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Purcell factors and Forster-resonance energy transfer in proximity to helical structures
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Both spontaneous emission and resonant energy transfer can be enhanced significantly when the emitter is
placed in the vicinity of metallic or crystal structures. This enhancement can be described using the electro-
magnetic Green tensor and is determined by the dominant surface modes of the structure. Here we use the
eigenpermittivity formalism to derive the spontaneous emission and Forster-resonance energy transfer (FRET)
rates in the quasistatic regime in a two-constituent medium with an anisotropic inclusion. We then apply our
results to a helical structure supporting synchronous vibrations and evaluate the contribution of these modes,
which are associated with a strong and delocalized response. We show that this contribution can result in large
Purcell factors and long-range FRET, which oscillates with the helix pitch. These findings may have implications
in understanding and controlling the interactions of molecules close to helical structures such as the microtubules.
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I. INTRODUCTION

Helical structures like alpha helices, DNA, and micro-
tubules have profound importance in biology. Microtubules
(MTs) are composed of identical tubulin-dimer units and
therefore they have a regular helical shape, similarly to car-
bon nanotubes [1]. MTs self-assemble from their constituent
tubulin-protein units and are critical for the development
and maintenance of the cell shape, transport of vesicles, and
other components throughout cells, cell signaling, and mito-
sis. Tubulins have a large dipole moment [2-5] and it was
suggested that MT vibrations could generate an electric field
in its vicinity [6-8], also beyond the typical Coulomb and van
der Waals range.

An optical system can generate a strong electromagnetic
field for certain sets of physical parameters, which are the
resonances of the system. An eigenvalue is a parameter of
the system that corresponds to a resonance, and it can be
obtained by fixing all the other parameters and imposing
outgoing boundary conditions without a source. In electrody-
namics the eigenvalue is usually defined as an eigenfrequency
or eigenpermittivity of one of the constituents [9-11]. In the
eigenfrequency formalism a resonance can be approached
when the real physical frequency is close to the usually
complex eigenfrequency. In the eigenpermittivity formalism
a resonance can be achieved when the physical permittivity
of one of the constituents is equal to a generally complex
eigenpermittivity of that constituent.

For a simple system with two uniform and isotropic con-
stituents as in Fig. I(a), when the eigenpermittivity ratio
€1m/€2 1s equal to the physical permittivity ratio €;/¢,, there
is a strong response of the system. In the quasistatic (QS)
regime, in which the typical length scale is much smaller than
the wavelength, €;,, /€, are real and usually negative (see Ap-
pendix 1 and Refs. [12,13]). Hence, resonances can usually be
approached when the permittivity of one of the constituents is
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positive and the permittivity of the other is negative, both with
low loss. Examples include silver—polymethyl methacrylate
[11,14], silver-water in the high-visible regime [15], graphene
[16], and SiC [17]. In the full-Maxwell equation analysis,
€1m/€2 1s usually complex and approaching a resonance re-
quires gain in one of the constituents [9,11].

In electrodynamics an eigenstate is an electric field that
exists without a source and corresponds to an eigenvalue.
Such eigenstates have been used to approximate the field at
a resonance in the eigenfrequency formalism [10] and ex-
pand the scattered field in response to an applied field in
a two-constituent medium in the eigenpermittivity formal-
ism [9-11]. These field approximations and field expansions
have been generalized to a dipole source excitation indepen-
dently [10,11], which is of paramount importance for a variety
of applications. Another approach for such a calculation is
to expand the electric potential of a source in free space
according to the inclusion geometry and impose boundary
conditions for these modes and the scattered electric potential
modes [18].

Recently, we have shown that in the QS regime when one
of the constituents in a two-constituent medium is anisotropic
as in Fig. 1(b) there is an infinite degeneracy of real eigen-
permittivities, similarly to the situation in electrodynamics. In
this case, however, the eigenpermittivities are real, which can
lead to a strong response when an external field is applied.
We then used the corresponding eigenfunctions to expand the
field in such a setup [19].

