCr)

+ Zen A (€% Cl QY + €™ Cu Olip) 1. (125)
mijj = .BH[lijd + Cen AMQED
+ GPC[ﬁCGikH[kJ{)d + {aCnAMGikQﬁjj)], (126)

DOy = S+ AAQ + A Y
tUD—y UDd H<0p UDAM
—v'vtoy, — BD,CY
1 . . . )
+ EPC[—f’kHéfad + vpee k QU v’
YpC

1 . . . .

+§,3C (leD,CkJ + ijD,Ckl)

FrcAp(€CH + €/, CM) + Apc Ape' O, ).
(127)

r= )LQgDHUDd,ij + )»UDC'in[ifbd - chQZDDzCij
— (GOt Cug” + 400G i
+ epc[ — (26ca€ kOl + 28cne™Cl QY ) vij
- §ch€ikQ1{fbDrCij + 22c€’yCY Hypa i)

+ ApcenQup* i Hil, |- (128)

VII. ACTIVE POLAR FILM IN A CONFINED GEOMETRY

We now discuss a one-component polar active film con-
fined along its x axis in between x = 0 and x = L, invariant by
translation in the y direction (Fig. 4). We consider the limit of
low Reynolds number where inertial terms can be neglected.
For a flat, polar, achiral surface, and planar anchoring of the
polarity at the wall, an instability arises at a threshold value
of nematic active stress, leading to a distorted polarity profile
and spontaneous flow in the active film [30]. Here we consider
a similar geometry and explore a more general situation. We
first investigate the case of a planar-chiral flat surface, and
then consider an active film, which can deform weakly in the
third dimension and has broken up-down symmetry (Fig. 4).

We describe a polar active surface with a tangent polar
vector p. We assume that the equilibrium behavior of the
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FIG. 4. Schematic for a confined polar active film, with planar
anchoring at boundaries. (a) Flat planar-chiral membrane. (b) De-
formed active polar surface with broken up-down symmetry.

surface is described by the free energy

P dS[y + 5@+ Sopr + 2ot - 1)} (129)

s 2 2 2
where A, is a Lagrange multiplier enforcing the norm of p,
y is the passive surface tension, «¥ > 0 the surface bend-
ing modulus. K > 0 is the polarity distortion modulus in
the single-constant approximation, and we denote (3;p)* =
(3;p) - (3'p). Here we assume that the passive surface has
no spontaneous curvature. We note that the polarity distor-
tion term in (3;p)* = (V,-pj)(Vipj) + piCijkakj introduces
a coupling between polarity and curvature. For simplicity
we did not introduce additional coupling terms between the
curvature tensor and polarity in Eq. (129). The surface is
assumed to be free from external force and is not subjected
to an external potential.

Differentiation of the free energy density fo =1y +
(G + K(@ip)/2 + %(p2 — 1) with respect to p and the
curvature tensor results in the following expressions for ther-
modynamic fields conjugate to C and p, as defined in Eq. (35):

K =kCkgl, (130)
hy = — A,p, (131)
n =Ke' ® 9,p, (132)

and following Eq. (38), the total molecular field is then given
by

h=—,p+KV,(3'p). (133)

The corresponding equilibrium tensors are [Eqgs. (47) and
(491

ij K. 2, K 2] ij ki

) = [7/ + E(Ck )+ 5(31'1)) ]8' — kG C"

— K(@'p) - (3'p), (134)

mi =/<Ckkeijej + Kp X aip. (135)

Deviatoric, nonequilibrium contributions to the tension and
moment tensors, and the polarity dynamic equation, are deter-
mined from the general constitutive equations (I1)—(14) with
the following simplifications: we set npc = nepc = 1/ypc = 0
and we do not include cross-coupling viscosities; we also do

not include nonequilibrium contributions to m! nor coupling
to the vorticity gradient w;,. We also consider the surface to
be incompressible, corresponding to the limit 1, — oo and
v¥ = 0. In the discussion below, we assume that Ay > 0.

A. Flat planar-chiral membrane

We first consider a flat surface, such that C;; = 0, confined
at its boundaries, such that v,(x =0) = v,(x = L) =0, and
we also assume a vanishing shear stress at the boundaries,
resulting in f,, = 0 (Appendix K 1). The constitutive equa-
tions for the tension and the polarity dynamics are

tV = — Pg 4+ 2np" + g(pihj + p'h' — prhug’)
V . . . . L.
+ %(e’kh"p’ + €/ p' — euh* p'g’)
1 kql ij ij ik j
— Seup he’ + &Aug” + tpen Ape™ qi’
i J ok 1 1 kN i
—K({(V'p)(V/p*) — Q(Vzpk)(v pHg’),  (136)
Dp' = ;hl —vi¥p; + vpce k0 p; + ApcApne pj, (137)

where we have introduced a two-dimensional pressure P,
which enforces the incompressibility condition. We take here
A =0, as the corresponding term acts in the polarity equa-
tion to change the norm of the polarity, which is constrained
here. In general this term also renormalizes tensions by mod-
ifying the molecular field h. In the equations above, y is an
inverse rotational viscosity, v is a flow-coupling alignment
whose role have been discussed extensively [27,30]. Consti-
tutive equations related to Eqs. (136) and (137) have been
considered in Refs. [31-33]. Reference [32] pointed out that
solutions with uniformly rotating polarity can emerge due to
the coupling term in Apc.

Since we consider |p| = 1, the polarity vector can be de-
noted p = cosfe, + sinfe,. Starting from Eqs. (136) and
(137), we obtain a dynamic equation for the angle 6 (Ap-
pendix K 1),

50 =K<l+ (1 — v cos 20 — vpc sin 20)? )39
Y

4n + y (v sin 260 — vpc cos 26)?
— ApcAp
(I —vcos20 — vpcsin26)
4n 4+ y (v sin 20 — vpc cos 26)?
X (Ln A sin 260 — Cpen A cos 26).

(138)

In this expression the angle 6, which depends on active ten-
sion parameters, and is defined by
{pCn T

tang, = 20 T
=T T2

<0, <

id (139)
3

plays a special role. Indeed the active tension contribution to
Eq. (136) (contribution proportional to Au) can be rewritten
as

sin(260 — 6,,)
—cos(26 —pé?p)>’ (140)

i — LaAp (cos(20 — 0p)
“ " 2cosf, \sin(20 —6,)
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FIG. 5. Phase diagram for a quasi-one-dimensional, confined,
flat polar active surface with broken planar-chiral symmetry. (a) De-
pending on the active tension parameters {pc, and ¢,, a principal
axis of the active tension tensor deviates by an angle —6,/2 from
the polarity axis, for a surface with broken planar-chiral symmetry.
Here the active tension is represented in the contractile case, ¢, > 0.
(b) The parameter Apc triggers an active rotation of the polar vector.
[(c),(d)] Phase diagram of homogeneous polarity orientation as a
function of the two planar-chirality coefficients, for the contractile
and extensile case, for v = vpc = 0. Outside of the “hourglass”
shape, the polarity is rotating with a time-varying angular velocity.
(e) Bifurcation plot showing the angle at the center of the confined
active film as a function of system size L [Apc =0, &, >0, v =
vpc =0, £ = /K(I+4n/y)/(¢.Aw)]. For small values of L and
¢pcn = 0, the polar angle is homogeneous and equal to % ; for larger
values of L a pitchfork bifurcation appears. The pltchfork b1furcat10n
becomes imperfect for {pc, # 0. (f) Bifurcation plot as a function
of system size L, for different values of Apc [{pcyn =0, & > 0,
v=uvpc =0,¢=K(I+4n/y)/(&Aw)]. For large enough values
of Apc, the magnitude of 0(x = %) keeps increasing as L increases,
corresponding to the formation of repeated polarity turns in the sys-
tem. [( g),(h)] Steady-state polarity profiles for v = vpc = &pcn = 0,
& > 0,L/€ =5, 4nApc/y = 3 or as indicated.

such that —8,/2 corresponds to the angle, introduced by the
planar-chiral order parameter, between one of the principal
directions of the active tension tensor and the polarity vec-
tor direction [Fig. 5(a)]. In addition, in Eq. (138), the active

coupling Apc induces a rotation of the polar order parameter
on the surface [Fig. 5(b)].

We now assume that the flow-aligning parameters v and
vpc can be neglected. We first consider the situation where the
polarity field can be considered uniform (limit of L — 00).
Steady-states solution for the polarity angle 6 then exists for

167223
;2

§PCn

-1, 141
¢n (14D

and the corresponding steady-state solutions are

o1 _1<7-[ + arcsin (m cos 6 > +6 ) +kmw, (142)
s _2 é‘n p p ’

1 4n
62 =3 (— arcsin ( ng < cos 9,,) + 9,,) +kmw, (143)

n

with k an integer. A stability analysis (Appendix K 1) shows
that 0] is stable for £, < O (extensile active tension), while 62
is stable for ¢, > O (contractile active tension). For a simple
surface, not planar-chiral, the coefficients {pc, = Apc = 0 and
the angle 6, = 0: in that case 6 = 0,  are the stable solutions
for ¢, > 0 and 6 = /2, 37 /2 are stable solutions for ¢, < 0.
When 60, # 0 or Apc # 0, the steady-state angles deviate from
this solution as |{pcy| or |Apc| are increased [Figs. 5(c) and
5(d)]. For sufficiently large |Apc|, above the threshold defined
by Eq. (141), the steady-state solutions are lost and the polar-
ity rotates with the average angular velocity [Fig. 5(c)],

¢ 2
= |Apc|lAp, /1 — [ —2——) ,
@ = [kpclAn (417)\1:(; cos@,,)

which approaches a constant velocity, |Apc|Ap for |Apc| —
00, and vanishes at the transition line given by Eq. (141). The
direction of rotation is determined by the sign of Apc.

For finite values of L and planar anchoring [0(x = 0) =
6(x = L) = 7], a competition arises between the distortion
term proportional to K in Eq. (138), favoring uniform orienta-
tion & = Z, and other physical effects promoting a different
polarity orlentatlon. For a simple surface, {pcy, = Apc =0,
and for contractile tension &, > 0, this competition gives rise
to a critical length, below which the polarity orientation stays
uniform and oriented along the y axis, and above which a
spontaneous flow and polarity distortion emerges [30]. The
transition is a pitchfork bifurcation, which gives rise to two
symmetric configurations, with the polarity tilted to the left or
the right. For small, but nonzero values of {pc, and Apc, the
pitchfork bifurcation becomes imperfect [Figs. 5(e) and 5(f)];
as the planar-chiral terms break the symmetry between the
two polarity orientations away from 6 = 7. For sufficiently
large Apc, a new regime emerges where the polarity transiently
rotates and sets up a number of spatial polarity turns in the
system, until the distortion energy prevents the polarity from
rotating further and a high-distortion steady state is reached
[Figs. 5(f) and 5(g)]. At steady state and for large Apc, n ~
L*|Apc|Auny /2QnK(y + 4n)) spatial turns can form in the
confined system: as Apc or L are increased, more and more
bands of full 27 polarity rotations emerge [Figs. 5(g) and
5(h)].

(144)
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B. Weakly deformed active polar surface with
broken up-down symmetry

We now consider an active polar surface, which does not
have a chiral or planar-chiral broken symmetry but has broken
up-down symmetry. We consider a situation when the bound-
aries of the active surface at x = 0 and x = L are forced to be
straight, but the surface can otherwise move without external
forces at its boundaries (no tension, no torque). In that case
ty =0, my, =0 and t,, = 0. We assume that active terms
contributing isotropic and anisotropic bending moduli (¢/, .,
Cens C.,) are vanishing. We also take B/ = A = A, = 0, as
these terms act in the polarity equation to change the norm of
the polarity, which is constrained here, so that they only renor-
malize couplings in the constitutive equations for tensions
and torques by modifying the molecular field h. With these
simplifications, the constitutive equations for the tangential
tension tensor, the tangential bending moment and the polarity
dynamics are [Egs. (I1)-(I4), (K7), (K9), (134), and (135)]

17 = — Pl + 200" + (&0 + 5,C*) Ang + 28 ApCY
+ %(Pihj + p'h — pih*gi))
-~ %[lepkh[ — K" pypiC™ Cpl e
— K((V'P)YV i) — %(V’p"xvzpk)g'*" )

1, . . L L
- E(ﬁllkckj + I’hjkal - m”‘Cklg”

e, (145)
m'! = (kC* + napD Gt g7 + KCyphp?
+ ZHchC'ij + {cAﬂgij + chA/Lqij
/3 ir] Jj1i k ij
+ S+ = i), (146)
i 1 i ~ij ij j all
D, p :;h —vv’p.,-+)LUDA,uC/pj—,3p’D,Cj. (147)

In the equations above, 1. and 7., are shear and bulk bending
viscosities. The term in ¢, corresponds to an active bending
moment, which results in a spontaneous curvature of the film
Ci* = —¢.Au/k in the absence of other effects. Without loss
of generality, we assume that the surface is oriented such that
¢, > 0. The term in ¢, corresponds to an active anisotropic
bending moment whose orientation is set by the polarity field
[Fig. 6(a)]. Aup is an active orientation coupling, which ori-
ents the polarity along the directions of principal curvatures
of the surface [Fig. 6(b)].

