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Flexoelectricity and thermal fluctuations of lipid bilayer membranes:
Renormalization of flexoelectric, dielectric, and elastic properties
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Thermal fluctuations renormalize the bending elasticity of lipid bilayers. This well-studied effect is a
cornerstone in the study of several membrane biophysical phenomena. Analogously, nearly all membranes
are endowed with an electromechanical coupling called flexoelectricity that admits membrane polarization due
to curvature changes. Flexoelectricity is found to be important in a number of biological functions, including
hearing, ion transport, and in some situations where mechanotransduction is necessary. Very little is known
about the interplay between thermal fluctuations and flexoelectricity. In this work, we explore how the apparent
flexoelectricity is altered due to thermal fluctuations and, further, how the elastic and dielectric properties are
renormalized due to flexoelectricity. We find that the apparent bending rigidity is softened by flexoelectricity and
discuss the ramifications for interpreting existing experimental work.
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I. INTRODUCTION

Lipid bilayer membranes are microscopically quite com-
plex, yet, their behavior over large length scales is governed
by just a few continuum parameters; e.g., bending modulus
and surface tension govern shape changes and spectrum of
thermal fluctuations [1]. The bending modulus, for instance,
sets the scale for the energy cost of out of plane fluctuations.
For most lipid-bilayers, this is between 10 and 20 kg T [2]. As
well articulated by Deserno [3], “It is big enough such that the
bilayer will not fluctuate into pieces” due to thermal energy,
but it is simultaneously not too excessive, thus allowing small
sources of bioenergy such as ATP molecules and others to
deform the membranes [2,3].

In the classical continuum setting, for a given out-of-plane
displacement &, the curvature-elastic energy is given by
Ref. [1]

1
H[h] = / [Exb(w} I (1)
S

where Jj, is the Jacobian measuring the area of the deformed
membrane, K is the total mean curvature, and «;, is the
bending modulus. Since the early and pioneering work of
Helfrich [1], it is now well-appreciated that thermal fluctu-
ations soften the renormalized bending modulus. Barring a
controversial work [4] that predicted enhancement in the rigid-
ity of the renormalized bending modulus, most other works
(analytical or numerical) predict similar qualitative behavior:
K,f =Kp — %kBT 1n% [5-8]. Here, ¢ is the thickness of the
membrane and L is the characteristic length scale over which
the coarse-graining is performed. The papers mentioned differ
in their derivation of the constant «c. Kleinert [9] resolved these
discrepancies and conclusively showed that @ = 3 in addition
to pointing out various subtleties related to the coarse-graining
procedure. The reader is referred to the article by Morse and
Milner [10] regarding the correct use of the integration measure
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while evaluating the partition function (see also Ref. [11]
for an insightful tutorial). The continuum formulation of the
elastic response of membranes, of which Eq. (1) is a subset,
has been widely used to understand mechanical signaling,
cell adhesion, steric repulsion between membranes, phase
diagram of vesicles, protein-membrane interactions, among
others (cf. [12] and references therein).

The focus of the current work is electromechanical coupling
and, specifically, flexoelectricity. Simply put, flexoelectricity
is the appearance of a net dipole moment due to changes in
curvature. Mathematically,

P= feKhl'l. (2)

Here, P is the polarization (per unit area), n is the normal
vector, and f, is the flexoelectric coupling constant that
dictates the strength of the electromechanical coupling. While
well-known in the liquid crystal literature, its phenomenology
and microscopic underpinning for biological membranes were
established by Petrov in a pioneering sequence of works—see
Refs. [13-19] and references therein. The coupling constant
fe has been measured experimentally for a number of
membranes and is generally found to be between 0.3 x 107"
and 151 x 107! C, depending on the charge conditions of
lipids and the ionic environment (see Table I in Refs. [16,17]).
A value of 20 x 107! C is a good representative value for
illustrative calculations. Perhaps the most conclusive exper-
imental evidence of flexoelectricity biological membranes
(specifically the converse effect) was recently provided in a
work by Brownell et al. [20], where its role in cell-membrane
tether formation was also elucidated. Indeed, past research
suggests that flexoelectricity underlies an important coupling
between mechanical deformation and electric stimulus, which
has ramifications for ion transport [14], hearing mechanism
[21-25], tether formation [20,26], among others. For example,
Raphael er al. [21] indicated that flexoelectricity is the major
mechanism behind outer hair cell electromotility, impacting
cochlear amplification and sharp frequency discrimination.
Despite a number of works on flexoelectricity, its ramification
for biological phenomena is still relatively understudied.
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In this paper, recognizing that flexoelectricity is a universal
property of biological membranes, we propose a simple theo-
retical formulation of flexoelectricity and study the impact of
thermal fluctuations on the renormalization of the flexoelectric
coupling coefficient as well as the impact of flexoelectricity on
other continuum properties: dielectric constant and bending
modulus. We note here that other authors have recognized
that flexoelectricity may renormalize mechanical properties
of liquid crystals albeit the influence of thermal fluctuations
was not the focus of those works, e.g., Ref. [27]. Jewell [28]
presents a nice exposition on the correspondence between
liquid crystals and membrane mechanics, while specifically
for the influence of flexoelectricity on membrane mechanical
properties, the reader is referred to works by Helfrich [29] and
Rey [30].