When the structure is a crystal with a period a as in
Fig. 1(c), one can use an effective €(k) when A > a [20].
Assuming that k =~ 0 and €(w), when the physical frequency
is close to a resonant frequency w = wr, the physical per-
mittivity diverges to plus and minus infinity [17,21-23].
Thus, it can be equal to an eigenpermittivity and result in
a strong response. This approximation can also be used in
the QS regime when the source-structure distance /, which
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FIG. 1. (a) Dielectric cylindrical €; structure in an €, host
medium. (b) Dielectric cylindrical structure with €; in the z direction
and ¢; in the ¢ and p directions, in an €, host medium. Note that even
though the permittivity of the inclusion in the ¢ and p directions and
the permittivity of the host are equal, the different axial permittivity
of the inclusion defines an interface. This allows us to model axial
vibrations as will be explained. Periodic longitudinal (c) and helical
(d) arrangements of the constituent units. Panels (c) and (d) are real-
izations of (b) with €, (k) and their vibrational modes are longitudinal
and helical, respectively [19,21].

is on the order of the effective wavelength [23], satisfies
> a.

The response of a helical structure of Fig. 1(d) to an incom-
ing electric field due to the vibrational modes was recently
studied in the QS regime. The arrangement of the units in
a helical periodicity enabled us to write an effective per-
mittivity €;(k). Then, in order to model axial vibrations we
considered an effective permittivity in the axial axis €, (k)
and permittivity value in the other axes €, the permittiv-
ity of the host medium. In this work we also investigated
the permittivity when k > 2w /a, where a is the helix pitch.
We identified synchronous-vibration modes satisfying k =
mk,, where m and k are the cylindrical-mode indices, and
k, = 2m /a. These modes were shown to have w(k) that is
close to real, which is associated with a strong response and
delocalization. When the physical frequency o ~ w(k), the
permittivity is expected to span over a large range of values
and give rise to resonances and delocalization [19], similarly
to the scenario in crystals mentioned above. Interestingly,
delocalized phonons were recently observed in DNA under
physiological conditions [24].

The local density of states (LDOS) of the electromagnetic
field is an important quantity since it determines the mag-
nitude of light-matter interactions such as the spontaneous
emission rate. The LDOS is proportional to the imaginary part
of the Green tensor, which depends linearly on the electric

field generated in response to a dipole excitation [25]. Hence,
close to a resonance there is an increase of the scattered field
and therefore in the LDOS, which in turn enhances light-
matter interactions and spontaneous-emission rate [18,26,27].
To quantify this enhancement one can use the Purcell factor
[28], which is defined as spontaneous emission rate in a given
system relative to free space.

Moreover, when two dipoles are located in proximity to
a structure, the Forster-resonance energy transfer (FRET) be-
tween them is also described in terms of the Green tensor [29].
Thus, close to a resonance, we should expect an enhancement
in the FRET between the dipoles as well. In free space, such
a FRET process between two dipoles is very short range, on
the order of 3—4 nm. Thus, if a resonant helical structure can
mediate FRET between dipoles spaced significantly further
apart, it would be of utmost importance in understanding and
controlling molecular interactions in the vicinity of such a
structure.

Here we will first evaluate the LDOS and the FRET
rate between two dipoles in the vicinity of an anisotropic
structure using the eigenpermittivity formalism. We will then
apply the results to the case of a generic helical structure
supporting axial vibrations and discuss the consequences
for strong light-matter interaction, high frequency selectivity,
and structure-mediated long-range energy transfer between
dipoles. Importantly, we will calculate the interaction between
a crystal and a dipole source and between a crystal and electric
field with an effective wavelength on the order of the length
period of the crystal, which in our case is due to the proximity
of the dipole to the structure [30]. For concreteness, we will
consider the microtubule, which also has axial periodicity
[19].