We perform calculations in the Monge gauge, at first order
in the height gradient d.h, the velocity field and the polar
angle gradient 9,6. The surface is considered incompressible,
Vyy = 0y Uy + Cyyv, = 0. The only nonzero component of the
curvature tensor is Cy, ~ —d2h. For simplicity, we take here
the limit where flow-alignment and curvature-alignment cou-
plings are small, such that 8 = v =~ 0; and where the bending

@ >0 &= -
Ccn<0 ”

(d)

FIG. 6. Phase diagram for a quasi-one-dimensional, confined,
polar active surface with broken up-down symmetry. (a) The coef-
ficient ¢, Au, an active bending moment, results in internal torques
and a preferred curvature direction, depending on the polarity axis
orientation. We assume here Ap > 0. The schematic on the right
indicates the curvature induced in a free surface by the active
bending moment ~¢.,, assuming that the surface deforms only
along the x direction. (b) The coefficient AypAp, with dimen-
sion of a velocity, is an active response of the polarity field to
curvature. The schematic on the right indicates the stationary ori-
entations induced by the coupling ~Ayp. [(c),(d)] Phase diagrams
of possible stable steady homogeneous states for {, > 0 and {, =0
(C), or znApk /(L.Ap)? =1 (d). Green: 8 = 6, = %arccos(—z—i +
nXU;'KMm YorO =m — 6y, T + 6y, 2 — 6y; brown region: 6 = 0, ;3
blue region: 6 = 7 /2,37 /2; orange region: 6 = 0,7 /2, w, 3w /2.
The dashed line indicates a change of curvature sign of the solutions
6 = 0, , which does not correspond to a bifurcation. One assumes
here 8 =v =0.
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modulus is large compared to the polarity distortion modulus,
k > K. We then obtain (Appendix K 2)

Kk Crx + LA + Len A €08 260

9,Cyy = — , (148)
' Ne + Nep
K4 A 2niupCrx) .
9,0 =K@ V) 0y AU+ 20000Ce) G g (149
4ny 4n

Yvhere in the lgst line, we have introduced the parameter
Aup = Aup + (¢, — &en)/(2n). Uniform steady states corre-
spond either to

2 c n
cos2f = e WK o (5
Cen NAuDAULn 2nAup
cn 2 c A
Orgzkn’cmz_w, (151)
2K
o — 2C.)A
Or9:£+;m,c”:M, (152)
2 2k

with k an integer. As we require weak deformations, these
solutions apply provided that C,,L < 1. We determine the
stability thresholds of these solutions analytically for fast
curvature relaxation (., — 0, ., — 0) (Appendix K). In the
limit of an infinite system, L — 0o, one obtains the phase
diagram of Fig. 6(c). The phase diagram exhibits two regions
of solution coexistence where the active film can have oppo-
site curvatures, depending on the orientation of the polarity
[orange regions in Fig. 6(c)]. Remarkably, in the absence of
a contractile or extensile anisotropic active tension (¢, = 0),
two regions of the diagram have flat solutions despite the
existence of an active bending moment and therefore a film
spontaneous curvature [green regions in Fig. 6(c)]. In these
parameter regions, the polarity orients so as to cancel the
spontaneous curvature in the x direction. Therefore, varying
Aup Or Ze allows to switch between a flat shape with tilted
polarity, and a curved shape with the polarity aligned along,
or orthogonal to, the curvature principal axis. For ¢, # 0, the
flat solution is replaced by a curved layer, whose curvature
depends on the active film contractile or extensile anisotropic
active tension ¢, Ap [Fig. 6(d)].

For Auyp > 0, &m < 2L, of Aup < 0, {en > 22, the ho-
mogeneous solution & = 7 and Cyx = ({en — 20 )Ar/(2K) is
always stable for planar anchoring of the polarity [6(0) = 7
and 6(L) = 7]. Away from this region, this solution is stable
only for a sufficient small system size L, and the stability
condition is

\/ kK(4n + y)m?
L<m — — .
2nyAup(28e — Len)(Ap)?

This situation is reminiscent of the flowing flat film discussed
in the previous section, but the physics at play is different.
Here a distortion introduced in the polarity field away from the
homogeneous steady state not only couples to the emergence
of a flow field, but also responds to the curvature of the
surface, which can favor further polarity rotation [Figs. 6(a)
and 6(b)].

(153)

VIII. DISCUSSION

In this paper we have considered polar and nematic sur-
faces and categorized different phases according to their

symmetries. We find 7 possible polar surfaces, 7 possi-
ble nematic surfaces, which add to the 5 types of in-plane
isotropic surfaces we have previously discussed [25]. Two
polar surfaces and two nematic surfaces actually involve
pseudovectors and pseudotensors, which do not transform as
vectors and tensors under all symmetries; for this reason we
call them pseudopolar and pseudonematic surfaces. Some of
these 19 phases have experimental realisations, notably with
lipid membranes and epithelial layers, which we discuss in
Appendix J: The pseudopolar phase for instance is simply
realised with a phospholipid bilayer with molecules tilted
relative to the normal. In some cases, for instance in the case
of the pseudonematic surface, we do not know of a physical
realisation. Remarkably, however, the case of the supracellular
actin fiber arrangement in Hydra, which provides a remark-
able example of a complex arrangement of orthogonal fibers
in two parallel layers in a living organism, may be seen as an
approximate realisation of such a pseudonematic surface [21].
Surfaces with order parameters with higher symmetries, such
as hexatic surfaces, could in principle be categorized follow-
ing the reasoning outlined in Sec. III. We note that an hexatic
phase has recently been found in a model of self-propelled
active tissues [34].

We have introduced differential operators V and D, which
are helpful in maintaining notations compact and distinguish-
ing various physical effects. For instance, the corotational
variation of the polar order parameter p enters the expres-
sion for the infinitesimal variation of free energy (42), as it
describes variations of the order parameter, which does not
arise from the surface rotation.

We have derived constitutive equations for polar and active
surfaces that depend on their broken symmetries. Constitu-
tive equations are obtained by identifying thermodynamics
forces and fluxes based on a derivation of entropy production,
generalizing to active polar and nematic surfaces previous re-
sults obtained for multicomponent isotropic passive or active
surfaces [25,35] or for passive nematic surfaces [28,36,37].
Constitutive equations for the tension tensor, bending moment
tensor, have passive, equilibrium contributions, which follow
from the surface free-energy, and deviatoric contributions,
notably viscous and active effects, whose full expressions are
given in Appendix I. Some of the active terms we identified
are well known in the active matter literature, such as the
nematic active tension ¢, Au [3,38]; however, we also find a
large number of additional active couplings, involving notably
the curvature tensor C;; or, with appropriate broken symme-
tries, the Levi-Civita tensor €;;.

To identify some of the physical effects associated to polar
and nematic active couplings in surfaces, we have consid-
ered here two examples of application of the framework of
active polar and nematic surfaces by considering a quasi-
one-dimensional confined surface with planar anchoring at its
boundaries. We have allowed first for planar-chiral effect in a
flat surface and then for out-of-plane deformation of a surface
with broken up-down symmetry. For a flat surface with a bro-
ken planar-chiral symmetry, the system undergoes a transition
from a distorted but steady polarity field, to a permanently
rotating polarity field [32], when the confinement distance is
large. We find that boundary conditions can oppose this rota-
tion, instead setting up a spatial pattern consisting of repeated
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full turns of the polarity vector. In a weakly-deformed surface
with a broken up-down symmetry, we find that depending
on the magnitude of active couplings, the active surface can
switch between a state with tilted polarity and a curvature that
is controlled by the nematic active tension, and a state with po-
larity aligned along or orthogonal to the direction of curvature,
and curvature controlled by active bending moments. Here,
we have restricted our analysis to quasi-one-dimensional pat-
terns of flows and polarities; we note that further instabilities
could in general emerge in the longitudinal direction along the
confinement walls [39].

In this paper we have considered that the active sur-
face is subjected to external forces and torques, but we
have not treated explicitly the surface surroundings; no-
tably exchange of chemical species, which would modify the
mass and concentration balance equations (D5) and (D6).
It would be interesting to consider these effects in future
work. Here we have also considered active effects giving rise
to internal tension and torques, but we have not considered
active external forces giving rise to a net surface velocity
[40,41].

The role of intrinsic or spin angular momentum den-
sity has been considered in three-dimensional passive and
active fluids [38,42]. It would be interesting to study ac-
tive surfaces taking account such a degree of freedom,
which would require modifying the torque balance equa-
tion (22) by retaining an inertial term that has so far been
neglected.

The examples treated here already show that interactions
of polar or nematic order and curvature changes in active
surfaces can exhibit a range of behaviours, which is only
beginning to be explored. We expect that further applica-
tions of our framework will reveal other physical effects, and
will be useful notably to describe biological morphogenesis
[43].

ACKNOWLEDGMENTS

G.S. acknowledges support from the Francis Crick Insti-
tute, which receives its core funding from Cancer Research
UK (Grant No. FCO001317), the UK Medical Research
Council (Grant No. FC001317), and the Wellcome Trust
(Grant No. FC001317). J.P’s research was supported by
Seed fund of Mechanobiology Institute and Singapore Min-
istry of Education Tier 3 Grant, MOET32020-0001. G.S.
thanks Q. Vagne and N. Cuny for comments on the
manuscript.

APPENDIX A: NOTATIONS AND RELATIONS OF
DIFFERENTIAL GEOMETRY

Here we summarize our notations and give relations of
differential geometry for the surface.

The surface is embedded in a 3D Cartesian basis whose
coordinates are denoted by greek indices o, B.... €, is the
fully antisymmetric 3D unit tensor (Levi-Civita tensor) and
€, the tangent vectors of the 3D Cartesian basis. The cross
product is then denoted for two vectors a, b,

axb= Eaﬂyaﬁbyéa, (Al)

and for a vector a and second rank tensor B, we use the
following notation:

a X B=-B X1a= éaygayBgﬁéa ®éﬁ,

a xXp B=-B Xy a = gaygayBﬂ(Séﬂ & éav (AZ)

which can generalized for a vector a and a tensor of rank #,
B=5B; 6 ®..0¢,.:

a Xk B :gaysayBil...ik_léik+|...i,L

X é,‘] ®...® é,‘kq ® éa ® é,‘H] ®...® é,‘n. (A3)

We also find it convenient to introduce a cross-product nota-
tion, returning a vector from the product of two second-rank
tensors A and B,

A X1 B IgaﬂyAﬂgBy,;éa,

A X2 B ZgaﬂyAgﬁBayéa. (A4)

This allows to generalize the circular shifts relations of the
triple product for three vectors a, b, c,

a-(bxc)=b-(cxa)=c-(axbh) (AS)

to a triple product for a vector and two second-rank tensors,

A:(bx;C)=b-(Cx;A)=C:(Axb),

A:(bx;C)=b-(Cx,A)=C: (A x,b), (A6)

where we use the contraction notation A : B = A,gBog.

We consider a curved surface X(s', s?) parametrised by
two generalised coordinates s', s> [Fig. 1(c)]. We use latin
indices to refer to surface coordinates. The tangent vectors are
given by

e; = 0;X, (AT)
with §; = 3/0s’ and the unit normal vector by
n— S1xe (A8)
ler x e

The metric g;; and curvature tensor C;; associated to X are
defined by

gij = ¢ -e;,Cj=—(30,X) n. (A9)
The vectors e!, e? of the dual basis are defined by
e -e/ =5/ (A10)

The inverse of the metric is denoted g, such that g;;g/* = 8F.
The components of a vector a or a tensor B can be written as

a =d'e; = q;e', (A1D)

B =B¢;®e; = B;je' @ €/, (A12)
and the metric g’j can be used to raise or lower indices, i.e.,
a' = g’a; and a; = g;;a’. We use the notation 8’ = g"/9;.