II. THEORETICAL FORMULATION

Consider a membrane of in-plane size L and thickness ¢.
To account for flexoelectricity, the membrane is described by
state variables (P,#), where P is the polarization (per unit
area) and 4 is the out-of-plane displacement of the midplane
of the membrane. Suppose that at the zero temperature, the
membrane occupies the domain S := (0,L)? on the xy plane.
Let

-Vh,1
Jh=+v1+ |Vh|2, n, = g,

I
Vh det(VVh)
Ky=V-|—| Gy=—,—,
T 7

where Jj, is the Jacobian measuring the area of the deformed
membrane relative to the flat reference S, ny, is the unit normal
vector on the membrane, and K (G},) is the total (Gaussian)
curvature, respectively. We propose the following Hamiltonian
to describe elastic-flexoelectric membrane:

1 2 2 1 2
H[PJ11=/S {ga[(Px) + (P ]+ Eaz(Pz) + fP-m K,
1
+ Elcb(K;,)2 + koG + A}Jh, (3)

where 1a[(P,)* + (Py)*] + $a.(P,)* accounts for the polar-
ization and associated nonlocal electric field energy. If the
membrane is a linear dielectric with permittivity €, we can
show that (Appendix A, Sec. V) for polarization P, varying

slowly on S (i.e., the long wavelength limit),

! ! + Ly)] 4)
a=———-—, a;= — -
(e — et N €—¢ €/t

As usual, 1k, (Kj,)? + k¢ Gy, is the Helfrich-Canham bending
energy term and A is the surface stress. Finally, the coupling
term fP - n, K} arises from the flexoelectric effect that is the
focus of the current analysis.

In the absence of external mechanical or electrical fields,
we assume that the trivial state (P,#) = 0 is stable. Then,
by standard stability test, we can show that the following
constraints apply to the material properties [31]:

kg f?

]
—= > —, 5
Kb+2>az )

a>0, k,>0, k,<0,
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Before proceeding further, it is instructive to link the flexo-
electricity coefficient appearing in our theoretical framework
to the often used expression in the literature, Eq. (2). In Eq. (2),
the symbol P represents polarization per unit area with the
dimension of C/m, and hence f, has the dimension of C,
which is quantitatively different with flexoelectric coefficient
in our expressions. In our theory, for a homogenous membrane
and in the absence of external electric field, Eq. (3) implies that

P=- i K. (6)

az
Comparing with Eq. (2), we find

f

a
Therefore, our definition of flexoelectric constant f has the
dimension of Nm/C.

III. RENORMALIZATION OF THE MEMBRANE
PROPERTIES DUE TO THERMAL FLUCTUATIONS

We remark that a,a., f,k,kg,A in Eq. (3) are macroscopic
(phenomenological) material constants of the flexoelectric
membrane. Our goal is to find how these material constants
depends on thermal fluctuations at a finite temperature. To this
end, we decompose the state variables as

(P,h) = (P,h) + (P',K), (®)

where (P,7) is the average polarization and out-of-plane
displacement and (P’,/’) are their fluctuations.

To coarse grain the fluctuating membrane, we rewrite the
free energy as a functional of the average (P,h):

Free energy = —(8) ' log Z = F[P,h], )

where g = 1/kgT, and the partition function and the average
(P,h) are defined as

Z= / [Dh,DPle PHPA and

(P,h) = % /[Dh,DP](P,h)e”SH'P’h'. (10)

Further, we assume that the free energy depends locally on
(P,h) and we are only interested in terms up to quadratics of
P,h):

F[P,h]~ L>z°" + /

aeff _ _ aeff B _ _
) [—(P2+P2)+ P2+ [P, AR

2
eff eff

Kp 7.2 eff > A
+ T(Ah) + kg det(VVh) + >

|wz|2],
(11)

where the linear terms of (P,4) are absent since (P,i7) =0
is necessarily a stationary point of F[P,%]. The free energy
may in general depend on (P,4) nonlocally and in a more
complicated manner. We assume that the averages (P,/) are
“close” to (0,0) such that Eq. (9) may be safely used [9,10].
The critical coarse-graining principle is that the above free
energy dictates the macroscopic behavior of the flexoelectric
membrane at a finite constant temperature as the Hamiltonian
Eq. (3) does at the zero temperature if |(P,h)| ~¢& < 1;
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the effective materials constants 7¢%, a

are all we need to predict the macroscopic behavior of the
flexoelectric membrane in external environment.
For brevity, we introduce notation:

eff eff eff  eff jeff
s a;, Ky KA

P, e P;
P, P, P’
v = Yy , V= _} , V/ — y/
P, Pz
h h h

Then the Hamiltonian can be rewritten as
H[v] = Ho[V']+ AH[V',¥],
AH[V' ¥] = H[v] — Ho[v'] = L[V . ] + 3 O[V.¥] + - - - ,
(12)

where Hy[v'] = H[V' + nV]|,=o is independent of v, L[V',¥]
is a linear functional of v,

dH[V v
L5 = LV (13)
d’? n=0
and Q[V/,V] is a quadratic functional of ¥,
d*HI[V +n¥v
orv. ) = LHNV vl (14)
d’l n=0

In Appendix B, we calculate explicitly L[v',¥] and Q[V',¥] up
to the quadratic terms of v'. Let

Zy= / [DV' ]~ PHOIT,

Assuming that BAH[V',v] ~ n with n < 1, we find that the
partition function Eq. (10) can be well approximated as

Z= / [DV]e PV I(1 — BAHTY 5) + o(n),
and hence the free energy is approximately given by
FI¥]=—(B) 'logZ=—(B)""
x log {Zo -8 / [DV']e PHVYIAHY ¥] + 0(77)}
= —(B) "' log Zy + (AH[V V1) + o(n), (15)
where
(0= / [DV']ePHII() (16)
Zy

denotes the ensemble average. By Eq. (15), we conclude
that the renormalized flexoelectric membrane is completely
determined by the fluctuations of the system.

IV. STATISTICAL MECHANICS OF THE THERMAL
FLUCTUATIONS

The ensemble averages Eq. (16) are intractable for a general
nonlinear Hamiltonian. Two simplifications will be employed
below: (1) the nonlinear Hamiltonian Hy[v'] is expanded
and truncated with terms up to quadratics of v/, and (2) the
nonlinear integration measure [ DV'] is replaced by the “naive
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measure” [32]:

1
DV/ naive — —d V/ mi s 17
[DV] lm"[ ) (17)
where the subscript m = 1, ... ,4 denotes the mth component

of v, i labels the grid points on S, and A,, is some normalization
constants, such that (v'),,/A, is dimensionless. Then the
quantity of interest {AH[v',v]) becomes a standard Gaussian
integral and may be successively evaluated by the equipartition
theorem and Isserlis’s (or Wick’s) theorem. To proceed, we
recall that upon neglecting higher-order terms than 82 (|v/| ~
§), the Hamiltonian Hy[v'] can be written as

’ 2 1 \2 N2
Ho[v'] = AL + §a[(Px) + (Py)7]
S
1 N2 / / 1 N2
+ 5az(Pz) + fP/AR + 5,q,(Ah)
1
+ kg det(VVH') + Emvmz}. (18)

By Fourier transformations we have

. 1 .
’r_ & iqr & /,—iqr
VvV = E Vo't V= I SVe dr,
qeK

where, as usual, to avoid divergence, we introduce physically
motivated cut-offs for the wave vectors, which then satisfy

q ‘= |4| € [gmin> Gmax] i-€.,
2
K = q : q = T(nxany)9 nxvny € Za |(I| € [Qmin, Qmax] .