We denote d! with dI* = g;;ds'ds’ a line element on the
surface, and dS = @ds‘dsz a surface element, where g =
det g;; is the determinant of the metric tensor.
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The derivatives of the basis and normal vectors are given
by the Gauss-Weingarten equations,

8,']1 = C,"iej, (A13)
dej = —Cijm + T'le, (Al4)
where I'¥; are the Christoffel symbols.
We introduce the Riemann tensor as
Rlyji = 0,0} — 0T + TR, =TT, (A15)

which can be expressed in terms of the curvature tensor

Rijii = CixCji — CuCix (A16)
= det(Ckl)(gikg‘il — 8il&jk)s (A17)

where the first identity follows from the definition (A15) and
the relation (3;9;e;) - €' = (9;9;¢;) - €.
The Levi-Civita tensor on the curved surface is defined as
€j=n-(e xe;), (A18)
and it satisfies the identity
€ijel = —8F. (A19)

The Levi-Civita tensor can be used to express vectorial prod-
ucts of the basis vectors,

nxe = e,-jej, (A20)

€; X €; = €;;I. (AZ])

A tensor with two indices can generally be decomposed
into a symmetric and antisymmetric part,

AT = AV + AY

= A;J + %Aklékléu.

(A22)
(A23)

We also use the notation [A¥]; = A. The traceless part of a
tensor A is denoted A with
AV = AT — TANY. (A24)
In Egs. (7) and (10) we introduce the generic covari-
ant differentiation operator defined by Va' = (da) - e’ and
VBi/ = (dB) - (¢! @ e/). From the differentiation rule d(a ®
b) = (da) ® b+ a ® (db) one obtains directly the product
rule V(a'b’) = (Va')b/ + a'(Vh’). Denoting the metric ten-
sor G = g;;¢' ® e/, one obtains the identity using Egs. (A9)
and (A10) as

Vgij =0, (A25)

from which it also follows that V;g;x = 0 and V,g;; = 0. The
corotational variation and time derivative of the metric also
vanishes, Dg;; = 0 and D,g;; = 0, by direct application of
Eq. (B16). These identities can be used to lower or raise
indices inside the covariant and corotational derivatives.
Denoting the Levi-Civita antisymmetric tensor € = ¢;,¢' ®
€;, one obtains using Eq. (A21) that its covariant variation

vanishes,
Ve;ij =0, (A26)

which also implies V;e; = 0 and V,¢;; = 0. By direct appli-
cation of Eq. (B16), one also has De;; = 0 and D;¢;; = 0.

The curvature tensor satisfies the Mainardi-Codazzi equa-
tion [44]

ViCjr = V;Ci. (A27)
The curvature tensor also satisfies the identity
Vi(C; — Cre'y) =0, (A28)
as well as the relation
CiCrj = CFCij — gij det (C). (A29)

The divergence theorem on a curved surface reads [45]

deV[fizfdlvifi,
S C

where S is the surface enclosed by C, v is a unit vector tangent
to S, outward-pointing and normal to the contour C, and d! is
an infinitesimal line element going along the contour C.

The two-components tensor obtained from the gradient of
a tangent vector p is denoted

(A30)

Vop=e®ip
= (V,'pj)ei e — ,»jpjei ®n,

(A31)
(A32)

and it contains a component, which is not tangent. Similarly
the gradient of a two-components tangent tensor Q is a tensor
of rank 3,

VeQ=¢®0iQ (A33)
= (V,0'")e'®e; ®e — C;j0% e @n® e

—Ci0’%e' ®e; @n. (A34)
Covariant derivatives are not commutative and verify
[Vi, V19 = Vi(V,;p") = V;(Vip")
= R'i;p, (A35)
[V, V;10" = vi(v;0") — V;(Vi@")
= R",;;0™ + R',.;; 0", (A36)

where [, -] is the commutation operator, and R;j; is the
Riemann tensor introduced in Eq. (A15). The commutation
relation between covariant derivatives can be rewritten using
the Riemann tensor expression in terms of the curvature ten-
sor, Eq. (A16),

[V, V,1p* = Ccreyp' — Cucifpl, (A37)
Vi, V;10Y = C*C,;, 0™ — CiCF 0™
+ G Cpj O™ — CinCi' O™ (A38)

We further note that for a scalar field f, a vector field a or
a tensor field B,

Vi(9;f) = V(@i f), (A39)
V,‘(a/’a) = Vj(aia), (A40)
Vi(3;B) = V;(9;B), (A41)

which follow from the symmetry relations of Christoffel co-
efficients Ffj = F;‘.i.

033158-22



THEORY OF NEMATIC AND POLAR ACTIVE FLUID ...

PHYSICAL REVIEW RESEARCH 4, 033158 (2022)

Denoting S a tangent symmetric tensor and Q a tangent
traceless symmetric tensor, we obtain the following product
identities:

S0 =18 Qij + 150" gij + 1€ Q" Su ;. (A42)
0iS*; =185 015 + 1810 gi; — 1en QS ey, (A43)
€S ; =€* S + Sikeij, (A44)

Sie*; =Sie"; + Si¥ei, (A45)

Q' = — Que';. (A46)

The two first relations imply, for two traceless symmetric
tensor Q and ',

[0 Q" 1, =[0,,0 1, = 100" gi)., (A47)
(0" 0 1 =[00 Q" €11 = [Qpe" Q1)1
=lem0" Q0),8i;- (A48)

APPENDIX B: VARIATION OF VECTORIAL AND
TENSORIAL SURFACE QUANTITIES

Here we discuss infinitesimal variations of surface quan-
tities and expressions for the corotational and covariant
variations introduced in the paper.

1. Infinitesimal variations of fundamental vectors and tensors

We consider here an infinitesimal surface displacement dX
of the surface. Using the definitions (A7), (A8), (A9), and
(A10), we obtain the following expressions for the infinites-
imal variations of the tangent and normal vector, and metric
and curvature tensors:

de; =(VidX’ + C/dX,)e; + (8;dX, — C;;dX')n,  (Bl)

de' = — (V/dX' + C"dX,)e; + (3'dX, — C';dX’/)n, (B2)

dn =(—9dX, + C;jdX’)e', (B3)
dgij =VidX; + V;dX; + 2C;;dX,, (B4)
d/g =3+/28"dgij, (BS)
dCij = — Vi(3;dX,) + CuC;*dX, + (ViCij)dX*
+ Cy V,;dX* + CyVidX*. (B6)

We write an arbitrary change in surface scalar fields, for
instance a concentration field ¢?, as

dg:;
de® = —c® g”% +dc® (B7)

with dc* = d(,/gc*)/./g a change of concentration that does
not arise by “geometric” dilution, whose effect is captured by
the first term in the right-hand side of Eq. (B7).

2. Infinitesimal surface rotation and rotation gradient

The surface infinitesimal rotation d# associated with the
surface infinitesimal displacement dX has explicit expression,

1
2
) 1 N
=€ (9;dX, — CixdX")e; + E(Vidxj)EUn' (B8)

To obtain this expression, we have assumed that the derivative
of the deformation in the direction normal to the surface reads
3,dX = —((3;dX) - n)e’ [25].

We note the following useful identities involving the dif-
ferential surface rotation:

dg;j
de; =%el +do x e, (B9)

i ik d8kj ; i
de' =—g Te +di x e, (B10)
dn =d# x n. (B11)

In Appendix E we require an expression for in-plane gradi-
ents of the local rotation variation, (9;d#) - e;, in terms of the
curvature and the metric. Writing the curvature tensor C =
e’ ® (9;n), which follows from the Gauss-Weingarten equa-
tion (A13), and calculating its corotational variation [Eq. (3)]
using the relations (B9)-(B11), we note that we the surface
gradient of rotation can be rewritten as

dgi
0:dD) - €; = &, (DC,»" + %c“).

(B12)

The normal part of the gradient of rotation is coupled to
the normal part of the moment tensor m,, [Eq. (30)] and can
be written as

(8d®) -n = d;dv, — C/dV;. (B13)

3. Corotational infinitesimal variations

In Eqgs. (1) and (3), we introduce the corotational infinites-
imal variation D, and its components in Egs. (13) and (15). If
p and Q are tangent vectors and second-rank tensors, Dp and
DQ are also tangent vectors and second-rank tensors. Indeed

(Dp) -m =(dp) -n — (d# x p)-n

=p'lde; - n — (d# x ;) -n] =0, (B14)

where we have used the identity (B9) in the last line. A similar
calculation leads to DQ also a tangent tensor. Explicit expres-
sions in components of the infinitesimal corotational variation
of a tangent vector p and a tangent tensor Q are

Dp' =Vp' +dv,€"p;, (B15)

DOV =V Q" + dv,e* Qi + dv,e’ Oy, (B16)
with ¥, = 1€ V;dX; [Eq. (B8)].

We now give explicit expressions for the infinitesimal coro-
tational variation of the normal vector, metric tensor, curvature
tensor, of the gradient of a tangent vector and of the gradient

of a second-rank tangent tensor. Using the definitions (1) and
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(3), Egs. (B11) and (B16) and the variations (B2) and (B6),

we find the following relations:
Dn =0, B17)

Dg,'j IO, (B18)

DCij = — Vi(3;dX,) — CuC;*dX,, + (Vi C;;)dX*

+ d 9, Crj + d0,e CF. (B19)
. . . . dgui
This last expression also implies DC;; = dC;; — ij% -

c! dsi;
! 2 : . . . .
Next, we obtain an expression for the co-rotational vari-
ation of the components of the gradient V ® p of a tangent
vector p, defined in Eq. (A31),

D i dgij j
(Vep) = ®|(,Dp) — Ta p+ (3:d¥) xpl|. (B20)

Similarly, the components of the co-rotational variation of the
gradient of a tangent second-rank tensor D(V &® Q), defined
in Eq. (A33), read

. dgii .
DVRQ =¢® [&(DQ) = %aJQ +(8d?) %1 Q
+(@d ) x5 QL.

In Appendix H, we use Egs. (B20) and (B21) in calculating the
variation of a free energy with gradient of polarity or gradient
of nematic tensor term. Eq. (B21) also implies the following
relations for Q symmetric:

DVRQ)-(¢,0e;®e)=D(VR®Q) (¢ Qe Re;),
DVRQ)-(e,®@n®e;)=D(VRQ) (e®e; @n),
D(V®Q) (¢,@n®n)=0. (B22)

If the tangent tensor Q is symmetric traceless, DQ is also sym-
metric traceless. This follows from Eq. (B16) and Eq. (A46)
if VQ;; is symmetric traceless. This is the case as

VQij =(dQ) - (e; Qe))

(B21)

=dQij + Oxjde" - e; + Qude - e}, (B23)
such that VQ;; is symmetric if Q;; is symmetric; and
VO = (dQ) - (e ®¢)
=dQ:e,e)—Q:d(e®eh)
= d(Q/), (B24)

such that VQ;; is traceless if Q;; is traceless.

4. Corotational time derivatives

In Egs. (5) and (6), we have introduced the Lagrangian
time derivative denoted d/dt. We first clarify here this def-
inition. For a field f(s', s2, 1) on the surface changing with
time, one can calculate the change of f along the trajectory
of the flow, i.e., the time derivative of f(s(z),t) where s(t)
are the coordinates labeling a point moving with the flow.
We use an Eulerian description with respect to tangential
flows, and Lagrangian description with respect to normal

flows, such that points with given coordinates follow the nor-
mal component of the flow. Then

df i

* OLf(s@), )] =0 f +v'0;f,
where we have used that moving along a line of flow with
s(t), one has (X + dX)(s + ds) = X(s) + vdt; therefore ex-
panding in ds, dt, and using that dX is along the normal to the
surface, one obtains ds’ = vidt. The definition (B25) can be
extended directly to vector and tensorial fields on the surface.

In Egs. (2) and (4), we have introduced the corotational

derivative operators D,. The explicit expressions in compo-
nents of the corotational derivatives of a tangent vector p and
a tangent tensor Q are, following Eqs. (B15) and (B16):

(B25)

D,p' = V,p' + w,e'p;, (B26)

D,Q7 = V0" + 0, Q! + w,e’ Q' (B27)
with w, = 3€V,v;.