The cut-off maximum wave vector gm.x is related to the
membrane thickness and we may set gmax = 27”, while Gmin
is dictated by the macroscopic coarse-graining length scale,
which we identify with L, i.e., gmin = ZT” By Parseval’s
theorem, we can rewrite the Hamilton Eq. (18) in g-space
as

/ a D/ D/ az | &
HolV]1 =L+ L7 {5[|<Pq)x|2 + 1P, 1+ 1.
qeK

D/ 7 1 ~r 1 7~
= fq* @I + Swng 1P + Exqﬂhqﬁ}

1
=AL>+ L7 Z 50; M, ¥y, (19)
qeK

where the superscript * denotes the complex conjugate

a 0 0 0
” 0 a 0 0
710 0 a, —fq2
0 0 —fq* rg*+rpq*

We remark that, as expected, the term «, det(V Vh') does not
contribute to the right-hand side of Eq. (19) due to the Gauss-
Bonnet theorem. At a finite temperature T, by the equipartition
theorem we have that fori,j = 1,...,4 and q,q" € K,

1
(Vq)i(Vg))) = ﬁaq’q(Mgl)u' (20)
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We now evaluate the key quantities on the right-hand side
of Eq. (15):

(AH[V ¥]) = LIV, 9] + L Q[V/ .91 + - - ).

By Eq. (9), we see that it is sufficient to compute (L[V',¥])
and (Q[V',¥]) to extract the effective materials constants a°f,
af™, kg, 1™, 2 in Eq. (9). Comparing Eq. (15) with Eq. (9)

1mmed1ately yields that
(LIV',¥v]) =0,

which can also be confirmed by subsequent explicit evalua-
tions. By Eqgs. (14), (B1)—(B3) and identities summarized in
Appendices B and C, we obtain that

(AH[V',¥])

_1 /< Nl 52 | P2 b2
= 2(Q[V,V])~2/S{a( "+ P) +a. P

1 _

+5Iv h*(al(P))* + (P;)’] + a-(P))?)
%(Wh *Y[a(P] + P}) +a.P?]

+f — P.AR(VI)?) — <P;Ah’>|w‘z|2]

[(Ahﬁ ~(ARY(VH' ) — %«Ah’)zwmz]
+/<g|:det(VVh) (|Vh’|2)det(VVB)}

)\[-sz
2

Comparing Eq. (15) with Eq. (9), by the above equation and
Appendix C, we finally find that:

. 1
af = a<l + E(|Vh’|2>>

na kpT L
=all+—|~a|l+ —F—In—|,
47 A (kp — f2/ay) ¢
1
= az(l + 5<|Vh’|2>)

_ ne | kgT £
- az[l * E} = az[l T e — a1 ]
F(U— (VH')

ne | B kgT £
f[l B E] - f[l 270 — a1 ]

- §|vﬁ|2<|w|2>}}.

Q
I

feff

" 3 -
G = k| L= (VAP
[ 3na] [ 3kgT LT
=xp|l—— | ~Kkp|l — ———In— |,
4 4y — f?/a;) ¢t ]
N ro3 .
ff 72
Kq —Kg_] —§(|Vh| )_
[ 3na] [ 3kgT LT
=kg|l —— | Ryl - ————F—In—|,
47 dm(kp — f?/a;) t |
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et — A[l - g(|Vh’|2)] + <§[<P,;>2 (P + %<P£>2>

/ / 3 /
— [(PAR") — EKb<|Vh %)
_ A|:1 3'7“] 4 kel U‘I (v + 15)9dq

167 4 V2 + g2
- 3

+ qr%lax - qrznini| + Kb'?f

V. DISCUSSION

A few words regarding our derivations are in order. The
use of equipartition theorem implies that the calculated
correlations [Eq. (C1)] are accurate to the order of kpT.
To improve the order of accuracy, two considerations are
necessary: (1) the expansion of Q[v,v'] in terms of v/ should
be up to the quartic terms of v/, and (2) the naive measure
Eq. (17) shall be corrected to account for the “Faddeev-Popov”
factor [33] and the “Liouville” factor [34]. The necessity and
motivation of such corrections are reported by Cai ez al. [32] in
the absence of flexoelectric effects. Moreover, an illustrative
calculation concerning renormalization of a nonflexoelectric
membrane is presented in Ref. [11] by directly evaluating the
ensemble average of the Hamiltonian (H). By definition, the
free energy F is given by

F=U-TS, U=(H), ST)=So+ST+---,

where U is the internal energy, S is the entropy, and Sy is some
(P,h)-independent constant. From the above equation, we see
that, indeed, for effective material constants up to the order
of kpT, it is sufficient to evaluate (H). The danger, however,
lies in the zeroth-order term. From the above equation we see
that F and U differ by —7' S, for (P,h) = 0; the renormalized
surface “tension” 7" defined by Eq. (11) cannot be calculated
by simply evaluating the ensemble average of Hamiltonian.