Following the definition for the covariant time derivative,
Eq. (9), the covariant time derivative of a tangent polar vector
p reads

V,p' = (3p+v/9;p) €

=8,p +v/V;p 4+ v,Cp, (B28)

where we have used Eq. (B1), replacing dX; by 0 and dX,, by
v,dt, to obtain the relation (9;¢;) - €; = Cj;v,,.

Similarly for a tangent second-rank tensor field Q one has
from Eq. (12),

V07 = (3Q+ "% Q) : (¢ @ ¢/)
= 3,0" + V'V 0" + 1,0/ 0" +v,C QY. (B29)
Combining Egs. (B26) and (B28) for a tangent vector, and
Egs. (B27) and (B29) for a tangent second-rank tensor, the
full explicit expression for the corotational time-differential

operator D; is, for a tangent vector p and a tangent second-
rank tensor Q,

Dp' = 3p' +v/V;p +0,Cip) + wueip/,  (B30)

D,Q" = 8,0" + vV, Q" + v,C7 Q0" + v,C QY
+ wneikaj + a)neijik' (le)

In the expressions above, the partial time derivatives are taken
for components chosen to be expressed in a covariant or
contravariant basis, so that in general 9, p; # g;;0,p’, 9,0" #
¢*g/'3,0. For instance, the tensor D,Q;; reads, using the
time derivative of the covariant components Q;;:

D.Qij = 8,Qi; + V"V, Q;; — v,C7 0% — v,CT QN

+ wpenQFj + wae 1O/ (B32)

APPENDIX C: ROTATION OF ORDER PARAMETERS
In this Appendix we give the table of conserved and bro-
ken symmetries for order parameters, which result from the

transformation p — p and Q — Q of one of the phases dis-
cussed in the main text. Here p denotes a tangent vector or
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pseudovector, and Q a tangent tensor or pseudotensor. In this
Appendix, for a given transformation 7, we denote T the
associated tensor; and we use the notations 7'[p] = eg Tp and
T[Q] = ¢, TQT ™" for the application of this transformation;
where the matrix products are understood here in a Cartesian
basis. We note that p and Q have signature 41 with respect to
rotations around tlhe normal.

We denote R? the rotation by 7 /2 around the normal
vector. For polar phases we find, with the definitions of p and

1
P = R; [p] introduced in the main text:

Order parameters | M, | My | Ry | My | Ry | I | R,
P, pPrc I [ x [ x| 1 [1[x[X

f)C , PuD X 1 X X 1 1 X
{eup, P} X X | X 1 X | X | X

{ec, P} X X | X | X 1 | X | X

These relations follow from Table IV and the identities,
which apply for a tangent vector or pseudovector p,

Rplpl = p < Rplpl =D, (C2)
Mylpl =p < Mp[p]l =P, (C3)
Mplpl = p < Mplp]l =P, (C4)

which imply that the transformation p — P leads to an ex-
change of the columns M}, <> M; and R, <> R; in the table of
conserved and broken symmetries. The relations (C1)—(C4)
follow from

Rolp] = R: [Rylp]], (C5)
Rylp] = R: [Rplpll, (C6)
Mj[p] = R: [Mplpll, )
M,[B] = R; [My[pl], (C8)

1 1 1
which follow from the relations RyR; = R;Rp, RpR; =
1 1

1 1 1 1 1
RZRy, MyR? = R:M,, and MyR: = Ri Mp.

Rplpl =p — Rp[pl =P, (ChH For nematic phases we find
|
Order parameters | M, | MqorMy | RqorRq | 1 | R, R,jf% Rf%M,, M; | Ry
Q. Qrc 1 X X 11 ] X X 1|1
Qup, Q¢ X X 1 X| 1] x 1 1| X
{eup, Q} X X X X| 1] x X 1| X
{ec, Q) X X X X| 1| X X X |1

These relations follow from Table VI and the identities,
which apply for a tangent tensor or pseudotensor Q,

RQ1=Q > R;[Q1=0Q, (C9)
RQ1=Q < R,Q1=0, (C10)

M[Ql=Q «— M;[Q1=0Q, (C11)

~
A

M[Ql=Q — M,[Q1=Q,, (C12)

A 1
which imply that the transformation Q — Q = R;[Q] leads
to an exchange of the columns My <> M and Rq <> R; in

1
the table of conserved and broken symmetries. Here R,,i4 is
the rotation by s /4 around the normal. The relations (C9)-
(C12) follow from

Ry1Q1 = Ri[R,[QI1, (C13)
RqIQ1 = Ri[R;[QI1, (C14)
M0 = R [M[QI], (C15)
M@ = RE[M;[QI1, (C16)

(

1 1 1
which follow from the relations RaRﬁ =RiRy, RqR; =

1 1 1 1 1
R.R; Ry, MyR; = R; Mg and MyR; = R,R,Mj, and that all
tensors and pseudotensors Q are invariant by R,,.

APPENDIX D: TENSION AND MOMENT TENSORS AND
CONSERVATION EQUATIONS ON A CURVED SURFACE

1. Force and torques on the surface
The force f and torque I' on a line of length dI with unit
vector v = v'e;, tangential to the surface and normal to the line
can be expressed as

f =dilvit;, =dl vt (D1)

I =dlvim; =dl vm', (D2)
where we have introduced the tension t; and moment m; per
unit length [Figs. 1(b) and 1(c)]. Decomposing t' and m’ in
tangential and normal components as

t' =tVe; +t'n, (D3)

m' = m'e; + min, (D4)

defines the tension and moment per unit length tensors 1%/, ¢i,
m', and m;,.
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2. Conservation equations

Here we recall conservation equations for the surface mass,
concentration of chemical species, energy, entropy, and free
energy given for a Eulerian representation in Ref. [25]. Mass
balance reads

3p + Vi(pv') + v,Ci'p =0, (D3)

with o the mass density on the surface and v = v'e; + v,n is
the center-of-mass velocity.
The concentrations c® obey the balance equation

dc® + ViU 4 u,Cic =17, (D6)

where J%! = ¢*v’ + j* is the tangential flux in the surface of
molecule «, j‘” is the flux relative to the center of mass, and
r® denote source and sink terms corresponding to chemical
reactions in the surface. In this paper we do not consider
exchanges of chemical species between the surface and its
surrounding environment, which would contribute additional
source terms in Eq. (D6). Mass conservation implies the fol-
lowing relation between fluxes of molecules and chemical

rates
Zmaja,i — 0’
o
Zm"‘r”‘ =0.
o

The rate r* at which species « is generated by chemical
reactions can be rewritten as a sum over contributions from
different chemical reactions [38]

ra — _ E a“‘[rl,
1

where the index / labels chemical reactions, and the numbers
a®! are the stoichiometric coefficients for reaction /,

Z a®’A% = 0.
o

In Eq. (D10), A* is the chemical symbol for species «. Mass
conservation implies that Y, a*/m, = 0.

The conservation of energy and the balance of entropy and
free energy density have the form

D7)

(D8)

D9)

(D10)

de + Vilv'e + j1 4+ v,Cile =J, (D11)

O + Vilv's + %1+ v,Ci's =J; + 6, (D12)

Wf+Vilv'f + i1+ v Gl f =J[—T6 —JN.T

— (0;T)s, (D13)

where e and s are the energy and entropy density respectively,
J¢ and J are energy and entropy fluxes entering the surface
from the adjacent bulk, J& = vie + j and J*' = vis 4+ j*
are the tangential energy and entropy fluxes within the sur-
face, and JJ = J¢ — TJS and J/ = J&i — TJ% = vif 4 j/i
are the normal and tangential fluxes of free energy. The
entropy production rate within the surface is denoted 6. Equa-
tion (D13) is obtained from the relation f =e — Ts and
Egs. (D11) and (D12). In this paper we consider for simplicity
the isothermal case.

Considering a surface S enclosed by a contour C, moving
with the velocity field v and such that the contour C follows
the flow, the rate of change of free energy F = | s dSf is then

dF .
@ f_To] - i
- /SdS[Jn T6] /cdzwf.

APPENDIX E: VIRTUAL WORK

(D14)

In this Appendix we derive an alternative expression for the
infinitesimal virtual work defined in Eq. (27) [25]. Using the
force and torque balance equations (21) and (22), the virtual
work defined in Eq. (27) can be rewritten

dW = / dS[t' -de;+m' 0;d¥ + (t' x ) d?]
S

dg;; A
=/dS [t’-’ﬁ +m’-3idﬂ}, (ED)
S 2

where Eq. (B9) has been used to replace de; in the first line.
By reexpressing (9;d#) - e; with the aid of Eq. (B12) one then
finds

<ijd8ij | _ij i
oW = | dS|i7= +mIDC; + mi(3,d9)-n|.  (E2)
S

where we use the modified tensors introduced in Egs. (31) and
(32).

‘We note that the definition of the virtual work differential
(27) allows for a redefinition of the tension and moment ten-
sors t' — t' + €3 (An), m' — m’ + Ag'/e; with an arbitrary
scalar field A, which leaves the virtual work differential invari-
ant. Indeed for any scalar field A,

f dlv(t'-dX+m' - d?)
c

= f dlvi([t' + €*3(An)] - dX + (m' + Ag'e;) - d¥),
c
(E3)
which can be proven using using that the difference A

between the right-hand side and left-hand side in the equa-
tion above is

A= f dlv;[0x(An) - dXe™* + AdO')
C
= f dlv;[0x(An) - dX + An - 3 dX]e*
C
= f dlv;d(AdX,)e™*
C

= f dSV;(3(AdX,))e™
S

=0, (E4)

where we have used Eq. (BS), the divergence theorem (A30),
and the commutation relation (A39).

The transformation m’ — m’ + Ag'/e; corresponds to
m — m' — A€/, using the definition for the modified mo-
ment tensor, Eq. (32). Choosing A to be equal to the
antisymmetric part of the tensor m"/, A = 1m'e;;, then im-
plies that @'/ can always be symmetrised at the cost of a
redefinition of the tension tensor t'.
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APPENDIX F: TRANSLATION AND ROTATION
INVARIANCE

In this Appendix we obtain Gibbs-Duhem relation for polar
and nematic surfaces, which result from the invariance of the
surface free energy under solid translations and rotations.

1. Polar surface
a. Invariance by translation

To express invariance by translation for a polar surface,
we consider the free energy density fy(c*, C,p, V ® p) in-
troduced in Eq. (34) with its differential given in Eq. (35).
Because the free energy density fy does not depend on the
surface position X, we obtain

difo=p*9ic* +K:9;,C—ho-dp+m:93(Vep)
= u*dic* +K:3,C—h-dp+ (V;n')- dp
+ 1) - Vi(3;p)
= pu®0ic* +K:9,C—h-9p+ V(@' - 9;p)
+ /- [Vi(3;p) = V,;(3p)]
=p9%c® +K:3C—h-3p+V;(x -dp), (FI)
where one has used that ¥ = e; ® 7', the definition of the total
molecular field h [Eq. (38)], the definition of the gradient of
polarity (A31) and the commutation relation Eq. (A40). This
relation reflects the property that the free energy density fy is

a function only of the surface internal variables, and leads to
the relation given in Eq. (40).

b. Invariance by rotation

We now discuss the invariance of free energy under an
infinitesimal rotation d#. Under this rotation the polar vector,
curvature tensor, and gradient of polarity tensors transform as

dp = d# x p, (F2)
dC = d# x, C +d# x, C, (F3)

diVep)=dix (Vep)+dix;(Vep), (F

which correspond to the requirements of a vanishing coro-
tational variation Dp =0, DC =0, D(V®p)=0. The
concentration fields do not change, dc* = 0. One then obtains
for the change of free energy density under this rotation,

dfo=K:(d? x; C)+K: (d? x,C)—hg-(dd? x p)
+m:(d? x;1 (VRp)+m:(dd} x(VRp))
=d?- (Cx 1 K+Cx; K4+hyxp—mx; (VRp)

- X2 (V®p))
=d?-(Cx; K+Cx; K+hyxp—¢€/(n'-3;p)n
— ' X 3,p), (F5)

where we have used that ¥ = e; ® ', and used the notation
for cross-products of tensors introduced in Eq. (A4) and the
related circular shift relation of triple products, Eqgs. (AS)
and (A6). Invariance of the free energy density under a local

rotation then leads to the following condition:

' x dp+el(m-dpm=hyxp+Cx; K+Cx:K,
(F6)

which is reported in the main text in Eq. (41). This equa-
tion can be projected on the normal and tangent directions to
give the conditions,

2CFe /K j+ (hg x p)-n—e/n’ - 3;p (F7)

—(r' x 3p)-n=0
(m' x 3;p)-€; =0 (F8)

where one has used the symmetry of the tensor K;;, and that
K and hy are tangent to the surface.