Our results are predicated on the Monge representation
and, accordingly, we have assumed that the fluctuations are
over a state that is, on average, flat. This precludes us from
accounting membrane states that reflect overhangs, which
can be important in certain biophysical phenomena. A fully
nonlinear reparametrization invariant extension of our work is
likely to be an interesting future research direction.

Our results have ramifications for the interpretation of
measured experimental values of the flexoelectric coefficient
as well as the bending rigidity. For example, we may
write the renormalized bending modulus in the following
way: kfT ~ k, —¢ - 2L In L Here, ¢ = 1 in absence of
ﬂexoelectrlclty, and ¢ = h,';ﬁ’z > 1 when it is present. The
departure from unity depends on the factor f2/a.. Taking a
value of the flexoelectricity coefficient, f, = 0.31 x 107°C
(which is on the lower side found experimentally, [17]), we
find that f2/a, = fezaZ ~ 10kpT. With k;, lying between 10
and 20kgT, this will lead to significant softening. In the
numerical calculations, we have chosen a bilayer thickness of
5 nm and room temperature conditions of 25°C. We note here
an interesting peculiarity. Stability analysis [Eq. (5)] requires
that «, > f2/a,. Experimentally determined flexoelectric
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coefficients [17] lie between f, ~ 0.3 x 107" and 150 x
10~1°C, depending on the degree of partial charges on the
lipids and the ionic conditions. For some of the larger values of
the flexoelectric coefficient, superficially at least, there appears
to be an apparent violation of the stability condition (assuming
that the bare bending modulus «; is strictly between 10 and
20kgT). A possibility is that the bare modulus itself is different
under those conditions—experiments only measure K,fff. This
paradox may be, therefore, possibly reconciled by noting that,
as explained quite well by Ref. [17], presence of mechanisms
such as surface charges may dramatically change the apparent
flexoelectricity of the membranes and under such cases,
perhaps a revised theoretical framework is needed (which
will presumably have different stability conditions). Stated
differently, the higher values of flexoelectricity coefficients
reported in the literature may not be intrinsic properties but
rather some renormalized values. As a case in point, a recent
numerical study predicated on nonlinear electrostatics [35]
indicated that the flexoelectric coefficient of a prototypical
lipid bilayer is f, &~ 0.095¢, and this leads to f?/a, to be
roughly 2.8 kg T. We should point out here that in works related
to the outer hair cell, e.g., Harland ef al. [35], the membrane
stiffness is quite high and the thermal fluctuations aspect of
our work is not likely to play a major role there. In summary,
we conclude that flexoelectricity is likely to be a significant
contributor to the mechanical and dielectric properties of lipid
bilayers, and temperature appears to have a strong softening
effect on flexoelectricity itself.
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APPENDIX A: CONTRIBUTION OF THE NONLOCAL
ELECTROSTATIC ENERGY

According to Toupin [36], the free energy of a bulk rigid
polarizable body €2 consists of

HIP] = / W(P) + Hgea[P). Hﬁem[P]=%° / E[2,
Q R3

(A)

where P is the polarization per unit volume, the first term
reflects that energy is needed to polarize in the body, and the
second term is the energy associated with the electric field E
induced by the polarization. If the medium of the body is a
linear dielectric medium of permittivity €, the internal energy
density function W(P) is given by Ref. [36]

1

€—¢€p

W(P) = —a|P|?, (A2)

a =

N =

We now consider a thin membrane S = (0, L)? of thickness
t < L. The polarization on the membrane inevitably induces
an electric field penetrating into the entire space. Let P(x,y)
denote the polarization per unit area (and hence P = %P) on
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the membrane S and
1\Z) = 1 ]I VRS — == | — () OI]lelWISe.