2. Nematic surface
a. Invariance by translation

We now consider a nematic surface with free energy den-
sity fo(c®, C,Q, V ® Q) with Q the nematic tensor on the
surface. One then obtains the gradient of the free energy
density, using that it does not depend on the surface position,

8,’f() = ,u“&,-c"‘ +K: 8,C — HQ . BIQ + 10 81(V ® Q)
= pn9c* +K:9,C—H:3Q+ (V,II) : 3,Q
+ Hj . Vian
= u*dc* +K:93,C—H: 3Q+ V;(I' : 3,Q)
+ 1V : (V;3,Q — V,;0,Q)
=p9c* +K:9,C—H:3Q+ V;(I : 3;Q), (F9)
where one has used that IT = e; ® IT, the definition of the to-
tal molecular field H [Eq. (94)] and the commutation relation
Eq. (A41). Rearranging then gives the Gibbs-Duhem relation,
Eq. (96).
b. Invariance by rotation

We proceed as in Appendix F 1 b and consider the effect of
a local infinitesimal rotation d# on the free energy density
fo- The curvature tensor transforms as in Eq. (F3) under a
rotation, and the nematic tensor and its gradient transform as

dC = d# x, C +dd x, C, (F10)

dQZdl’X]Q-Fd?’XzQ, (Fll)

dV®Q) =d? x; (VRQ)+d¥ x, (VR Q)
+d# x3 (V®Q), (F12)

which correspond to DC =0, DQ =0 and D(V ® Q) = 0.
Here we use the notation for cross-product of tensors intro-
duced in Eq. (A3). Under the infinitesimal rotation one also
has dc® = 0. This then leads to the change of free energy
density under the rotation,

dfo=K:(d? x; C)+K:(d# x, C)—Hp: (d¥ x; Q)

—Hy: (d?x,Q)+I:(d¥ x; (V®Q))
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+I:(d? x2 (VRQ) + I (d? x3(VR®Q))
Zdi}(CXIK—{-CXzK—FHO X1Q+H0 XzQ

_ eij(Hi : an)n — ¢ X1 0, Q — m* X2 0, Q),
(F13)

where we have used that IT = e¢; ® IT’, and used the notation
for cross-products of tensors introduced in Eq. (A4) and the
related circular shift relation of triple products, Egs. (A5) and
(A6). Invariance of the free energy density under this rotation
then leads to the relation

I x; 3Q+ ¥ x, 3,Q + ¢/ (I : §,Q)n

=Hyx1Q+Hyx, Q+Cx; K+Cx;K, (Fl4)

which is reported in Eq. (97).

APPENDIX G: EQUILIBRIUM FORCES

1. Generic equilibrium polar fluid membrane
a. Internal free energy

Here we calculate the free energy change associated to
an infinitesimal surface shape change, using the infinitesimal
variation of the surface free energy density given in Eq. (35).
We consider a shape change of the surface, such that a point
at X(s', s?) is displaced to X(s!, s?) + dX(s', s*). We allow
for an arbitrary change in p and in the concentration c“.
Calculating the variation of the free energy about equilibrium,
we have

dFy = f ds <fo g’ % + dfo), (G1)
S

where we have used the variation of the square root of the

metric determinant, Eq. (B5). The first term arises from area

variation and the second from variation of f,. Using the ex-

pression for the free energy density differential dfy, this can

be rewritten

deo;:
”%—h(ydp—i—K:dC

dFy = /S ds [(fo—u“ca)g

+m:d(V @ p) + pudc’], (G2)

where the variation of concentration that does not arise from
dilution dc* has been defined in Eq. (B7). This expression can
be further rewritten as

dag;; .
dFy = / ds [g/% +mi - 8,-d0—h-Dp+u"‘dc°‘]
S

n ?{ dlv; 7 - Dp. (G3)
C

with
t; = [(fo — nc)g? —K*Cly —n' - 3’ple; +1,,n, (G4

m, = K'¢;*e, +p x ', (G3)

We postpone to the end of this section the calculation show-
ing the equality between Egs. (G2) and (G3). We first note
that using the expression for the variation of the free energy,
Eq. (42), and the virtual work expression Eq. (E1), t\ and m}
are indeed the equilibrium tension and moment tensors. The

antisymmetric part of #,/ has been chosen so that the normal
torque balance is satisfied at equilibrium Eq. (57).

To obtain an explicit expression for the normal part of the
equilibrium tension tensor . , we use the tangential torque

e,n’

balance condition Eq. (25). We find

i g i ko j i extij i
Loy = v.lme + CJ nmy, €k +T €

= V,K/ — €*V,[(n/ x p) - &]
— 4 Cif (! x p)-n+ T
= VK — e*[(V;m)) x p) - ] + T €

ZVjKji+€ij[reXt—hX P]'ej, (G6)

where we have used the relation coming from invariance by
rotation, Eq. (F6), and in the last line that hy x p is normal to
the surface.

We now establish the equality between Eqs. (G2) and
(G3). The infinitesimal variation of vectors a and second-rank
tensors B can be decomposed in a corotational part and a in-
finitesimal rotation arising from the surface rotation d#, da =
Da+ d¢ x a,anddB = DB + dét x; B+ d# x;, B [Egs. (1)
and (3)]. A local infinitesimal rotation of the surface and its
associated vector and tensor fields does not change the free
energy density of the surface. This property has been used in
Appendix F to obtain a Gibbs-Duhem relation. Such a local
rotation is equivalent to performing a rotation of the vectors
a and tensors B together with the shape rotation, such that
Da = 0 and DB = 0. Therefore, only corotational variations
of vectors and tensor lead to a change in the surface free
energy, and one can rewrite Eq. (G2) as

dg;;
dFozde[(fo—M“c“)g’J%—ho~Dp+K:DC
S

471 : D(V ® p) + u*dc*],

a N ] i j dgl
=fds [((fo—u g’ —m -afp>7’
S
—hy - Dp + K''DC;; + ' - 3;Dp
47’ (3id® x p) + pdc],

o dai

- / ds [((fo — g — afp)%
S

dgi

—h-Dp + K" (—Tc", + € ,do - ek)

+(3:d9) - (p x ') + podc*] + 7{ dlv; ' - Dp
C

d8ij
2

—h-Dp + (Kikekje‘i +pxn) 8 dd+ ,u“dc“]

= f ds [((fo —poc)gl — - 3p — K*CY)
S

+ f dlv; o' - Dp. (G7)
c
To go from the first to the second line above, we have used
Eq. (B20). To go from the second to the third line, we have
performed an integration by parts and have used the definition
h = hy + V,x'. We have also used Eq. (B12) to reexpress the
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differential of the curvature tensor in terms of (9;d@) - e; and
the variations of the metric tensor.

b. External forces and torques arising from an external potential

We consider here forces arising from an external poten-
tial U = fs dSc*u*(X, n, p), where u* acts on component «.
Variation of the surface shape dX and of the polarity vector p
leads to

u® du®
dU:/dSc"‘ oax+ 20 a9 xn)
s 9X an
ou® ou*
+ -(d¥ xp)+ — -Dp| +u*dc*|, (G8)
ap ap

where we have used Eq. (B7) for dc*, a change of concen-
tration not arising from dilution; dn = d# x n; and Eq. (1),
giving here dp = d¥ x p + Dp. The expression for dU can
then be rewritten as

ue due ue
dU:/dS ) E X - (S5 xn+ 2 xp)-do
s X on ap

Ju”

+8p

~Dp:| + u“dc"‘]. (G9)

Comparing this expression to the external virtual work
dWey defined in Eq. (28), and using the expression for the
variation of the external potential (43), one obtains expres-
sions for the equilibrium external force density, torque density,
molecular field, and external chemical potentials,

a o
£ = —c"‘%, (G10)
u® u®
rgxtzca<;l xn+ ;; xp), (G11)
8 o
heXt = ab; , (G12)
P — (G13)

With these definitions, the variation of external potential can
be written as

du = / dS[ — £ - dX — T - d# + h™" - Dp
S
— pede]. (G14)

As a result of these equilibrium equations, the normal torque
can be written as

Iy = ™ x p)-n, (G15)
and we also note the following identity:
U = P
= —ca[E ~e[+%~8in+%~8ip]
0X on ap
= f3' 4+ Cje [T —h™ x p] - ¢
—h™ . 9p. (G16)

2. Generic equilibrium nematic fluid membrane
a. Internal free energy

We now consider a nematic fluid membrane with free
energy for a region of surface S given by Fy = |, s dSfo and
free energy differential given by Eq. (91). The surface is also
subjected to an external potential U = |, sdSc*u* (X, n, Q),
where u® is an external potential density acting on species
a. We consider a shape change of the surface, displacing
X(s', s?) to X(s', s2) + dX(s!, 5?).

Subjected to a variation of the surface shape, of the con-
centration field ¢* and of Q, the variation of the free energy
about equilibrium is

dg;
dFo=/dS (fog’fﬁ —|—df0)
B 2
_ o o 'jdgif . .
= [ as|(fo— e 5L~ My dQ + K : dC
S

YT d(V Q)+ M“dc“], (G17)
where the variation of concentration that does not arise from
dilution dc* has been defined in Eq. (B7). This expression can
be rewritten as

dg;; A
dFy = / ds[t;f% +m;~aidﬂ—H:DQ+u“dc“]
S

+§£dl wIT' : DQ, (G18)
C

with
t = [(fo — uc)g’ — K*GJ — ' : 9/QJe; +1] ,m,
(G19)

mfz = Kikekjej — Hi X1 Q — Hi X2 Q (GZO)

As for the polar case, we show the equality of Eqgs. (G17) and
(G18) at the end of this section. We first note that using the
expression for the variation of the free energy (98) and the
virtual work expression Eq. (E1), t\ and m are indeed the
equilibrium tension and moment tensors. The antisymmetric
part of #;” has been chosen so that the normal torque balance
is satisfied at equilibrium Eq. (113).

To obtain an explicit expression for the normal part of the
equilibrium tension tensor . , we use the tangential torque

e,n’

balance condition Eq. (25). We find
th, = Viml +C¥ml €' + T
= VKT — *V,[(IV x; Q+ TV x, Q) - e]
— CHIU x; Q+ I x, Q) -n+ el
= VK7 — " [(V;I1V) x; Q+ (V;I1V) x5 Q) - &]
+ el
= V;K/ 4+ €T — (H x; Q + H x2 Q)] - ¢/, (G21)

where we have used the relation coming from invariance by
rotation, Eq. (F14); and in the last line that the vectors Hy x
Q and Hy, x, Q are normal to the surface.
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We now establish the equality between Egs. (G17) and
(G18). Starting from Eq. (G17), we obtain

dF():/dS[(fo— g i” Ho: DQ +K : DC
S
1DV ® Q) + /L“(Tc“]

y dg;
- ds[((fo —ptengd — T 9IQ) L
—Hp: DQ+K'DC;; + ' : ;DQ
+ 10 : (3,d? x; Q)+ ' : (3;dd x2 Q) + u“dc"‘}
. dg;
= /S dS[((fo — gl — ' /Q) =2 g .

dgtk

—H:DQ+KU( —5C* 4+ €;59,d0 - ek)

—(3:d?) - (II' x; Q+ M’ x, Q) + M“dc"’]

+§1§dlvinf:DQ

C

_ @ oy i i aj ik i\ 98ij

= | dS|((fo—n“c)g’ —':9/Q — K*C; ))T
S
+ (KV¢*ep — ' x; Q — ' x, Q) - 3;d?
—H:DQ+u“dc“}+y§dl v;II' : DQ. (G22)

C

In the first line, we have used the invariance of the free energy
density by solid rotation (Appendix F 2 b). To go from the first
to the second line, we have used Eq. (B21). To go from the
second to the third line, we have performed an integration by
parts, we have used the definition for the total molecular field
Eq. (94), Eq. (B12) and the triple product relations (A6).

b. Forces and torques arising from an external potential

We consider here forces arising from an external potential
U= fs dSc*u*(X, n, Q), where u® acts on component «.
Variation of the surface shape dX and of the second-rank
tensor Q leads to

dU =f dS[c“[au 0 xm)
s aX
o Ju”
:D
8Q 0Q Qi|
+u*dc®] (G23)

where we have used Eq. (3), giving here dQ = d# x; Q +
di x, Q4+ DQ, and the variation of the normal vector,
Eq. (B11). The expression for dU can then be rewritten as

ou® ou”
dU = | dS|c* . :D “dc”
/. [C[ax 70 Q}” ‘
ou* ou* ou®
—c* — — -dv
c<8n“+aQX1Q+aQX2Q> }

(G24)

where we have used the triple product relations (A6). Then,
comparing this expression to the external virtual work dWey
defined in Eq. (28), and using the equilibrium relation
Eqg. (99), one obtains expressions for the equilibrium external
force density, torque density, molecular field, and external
chemical potentials,

o
fext — —caaaix, (G25)
ou® ou* ou”*
I'i’“:d"(an xn+ ) x1 Q4+ 30 X2Q>, (G26)
a o
H = c“%, (G27)
P = (G28)

With these definitions, the variation of external potential can
be written as

dU = / dS[—£ . dX — T . d9 + H™ : DQ— e *de”].
S
(G29)

We note that since H™' and Q are symmetric and Q is a
tangent tensor, the normal torque can be written as

e =[H™ x; Q+ H™ x, Q] -n

:26,‘kHeXt’iijj. (G30)
We also note the following identity:
Caailuext,ot — Caaiua
ou® +8u°‘a +8u“ 5,0
= — - € — - oin — . 0
X on 0Q
— Z)l(l + Cijejk[rle _ Hext x| Q
—H™ x, Q] -ep — H™ : 5,Q. (G31)

APPENDIX H: ENTROPY PRODUCTION RATE

1. Entropy production rate for a polar fluid surface

In this Appendix we calculate the entropy production rate
of a polar surface using a Lagrangian approach. That is, we
follow a moving fluid surface element labeled by its center
of mass (s', s?), moving with velocity v. Expressions for the
gradient of flow v;;, the vorticity @, the corotational of the
curvature tensor D,C;; can then found from the replacements
dX — vdt, dg;; — 2v;;dt, d} — wdt, DC;; — D,C;;dt in
Egs. (B4), (B8), and (B19). Corresponding expressions are
reported in Egs. (60)—(63). Including the external potential U,
the total free energy is

Fu=F+U = / dS (fin + fo + ), (HD)
S

where fiin = p v?/2 is the kinetic energy density. The differ-
ential of fj is given in Eq. (35),
w*dc* +K:dC—hy-dp+m:d(Vp).

dfo = (H2)
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~ We consider the time derivative of the free energy, F=
Fy + Fin, and first calculate Fyp,

Fiin = d/de
km_dl s Jkin

2 ) d 2
:/ds Py i 4P
s 2 dt\ 2

where d/dt denotes a Lagrangian time derivative [Eq. (B25)]
and where we have used Eq. (BS). In the Lagrangian approach

(H3)

i(p_vQ) = v_zd_p + pv- d_v = _U_zpvii_;_v.pa’ (H4)
de\ 2 2 dt dt 2
where we have used the mass conservation equation
o, pvi' =0, (H5)
dt
to go from the first to the second line. We thus obtain
Fiin = [S dSpa - v. (H6)

We can express the first term in the integral above in terms
of forces and moments by noting that, since we are taking a
Lagrangian approach, we may make the replacements dX —
vdt,d} — wdt,dg;;/2 — v;;dt,and DC;; — D;C;;dt in the
equality between Eqgs. (27) and (30). We thereby obtain

Fkin :/ das [—lleUij — mijD;Cij - m;win
S

HX v+ T 0] + % divi[t -v+m' - w], (H7)
c
with Wiy = (8,(0) - 1. .
We next calculate Fp = d/dt fs dS fy. Using the differen-
tial of fy, Eq. (35), we have
L dc® ~dC B d_p

Fy= | dS| fov! — +K:— —hg-
0 /S [f°”+“ a TR T

d
4+ —(V® p)i|- (H8)
dt
The second term on the right-hand side can be rewritten us-
ing mass conservation for species «, Eq. (D6) in a Lagrangian
form, that is,
dc® . o
E + Cal),'l — vi‘]a’l,
where r“ is the chemical reaction rate at which molecules of
species « are produced, and j*' is the relative flux of . As a
result
otdca o o0 o, o N o a o,
W = —Hic +rfu® 4 o — Vi(u® j*h. (H10)
Using the balance equations for tangential fluxes, Eq. (D7),
we then have

(H9)

dc* :
Ma% :;[_ U,'l/vLaCa +raMa]
N . .
+ Y Lt — Vi j*hl,  (HI1)
a=2

where

mﬂt

—a o 1
__l'u
m

w = (H12)

is the relative chemical potential of species «.
With implicit summation from o« = 1 to N for terms with
©®, and from o = 2 to N for terms with %, we therefore have
dC dp

Fo= [ dS — 1 W +K: — —hy- —
) /S [(fo prel + K g

d :
4+ d—t(V ®p) + jUop” + r"‘u"‘}

_ f vdl T

The remaining terms in Eq. (H8) can be transformed us-
ing the results from Sec. G1 by using the equality of
Egs. (G2) and (G3), with the replacements dg;;/2 — v;;dt,
dp — 2dt,dC — €dr, d(V@p) > L(V@p)dt, d? —
wdt and Dp — D,pdt:

(H13)

Fy = / ds [fijv,j +mithCij —h-Dp+ mi,e“)in
S

+ I+ ] + % dlvi(—z® j*" + ' - D,p).
c

(H14)

Finally, we calculate the time derivative of the external poten-
tial U, using Eq. (G14) and Eq. (H9),

U =/ dS[—fX v —T9 @ +h™ - D;p
S

_Mext,aro{ + ﬁext,a Vija'i], (H15)
where
me
ﬁexl,a — Mext,a _ muexl,l (H16)

is the external relative chemical potential. Putting together
Fyin, Fo, and U, we finally obtain Eq. (59).

2. Entropy production rate for a nematic fluid surface

We now calculate the entropy production rate for a ne-
matic surface. We carry over much of the derivation from
the previous section, in particular the calculation of F, is
unchanged. In the calculation of £, we use the differential of
the free energy introduced in Eq. (91). We also use the equality
between Eq. (G17) and Eq. (G18). We then obtain

FO :/ ds I:ZTijU[j —i-mijD,C,-j —H: D[Q + mfl’gwm
S
+ru® + j“"'a,-ﬁ“] + f dlvi (= j*' + ' : D,Q).
C

(H17)

The time derivative of the external potential U reads, using
Eq. (G29),

U= f dS[—£ v =T -0+ H™ : D,Q
S

_ e ﬁext.avij%i]’ (H18)
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where the relative external chemical potential 7°*"* is defined
in Eq. (H16).

We can then compute Fio, = F + U = Fy + Fin + U with
the aid of Eqs. (H7), (H17), and (H18), obtaining Eq. (114).

APPENDIX I: FULL CONSTITUTIVE EQUATIONS

Here we give complete constitutive equations, including
terms for isotropic surfaces, which do not couple to the po-
lar or nematic order parameter on the surface. We include
terms, which are first order in the curvature tensor C;;, first
order in polarity vector p and its associated nematic tensor
qgij = piPj — % g ; for polar surfaces and first order in the
nematic tensor Q;; for nematic surfaces. We do not include
cross-coupling terms in the gradient of the chemical potential
;2% or the flux j*, except for active couplings with the fuel
hydrolysis chemical potential Au. For simplicity, “viscous”
coupling coefficients between 7/, m'/, m!, , and v;;, D,Cij,
win, Which depend on the curvature, polarity vector or nematic
tensor are not considered. The same simplification is applied
to “diagonal” coupling coefficients between a flux and its
conjugate force. We do not include couplings between the
mechanical tensors and the deviatoric molecular field, and
conversely between D;p or D;Q and v;;, D;C;j, w;y, that de-
pend on the curvature tensor.

1. Polar surface
The tension tensor has contributions:
70 = 20" + mu's’ + ¢ Ang’ + tudug”
+ g(p"hf; + Py — haip'd7) + V'haxpte”,
7, = 2nD,CY + 7D, C* g + 28 A
+ U ApCH ! + LaAng  Cug? + 4 Ang’ G,
ficj = nc(eithij + ejkDeri)
+ ScAp(eCY + €/, M)
+ tenAu(€qi' G + €7 g C)F)
+ lenAp(e*Cla’ + €7 Cl qr'),
fi,’c = nPC(GikU + € kU ) + Vpcszp hdgij,
+ 7(6 chip! + el ik pl — lehsplg”)
+ Ceen Ape™ gy (I
The bending moment tensor reads
mg = 20D,CY + 1Dy Gl + 28 ApCY + 5L ARG g
+ CenAng" Cug? + L AnCt g,

_y g ’
My = 2007 + nputgd + = (ph’+p’hd pihlsg”)

+ B'pihlg? + ¢ Apg? + ¢nAng”,

g = —1c ("0 + €/ 0") + BLer phly g

me =
/30 (e Wsp’ + €/ i p' — enhlyp'gY)

+ gchAMEikaja

ge = nepc(€*D,Ci + €D, Cy')
+ fpeAp(ehCY + €/, CY)
+ Ceren A (¥ q' G + €7 ' C)F)
+ o An(€*Cla’ + Gl qr'). (12)
Contributions to the tensor m,, read
my =kl 4+ xp€l piApn + e,
mfoD = (Ypeikck-i + ejkai)ijM,
e = (xcpC” + chCkk g)pjAu,
Mo = Kkpc€' @iy + xpepp' Al + Ypchl, (I3)

with w;, = d;w, — C' fa) Terms contributing to the dynamics
of the polarity field read

P = ;hjl — v p; — Vo P+ AALP + Y €V w),

Pip = —Bp;D,CY — B'D,C*p’

+ ApAUCYp; 4+ A A Clip',
PL = Bce'kD,CYp; + e p,D,Ci*
+ (Xcéikckj + A’CejkC"i)iju,
P}l)c = %Eljhé —+ l)pcélkf)kj[)j + vlécvkke”pj

Ypcw,. a4)

The flux of species @ = 2...N, relative to the center of mass
has different contributions given by

+ ApcApep; —

it = —L“ﬁal,u —l—/c"‘p A,

Job = (KSDpCU + KUDka g)pidu,

j&t= (/cgpe"kc"f + & ejkai)iju,

Jod = —L3ke o, mh + Kpep€ piAW, (8]

where we have used the relation €/, C*/ = €/,C¥ + Ci*e' to
avoid introducing redundant couplings in the equation for jc.

Finally, the rate of fuel consumption has the following
decomposition:

= — ¢ —22,CVD,CY — /G DGR — g gy
(anklcklg” +Z/,C*q7)D,C;;

— Xp€" pjwin + Apilly — kKX PG + AAp,

—2¢Clv;; — ¢.D,CF

é‘cnqithCij

rup = —¢'Cl ot
— (6aq"'Cug” + 5197 CHvij —
— (Xpe'kCY + Xy s Cpjwin
+ (AupC7 + AypCii g piha.i
- (KIOEDPCU + KUDka gpjoiing,

(2¢cn€™ quCi? + 2Lcne™ Cl /') vy

(xcpCY + Xépckkgij)ijin

kj,,i
re = —2LceiC jUj—

— Lecn€™ i’ DiCi; —
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+ (Ac€kCY + A€/ C*)piha,;
— (K“ € CM 4+ K¢ ejkai)pjai/lj,
rpc = —2pc€irCYID,CTj — Cpone™ i v

— (2¢cpcne™ g Czj + 2Zepcn€“Ci' ¢/ ) D, Ci,
— XpcpP' @in + Apc€ pihg i — KffcpéijpjaiﬂZ- (I6)

The odd or Hall viscosities npc, nepc, kpc, the transport coef-
ficients O’g and the inverse rotational viscosity 1/ypc are odd
under time-reversal; they can be nonzero for a system close
to equilibrium for instance in the presence of a magnetic field
[46]. They can emerge more generally as a linear response
coefficient around a nonequilibrium steady state [47].