Since the lateral dimension of the membrane is much larger
than the thickness (L >> t) and the polarization P is assumed
to be independent of z, the electric field near to the membrane
is well approximated by that determined by the following
Maxwell’s equation:

1
diV[—eové(x,y,z)Jr ;P(x,y)Xr(z)] =0 in R. (A3)

In the above equation, we have ignored the fact that the
membrane is deformed. Then the associated field energy
induced by the polarization is given by

Hie[P] = %" /S f VE[2dzdx. (Ad)

We now solve Eq. (A3) by Fourier method. For brevity,
denote by x = (x,y) and k = (k,k,). Let

N 1
Py = —

. ~ 1 )
e SP(x’y)e_"“"dX» &) =13 /Sax,z)e—lk*dx

(AS)

be the Fourier coefficients. Then the inversion theorem implies
that

P(x) =) Pue™, Ex2) =) &@e*.  (A6)

keK keK

Inserting Eq. (A6) into Eq. (A3), we find that
" d* . 1.
€olk|"6k(2) — 60@&(1) + Z;Pk “kx:(2)
1 . d
+-Px),—x(z2) =0 VzeR, kek.
t dz

The above linear ordinary differential equation has two source
terms; the solution can be conveniently expressed as

(o) = D / Gz — )Ly
l60|k|2 R dz
iPy -k )
o /R Gz — Dz, (AT)
where
Tlkle= ke if z >0,
Gk(x) =] .

§|k|e‘k|z if z <0,

is the Green’s function satisfying

2

d
_WEGk(Z) +Gx(z) +800)=0 VzeR.
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Direct integration of Eq. (A7) yields

P, iP _ _ .
2(t€k) ‘(elklt/Z —e |k\t/2)e klz _ 21 k|k\ (elklt/2 +e |k|t/2)e K|z ifz > t/2,

Bu(z) = § Bk (ollz — g ieyp k2 _ IRk [y M (oK oo )] i — /2 < 2 < 1/2, (A8)

P iP -k _ .
2(zeﬁ|)k| (elklt/2 — o= IKlt/2) lklz _ 2;eow(elk\tﬂ + e Kl2ylklz if 2 < —1 )2,

Therefore, the electric field energy defined by Eq. (A4) is given by

b
Hiea[P] = = // P V&'dzdx_z /

_Z {|( )P 1 —el +IPk.k|2|: __(1 tlk):|} (A9)
T Lo )te K 1|K| k|2 71K '

By Eq. (A9), we observe that if ¢|k| < 1, i.e., the typical wavelengths of the fluctuation are much larger than the thickness

{ k)ﬁk +1P* kék}dz

I3
2

of the membrane, the field energy associated with the in-plane polarization, i.e., ZREK ‘ﬁ%‘z[l — Ticl(l — e~ 'khy], is of order

(t|k|)?, whereas the contribution from the out-of-plane polarization, to the leading order, is given by
HrealP1 = Y 2 (. + 0wk
field = = e k)z .

Keeping only the leading-order term, we find that the nonlocal field energy can be rewritten as
ffm“ZLWMF—lfwP (A10)
field o 2160 kl)zl — 2l60 s zl -

Inserting the above equation into Eq. (A1), by Eq. (A2) we find that for the membrane the contribution to the Hamiltonian by
polarization alone is given by

| fae2+ 2 +a.p2),

where a,a, are given by Eq. (4).

APPENDIX B: CALCULATION OF L[v',v] AND Q[V',v]

To evaluate the free energy by Eq. (15), itis necessary to compute AH [v/,v] = H[v] — Hy[v'] defined by Eq. (12)_. To pr_oceed,
we expand and truncate the Hamiltonian in terms of (P, /) and (P, 4"). For convenience, assume that |h'| ~ |P'| ~ ¢, |h| ~ |P| ~ 4,
and ¢,8 < 1. Neglecting higher-order terms than &2 or 82, by straightforward yet tedious calculations we find that