2. Pseudopolar surface

For a pseudopolar surface described by the order parameter
pc or by the combination €pc, pc, the constitutive equa-
tions read

7] = 200" + nyuie’ + ¢ Apg? + V' yperg”
+ &adng’ + ;(Plchjc at Pchc d hl&,dPC,kgjj)
+ epc[npc(€'xv™ + €/ + tpen Ape™ gy
+ 7(6 ché 4Pl + €/ khE 4Pl — el 4c8")
+ vpeeupche a8 an
i) = 20.D,CY + npD,C* g
+ 28 ApCY + ¢ AuCik g’
+ ZenAng Cug’ + &, Ang G
+ GPC[T’]CPC(Githij + ejkD,Cki)
+epcAp(ehCY + €/ C)
+eepen A (€X' G + €7 ' C)')
e Au(e"Cla’ +*Cla)],  a®)
m, ; = ’“" + (XCPC + XCka g,)pCA,u

+ epc(kpce’ wjun + (X" Crj + 7;€jkcki)PéAM),

19)
DtpiC = %hé,d - vﬁ"jpcqj — v/vkkpic + AA;LpiC
1 i 7J ik ~ j
+ EPC[%E th!d + vpce" Ux ;i pe
+ vpevite pe j + )»PCAMGijPé}, (110)
Jt ==Ll 4+ (k&€ Cry + ke CpLA
— echgC’Seij dj ﬁg
+ epc(kfippC'j + k(o Ci*8 1) PLA L, ain

r=—¢uk — g —2¢.CYD,CY — ¢/CFD,CF

— Ceng"'Cug” + .G q)DICij

— (xcpCY + Xépckkgij)P'éwm +AAp

+ Apc.ih g — (Képe”‘Ck_; + ke wC LIRS
- EPC[—)»PCGijPéhic,d + 2¢pcerCYD,CY
+Zpene gl vij + (7p€ikckj + Yéejkcki)ijm
+(’C105Dpcij + K{?Dpckkgij)pc, j0ilLy

+(2¢cpen€™ @' G + 28pene™Cil q)))D,Cy). (112)

3. Nematic surface

The contributions to the tension tensor read
g =200 + myute’ + t Apg’ + vHY
+V'QuH g7 + LAY,
Tup = 2iD,C 4 7, (D,C*) g7 + 2E ApCY
+¢'AnCt g + LARQYCug’ + A0 G,
ficj = nc(ei D.C/ + ejthCki)
+ SeAp(ehCY + €/ CY)
+ ten A (%' CY + €0 CYY)
+anAu(eGlo’ + MGl o)),
?i;jC = npc(€'xv™ + /30" + vpce' H, b
+ € Ol 87 + oca Ape™ Q)

The contributions to the moment tensor, in the decomposi-
tion indicated in Eq. (70), read

(113)

iy = 20.D;CY + 1pD,Cr g7 + 28, AuCY 4 ¢l ApCr g
+ Ln A QY Cug? + ¢, ApnQ CH,
gy = 2707 + fpu g’ + BHY + B QuHL ¢
+cAug” + tnApQY,
il = —nc (€t + /M) + ﬂceikaj
+ B QunHIM 7 + Cocn Ape™Qy,
iige = neec(€*D,C/ + €D, CY')
+ CPCAM(Eikaj + fjkcki)
+ Spcn A (€% QG + €7 Qi C)Y)

+ e A (Gl O + €GO, (114)
Contributions to the tensor m,, read
milo = KWjy,
myup = 0,
e =0,
M pe = Kpc€' @, 115)
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and the corotational time derivative of the nematic order pa-
rameter is
Qi = iH;y — v — vt QY A QY
= —BD,C7 — B'D,C* Q"
+ AupAu CY + A AuCr QY
O = Bee'tD,CY + BLe' 04 D,C/!
+ AcAp(€kCY + 4 CY) + A AnCHe™ Q)

1 L
k ~
QPC = —€' Hy 4 vpce™ v/
YpC

+ Vpe€ kO v 4+ Apc Ape® 0y (116)

The flux of species ¢ = 2...N, relative to the center of mass
has different contributions given by

jgt =Ly,
JUD =0,

c'=0,
jed = —Lpbeliynh. (117)
Finally, the rate of fuel consumption has the following decom-
position:

ro = —¢ut —20.CYD,CY — {/G!D,CH — £ Q)
— (£ 0" Cug” + LGt QV)D,Cij + 201 HY + A,
rup = —¢ G ok = 28CYv;; — ¢.D,CF
— (20" Cug” + 5,07 C*)vij — 1 QVD,C
+ (ounCY + MGt Q1) Haij,
(2¢cn€® QuCr + 28cne™Ci' Q) Yy
— Lecn€* QDL Cij + 2)\C6jkckiH0i[j
+ )\Cnckkeikadeij,
rpc = —2¢pcenC D, C!

kj..i
rc = —2§Ce,~kC jU j

— Cren€ ¥ O vy
— (2¢cpcne™ leCI + 2Zepcn€“Ci' Q/7) D, C;;
+ ApcenQF H .
As for the polar case, the odd or Hall viscosities npc, ncpc, Kpc,
the transport coefficients Ly~ £ and the inverse rotational viscos-
ity 1/ypc are odd under time reversal, and can be nonzero in

a system close to equilibrium for instance in the presence of a
magnetic field.

(I18)

4. Pseudonematic surface

For pseudonematic surfaces whose broken symmetries can
be described by the pseudotensor Qup and the combination of
the pseudoscalar and pseudovector {epc, Qup}, we find

fﬁzj = 20" + vk’ + g Ap
+ V' Quo i Hipag” + & AnQinCug’
+ ZéA/LQgDCkk + Gpc[r)pc(éikvkj + ejkvki)

+0pc€ Qup o {1 18"
+een Ap (X QUG + €L OHpClY)

+een A (€% Clu Oy + €% COlip) . (119)

my =2.D,CV + ncbD,ckk V420 AuCY

d + é‘anP‘Q
+ GIleCk )

+ ¢ ApCH g7 + BHY
+ epc[nepc (¢* D, C
FEPCA (el Chitei, CK)

€ HEL, + Coon Aue O] (120)

my, 4 = k), + €pckpce” wjy, 121

D, ldD Hgbd + )‘AMQgD + AupAu CY

— v/vkagD — BD,C

1
+ GPC[ H Da T Vpce kQUD”l
VPC

1 . . . )
+§,3C (ElkD,CkJ + EJkD,Ckl)

+AcAR(eRCH + e/ My + )LPCAMGikQILCin)]’
(122)

o= —LPY pl — epcLpfe o, (123)

r=AAp—¢uk —28.CUD,CY — ¢/CFD,CF

+ AQUpHupaij + MunCiiHipy — tnQUpDiCij
— (GOnCug” + L0 G i)

+ epc[—2pcenC D, CY;

—(2¢en€ QG + ZZCnEikalQIL{D)Uij
—CccnéikQ][(_;ijtCij + 2hce/ CY Hupa i)

+Apcei QUijHIijjﬁd]. (124)
APPENDIX J: GLOSSARY OF PHYSICAL REALISATIONS
OF SURFACE SYMMETRIES

In this Appendix we give examples of physical realisations
of surfaces with symmetries that are discussed in the main
text (see Tables II, IV, VI, and Fig. 3). We discuss mostly
examples of biological membranes bilayers and epithelia:

(i) D%, isotropic: Corresponds to the symmetry of pure
phospholipid membrane bilayers used for instance in giant
unilamellar vesicles [48]. Another example is given by free
standing smectic A films [27].

(ii) CL,, isotropic, up-down broken symmetry: Corresponds
to the symmetry of a phospholipid bilayer in which the two
leaflets have a different composition. An alternative is pro-
vided by a conventional phospholipid bilayer loaded with ion
pumps [49], oriented in a preferred direction.

(iii) D, isotropic, chiral broken symmetry: Corresponds
to the symmetry of a phospholipid-cholesterol membrane
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bilayer [50], a smectic A free standing film made of chiral
molecules, or a free standing cell monolayer film with no
apico-basal polarity (since cells are chiral [51]).

@iv) Coloh, isotropic, planar-chiral broken symmetry: Such a
symmetry may be obtained with spin polarised molecules or
magnetically polarised nanoparticles, with magnetic polariza-
tion along the membrane normal, embedded in a conventional
phospholipid membrane. An alternative way to obtain such a
symmetry would be to have an isotropic bilayer, one leaflet
with an excess of dextrorotatory chiral molecules, the other
with an excess of levorotatory ones, in exactly the oppo-
site concentration. An out of equilibrium version would be
obtained by a membrane composed of rotary motors with
rotation axis parallel to the membrane normal and with up-
down symmetry, embedded in a conventional phospholipid
membrane. Note that motors such as FyF;-ATPase do not have
up-down symmetry [52].

(v) CL, isotropic, chiral and up-down broken symmetries:
Most biological membranes correspond to this symmetry
group. They contain chiral molecules such as cholesterol,
oriented ion pumps, different leaflet composition, and are
in-plane isotropic.

(vi) Cyv, polar: A simple example is that of a membrane
with polar order parallel to the membrane. We do not know of
such a system made of small molecules, neither do we know
of more complex realisations.

(vii) C!l, polar, up-down broken symmetry: This corre-
sponds to a polar phase with polarity parallel to the membrane
with broken up-down symmetry. The simplest example is that
of a tilted phospholipid monolayer. Such phases are known in
Langmuir films [53,54]. An example at a cell level would be
a membrane, on one side of which actin polymerization takes
place with a tilt with respect to the membrane normal. The
composite membrane-cortex layer has the required symmetry
if we neglect actin chirality. At the tissue scale this phase
corresponds to any polar epithelial tissue, either in vivo or
in vitro on a substrate, the polarity having components both
along and perpendicular to the membrane, provided we again
neglect the weak chirality of cells. Such tissues have a sponta-
neous tendency to move homogeneously with respect to their
substrate [55].

(viii) €, polar, chiral broken symmetry: This phase typ-
ically corresponds to a free standing chiral smectic C film
[27] or a phospholipid bilayer made of chiral molecules
that are tilted with respect to the normal. Such phases
have not been described in biological membranes, but could
exist.

(ix) CL, polar, planar-chiral broken symmetry: A pos-
sible picture is that of a polar membrane, with polarity
parallel to the membrane, embedding rotatory motors with
up-down symmetry and rotation axis parallel to the membrane
normal.

(x) Cy, polar; chiral and up-down broken symmetry: Adding
chirality to any of the physical realizations of C!! membranes
suppresses mirror planes, and leads to membrane, which are
not invariant under any point group symmetry operation. This
is, for example, the case of tilted chiral phospholipid bilayers
with inequivalent leaflets, as well as epithelium with in-plane
polar symmetry and apico-basal polarity, since they lack up-

down symmetry and cells are chiral. On the cell surface, the
actomyosin cortex, with polar and chiral actin filaments poly-
merizing away from the cell membrane, enters this category
[56].

(xi) Cyh, pseudopolar: The simplest physical picture is
that of a free standing smectic C film [27], or a phospho-
lipid bilayer membrane in which the molecules are tilted
with respect to the membrane normal. An alternative out-of-
equilibrium version would correspond to a similar membrane
in which rotatory motors with up-down symmetry and ro-
tation axis parallel to the membrane are embedded in the
membrane.

(xii) C; = Sy, pseudopolar and planar-chiral broken sym-
metry: This phase corresponds to a Cyh, pseudopolar surface,
with an additional broken symmetry. We are not aware of an
experimental realisation of such a surface.

(xiii) Dj-h, Dgh, nematic: This phase corresponds to a mem-
brane with in-plane nematic order. To our knowledge there
is no simple example with phospholipids or smectic free
standing films. Thin spherical nematic shells obtained with a
nematic drop containing a smaller aqueous drop would enter
this category [57,58].

(xiv) C5,, nematic, up-down broken symmetry: A simple
representation is of a membrane with nematic order parallel
to the membrane and with no up-down symmetry. Such a
membrane type, not reported to our knowledge in systems
made of small molecules, corresponds to many epithelial
layers in vivo or in vitro when they rest on a substrate and
cells spontaneously elongate, whenever cell chirality can be
neglected [31,59].