Jn =1+ 3IVAP + VR 2+ Vi -V — 3(Vi - VI + 0(2,8?),
7 =1=3|Vh]> = 3|VI'|> = 3Vh - VI’ + 2(Vh - VI')? + o(e?,8?),
Ky = A(h+ 1) — 2(AR|VI'|* + AR |VR*) = Ah + h")Vh - VI (BD)
— VI - (VVR)Vh —Vh - (VYVIH)Vh —2VK - [VV(h + h")]Vh + o(2,6?),
det(VVh) = det(VVh) + det(VVR') + AhAR — VVh - VVH .
Therefore,
Jn(Kp)? = [A(h + W) = 2AR[S ARV |2+ VI - (VVR)VE| = 2AR [AAR|VA]? + VA - (VVR)VR] + LIVI'2(AR)?
+ 2IVRP(AR)? = 2ARAR'N K - Vh — 4AARVH - (VVR)Vh — 4AR'V]E - (VVR)VE 4 o(e?,8),
J73Gy = det(VVh) + det(VVH') + AhAR — VVh - VVR — 3|Vh|* det(VVH')
3\VH 2 det(VVh) — 3(Vh - VI)[ARAR — VVh - VVI'] + o(e2,82). (B2)
Similarly, we have that
[PIJy = [P+ 2P - P + [P'|> + L |VAP P> + 3 VA PP + 2(Vh' - VI)P - P + 0(2,6%),
P.Ky = P.[A(h + ') — S AR|VH' > = VR - (VVh)VR —2Vh - (VVR)Vh — AR'VE - V]
+ P[AGh + 1) — YAR VR[> — Vh - (VVR)VAh — 2V - (VVR)Vh — AhVA - VR'] + 0(e2,8%),  (B3)
Peh Ky = Peh (AR + (Peh' + Plh )N+ h') + PR/ Ah + o(e?,8%).
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APPENDIX C: EVALUATION OF THE ENSEMBLE AVERAGES
Define constants 6,7n,v,«,& as

f2 kBT 2 A
9 = _7 )7 = —7 v = —9
akyp kp(1 —0) kp(1 —6)

_ f B CUBE SV o %
o= —— = - log ———,
min vz + qz 2 1)2 + qr%nn

52 — /qmax 6]3dC] _ qr%lax B qx%lin + 1)_21 v2 + ql%mx

i@ 2 2 BV g,
Note that v,n,« are dimensionless while v, & has the dimension of 1/length. By Eq. (20), the ensemble averages of fluctuations
can be calculated term by term as follows:

, kBTClq2
(|VR'1?) Z‘] |h 1’ = Z Lz[kaqz + (kpa — fH)q*]

qek
~ 2nkgTa ( L >2/“1"‘“X qdg _na
L? e Aa+ (kpa — g2 271’
F(PIAR) 2nkBT < ) qmllx f2q3dq _ —/(;,77952’
g A0+ (kpa — f2)g? 2
(AR')) ~ 27TkBTa ( L ) ‘“"“ q’dq _ ”_52,
e A+ pa — fHg* 27
P oP) = dlag|:q s~ Gnin Gmax ~ i / s (V2 + %)qd"] (1)
2a o a;(v1+4g?)

By symmetry or Eq. (20), we immediately obtain

VHh @ VK _ e Vi |? P/'VVHK _ 1o P/ AW
(VIh' ® >_§[o 1](I %), (P, )—5[0 1}( AR,
(det(VVR)) =0, (VVH)VK)=0, (P°QVHK)=0. (C2)

The ensemble average of each term on the right-hand sides of Eqgs. (B1)—-(B3), to the leading order, can be explicitly computed
as follows. First, by Eq. (B3), we have

(Px*Jy) & P} 4 ((P)?) + 5IVRI((P)?) + 3(IVI'|?) PZ. (C3)
Second, we have
(P-n, Ky Jy) = (P.Ky) — (P.h < Kp) — (Pyh yKp),
where, by Egs. (B3), (C1), and (C2),
(P.Ky) ~ P,AR — YP,AR(|VI'|?) — P,(VVh) - (VI ® Vh')) + (P.Al') — 3(P/AR)|VA|* — Vh - (P(VVI)Vh
= P,Ah — P,AR(IVI')?) + (PAL') — (P.AR)|VA]?, (C4)
(Pch Kyp) ~0, (Ph,K;) ~0.
Finally, by Egs. (B2), (C1), and (C2), we have
(Ki)*Jn) = (AR + ((AR'Y?) — L(ARX(IVI'|?) — 2AR(VVR) - (VR @ VI') — H(AR))| VA — 2Vh - (AR'VVE)Vh
= (AR + (AR')) = S(AR(IVA']?) = S((ARY) VAP,

-3 i 3 i (©5)
(1,°Gh) = det(VVh) — 3(IVR'|?) det(VVh),
() =1+ HVAP + (VR ?) — 3(VA® Vh) - (Vh' ® VI').
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