(xv) D~ DQ, nematic, chiral broken symmetry: Corre-
sponds to a membrane made of chiral molecules with in-plane
nematic order. We do not know of any example with phospho-
lipids or free standing smectic films.

(xvi) Cj;l, nematic, planar-chiral broken symmetry: A
simple realization would be obtained by dissolving planar
pinwheel-shaped molecules in an otherwise nematic mem-
brane with nematic order parallel to the membrane. We know
of no such realization.

(xvii) Cs-, nematic, chiral and up-down broken symmetries:
This corresponds to an in-plane nematic order, with chiral
molecules and broken up-down symmetry. We do not know
of such phases made of phospholipids. Chiral microtubule fil-
aments with no coarse-grained polarity but orientational order
coated on a lipid vesicle [16], or nematic epithelial layers on
substrate or in vivo provide good examples of such phases
[31,59].

(xviii) Dy, pseudonematic: Corresponds to a bilayer mem-
brane in which a nematic order parallel to the membrane
exists in each monolayer, but with their main axis being
orthogonal to each other. We do not know of any example
of such a phase made of small molecules. The supracellular
actin fiber system in Hydra could provide a beautiful example
of such a symmetry, if we ignore chirality and assume that
the orthogonal actin network fibers have an equal degree of
organisation [21].

(xix) S 4l, pseudonematic and planar-chiral broken symme-
try: We are not aware of an experimental realisation of such a
surface.
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APPENDIX K: QUASI-ONE-DIMENSIONAL CONFINED
ACTIVE FILM

Here we describe calculations for the steady-state solutions
of a confined, quasidimensional active film. We assume that
the system has invariance of translation in the y direction,
is confined along the x direction, and is free from external
forces and torques. The active film position in space X(x, y)
is denoted using the Monge gauge,

X(x,y) = x€ + y&, + h(x, y)&; (K1)

with 22 an height function, and &, &, & are unit vectors of a
3D Cartesian basis. We assume a weakly deformed surface,
|0xh| <« 1 and |9,h] < 1. To first order in the height function
gradients, g;; =~ §;;, the Christoffel coefficients vanish and
Cij = —0;0;h. Because g;; ~ §;;, we use indifferently con-
travariant and covariant tensor components. At low Reynolds
number where inertial terms can be neglected, the relevant
force balance equations [Eqgs. (23)—(26)] then are, in the
weakly deformed limit,

axtxx + Cxxaxrhxx =0, (KZ)
Bty =0, (K3)
a)?ﬁ/lxx — Ciytir = 0. (K4)

In both examples discussed below we assume that £,,(0) =
t,y(L) = 0 (no stress tangent to the active film at the bound-
ary), resulting in f, = 0.

Using the normal torque balance Eq. (26), the total tension
tensor can be written as

. . 1 ..
1 =1l — ze” (Vi — Cym'). (K5)
In this section we consider only equilibrium contributions to
mk. Using Eq. (135), one finds
Viml = Vimly , = e p*h' — Kewp*p/CiiC". (K6)

Using Egs. (K5) and (K6) and the relation between the sym-
metric part of the tension tensor #;’ and 7/, Eq. (31); one
obtains

S i 1 ..
t = tl] _ 56” [Eklpkhl _ KkaPkPJCn[Cnm]

1

— E(W"ij + mkaki — Ckln_’lkmémlé[j). (K7)

To find the total tension tensor [Eqs. (136) and (145)], the
expression of the modified equilibrium tension tensor, which
follows from Eqgs. (31), (134), and (135), is useful,

. K . . .
=y +3@H + 30p? ¢ — K(VPHVp. (K8)

Using Eq. (133), the tangential components of the total
molecular field have explicit expression:

h = —x,p +K(V;VIp —CiCyp), (K9)

which gives with the simplifications considered here,
hy = —App. + K9 s, (K10)
hy = —A,py + K3?p,. (K11)

1. Flat planar chiral active film

We first discuss a flat planar film confined between
two walls, such that v,(x = 0) = v,(x = L) = 0. Since we
consider an incompressible fluid, one has d,v, 4 9d,v, = 0.
Translational invariance in the y direction then implies d,v, =
0, which then results in v, = 0. The normal component
of the vorticity @ = %V x v [defined in Eq. (61)] is w, =
d,vy/2. Using the constitutive equation for the tension tensor,
Eq. (136), one obtains

v VpC
Iy = 2nw, + 5(pxhy + pyhx) + T(hypy — hepy)

1 ) 2 1
+ & Aupipy + EgPCnAlJv(py - Px) - E(pxhy = pyhy).
(K12)

Writing p, = cos 6, p, = sin6, the polarity equation (137)
results in an equation for the time evolution of the angle 9,

K
360 = —820 + w,(1 — v cos 20 — vpc sin20) — Apc AuL,
14
(K13)

and in an expression for the Lagrange multiplier A obtained
by imposing p - 9,p = 0,

Ap = —K(3:0)* — Yy @, (v sin 20 — vpc cos 20). (K14)

Using Eq. (K14) allows to evaluate the molecular field
h, Egs. (K10) and (K11), and the tension component f,,,
Eq. (K12). Imposing t,, = 0 one then obtains for w,,

w0, = O vy 1

2 (4n+ y(vsin20 — vpc cos20)?)

X <K8X29(1 — v cos 26 — vpc sin 20)

— LA sin 20 + Epepn A cos 26), (K15)
which can be plugged in Eq. (K15) to obtain a dynamic
equation for 6, Eq. (138).

In the following we consider situations for which v and vpc
can be neglected, v = vpc = 0. In that case the homogeneous
steady-state solutions for the angle 6 = 6; satisfy

4nipc cosb,
¢n ’
where 6, is defined in Eq. (139). The corresponding steady-
state solutions are given in Eq. (142).
To study the stability of homogeneous steady states, we

now linearise Eq. (138) around the steady-state solutions, 6 =
6s + 86, and obtain

11 A
3,80 = K[~ + — )a2s0 — 2
y 4n 2ncos6,

sin(20 — 6,) = — (K16)

cos(26, — 6,)80.
(K17)

We note that the steady-state solutions ! and 6? satisfy

2
cos(20! —6,) = — |1 — % (K18)
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2
cos (2602 —6,) = [1 - w, (K19)
{PCn + é-n

such that when these solutions exist, (:os(ZQS1 —0,) <0 and
cos(29§ —6,) = 0. Considering Eq. (K17), this implies that
the stability of solutions for L — oo depends on ¢,: 6, is
stable for ¢, < 0, 6?2 is stable for ¢, > 0.

In the regime where 9 is spatially homogeneous and rotates
[L — oo and |m| < 1, corresponding to the opposite
regime to Eq. (141)], integration of Eq. (138) shows that the
period of rotation is given by

2 do
T = / S
&n Sin(20—6,)
0 )”PC + 4n cos 91,p

2
= (K20)

o _ Cn 2 ’
[Apcl,/1 (—4,],\Pccosgp)

In the regime where the polarity is fixed with planar an-
choring at the confinement boundaries [0(0) = 6(L) = %],
and in the limit &, = {pcyn = v = vpc = 0, the steady-state
profile of 6 is

2nyApcA
0(x) = T mx(x — L.
2 K(y +4n)

The number of full spatial rotations of the polarity can be
estimated from n >~ 2|6(x = L/2) — 0(x = 0)|/(2r), giving

~ NY1Apc|ApL?
here n ~ 2Ky 1) "

(K21)

2. Weakly deformed active film with broken up-down symmetry

Here we consider a weakly deformed active film whose
boundaries are enforced to be straight [d,v(x =0)=
oy (x=L)=0 and 9v,(x =0) = 0dyv,(x =L)=0] but
whose boundaries position can still freely adjust, without ex-
ternal force £, (x =0) =1,(x =L) =t,(x =0) =1,(x =
L) = 0 or bending moment [, (x = 0) = i, (x = L) = 0].
The tangential and normal force balance equations (K2)—
(K4) then imply t,, = t,, = m,, = 0. The incompressibility
condition v¥ = 0 becomes here 3,v, + v,Cyx = 0. Since cal-
culations are done to first order in the velocity field v and
in the surface height gradient |d,A|, this condition becomes
d,vy =~ 0 and, without loss of generality since this fixes a con-
dition on rigid translation of the system, v, = 0. This implies
that at this order, the change in system size dL/dt = v,(x =
L) — v,(x = 0) can be neglected.

Using Eqgs. (145) and (146) and the molecular field expres-
sion Egs. (K10) and (K11), we obtain to first order in the
curvature tensor and in the flow field v, the expression for
the components #,, and 77y,

v — :BCxx
2

ty = 21w, + (= + K(3:6))

x sin 26 + K cos 209%0)

n T C Cxx A . 1
LG+ @ 2cn) ) “smze—EKafe,

My = (e + 0p)3 Cox + (kK + K c08* 0)Cy

(K22)

+ LA+ %"Au cos 26

,.c0820 K
+ﬁ<—<AP+K(ax9>> . )

— —sin 20820
2
(K23)

where we have used the notation p, = cosé, p, =sin6. We
have also used that to first order in the velocity field and in the
curvature tensor, D,Cy, =~ 9,Cy,. Using the polarity dynamic
equation, Eq. (147), we obtain

K 1
860 = —020 + w,(1 — vcos26) — EAUDAM sin 20Cy,
14

sin 20

+ /S—atcxxs

7 (K24)

and
1
Ap = —K(3:0)* — YW,V sin 20 — Eyﬂ c0s? 09,Cyy

+ Y Aup AuCyy cOs2 6. (K25)

Setting #,, = 0 in Eq. (K22) gives an expression for the gra-
dient of flow w,, while setting /7,, = 0 in Eq. (K23) gives
a dynamic equation for the curvature time derivative 9,Cyy.
Combined with Eq. (K24), one obtains two coupled dynamic
equations for 6 and C,,. These equations are lengthy but take
a simpler form in the limit v = 8 = 0 and « > K [Egs. (148)
and (149)].

We now discuss the stability of uniform, steady-state solu-
tions of Egs. (148) and (149). This analysis is carried out more
easily in the limit of fast shape relaxation, n. — 0, ., — O.
In that case Cy, relaxes quasistatically to the steady-state so-
lution of Eq. (148) and the polarity equation becomes

KGn+vy),

36 = 20 + sin 20Aup
4ny

’

2L, n 20
Ce + &enCOS A/Lz
4k

(K26)

where for convenience we have introduced the re-
duced  parameters  Aup = Aup + (£, — &m)/(2n)  and
$e = Ce — Gak /(2nAupA Q).

We now linearize around the steady-state solutions, 6 =
6 + 86, and consider only uniform perturbations. For 6; =
i% one obtains

X 2_c ~ Sen A 2
up (28 — Cen)(Ap) 50,
2k
so that the steady-state solutions 6; = &7 are stable for
Aup(2Z. — &) > 0. For Ayp > 0, this corresponds to {e, <

2¢Z... For Ayp < 0, this corresponds to & > 2Z,.
Around 6; = 0 or §; = 7t one obtains

XUD(zgc + é‘cn)(A,U«)z 50,
2K

which is stable for Aup(2Z. + &) < 0. For Ayp > 0, this
corresponds to {ey < —2&... For Ayp < 0, this corresponds to
Cen > —2¢,. B
Around 6; = 6y with 6; defined by cos26y = —2¢./&en
[see Eq. (150); a solution exists only if |§m/fc| > 2], one

3,80 = — (K27)

3,60 = (K28)
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obtains

- 2
AubCen (1 - %ﬂ) (Ap)?
2K

3,60 = — 36. (K29)

Here the corresponding steady-state solutions are stable for
)\UDCL'n((%)Z —4)>0.

For an inhomogeneous 6 perturbation around 6; = 7, one
has

K(4n + y)8289 _ dup(28 = Een)(Ap)?

8189 ==
4ny 2K

80. (K30)

Considering a confined system with planar anchoring bound-
ary conditions 8(0) = 6(L) = %, one has §0(0) = §6(L) = 0.
The most unstable mode 6 = A sin(n%) then has an ampli-
tude A with the dynamics,

A = — K(477 + y)j.[Z XUD(2EC - é‘cn)(AH)z
f 4ynL? 2k
If Aup(2. — &m) > 0, this mode is always stable. if

Xup(2Z. — &) < 0, the system becomes unstable above a
critical length L > L*, with L* given by

:|A. (K31)

L*_\/ KK (n + )
V207 Rkup (28 = L) (A

(K32)
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