II. CALCULATING THE LDOS AND FRET RATES
IN PROXIMITY TO AN ANISOTROPIC STRUCTURE

We start by expanding the electric field using the eigen-
permittivity formalism in the QS regime for a two-constituent
system comprising an isotropic cylindrical inclusion in a
host medium and a point-dipole source situated in the host
medium. An electric potential expansion and Purcell enhance-
ment for such a setup using mode matching were calculated in
Ref. [18]. The field generated by the dipole at a position r is

L Sew Vi) p
E = -z dk/ mk mk \V/ -y , 1
' ;271[ =5 Wil gy L 0Ol (D

where s = ﬁ, S = 627 , p is the dipole moment, r is
the dipole locatlon {1/ are the quasielectric potential eigen-
functions, w is the field direction, (Y, |V¥uk) f OV -
Viuedr, 61 is a window function that equals 1 inside the
inclusion volume, and L, is an arbitrary length that cancels out
with L, in (Y | ¥me) [11,12,15,19]. Note that when €; = €1,
there is a large contribution of the corresponding mode in the
field expansion.

This formulation was recently generalized to the case of
an anisotropic inclusion by assigning €; to one axis and €;
to the other two axes to model axial vibrations and we can
proceed accordingly with €; — €;, and the corresponding
eigenfunctions [see Fig. 1(b) and Ref. [19]]. The Green tensor
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is proportional to the electric field generated by a dipole and
can be expressed as [25]

Gy = e _ Buope 27
w*p k*c*p A
and therefore we readily obtain the expression for the Green
function:

Vo) - ew
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1 L, 52 v
= — — [ dk' —=
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(2

This expression can then be used to derive the cross density of
states (CDOS) [25]:

_ 2w
p(r,ro) = —;Im[GW(r, ro)]. 3

Similarly, the FRET rate between dipoles at r4 and rp can be
written as [29]

’b 2 (Uaa g
wa) = ? |Pb’b G (rB,rA, a)a’a)paa | (4)

and we arrive at

W 2m (1 N\ [(1 L\
Wy = | — -
a 12 \egc? w27

2
« / v S VY TB) - Paa Vi 0) - Py
S — Smk’
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(¢mk’|¢mk’)
Assuming a sharp resonance and using the identity §(x) =
11m€_>0 1 2 = similarly to the spontaneous-emission rate
calculation 1n Ref. [27], one can readily solve analytically the
integrals in Egs. (3) and (5).
The LDOS, which is a particular case of the CDOS for
r = ry, defined as [22,23,30,31]

_ 2w
p,(r)= —FIm[GW(r, )], (6)

can also be obtained:
21

oy, =———
" Tw
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By expressing the spontaneous emission rate in a general
setup [22]
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FIG. 2. Vibrational-mode analysis for a helical structure. (a) The
illustrations show that k = k,m are allowed when requiring de-
coupling between the axial protofilaments. (b) The structure is
composed of two units denoted by «, 8 with masses m;, m, con-
nected with springs ki, k2, k3, k4. (c) w(k) for the acoustic and
optical m = 1 helix and 1D crystal modes. The microtubule parame-
ters are m; = my = 0.9 x 10722 (Kg), k1 =08,k =0.1, ks = ky =
0.2 (N/m), where k4 is of the order of magnitude of the value in
Ref. [36].

where w,, is the Bohr frequency between the ground and
excited states, and the corresponding one in vacuum [22]

3

r — _ P p2 9)
vacuum 3ﬂheoc3 ’
we get the following expression for the Purcell factor:
r 2P, (r, @) f
= 37 —2 dk’
Fvacuum a)gg Z
spIm(s*) IV (ro)I?

" Re[s(K)]— 5, (K))+ [Im(s)? (Vnl¥m)
(10)

III. APPLYING THE CALCULATION
TO HELICAL STRUCTURES

We will now examine the specific case of a helical structure
supporting synchronous-vibration modes, which can give rise
to resonances. The scattering QS eigenfunctions that corre-
spond to these vibrations satisfy the relation k = mk, due to
their functional dependency, that is, according to the helical
symmetry, as illustrated in Fig. 2(a), and can be expressed as
[19]

Ay Ky (mk_p) P > P2
V2 p) + Azl (mke [<E2p)  p1 < p < p2 (11
Ayl (mk,p) P < P
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FIG. 3. Physical permittivity €, (k) and first eigenpermittivities €, ,; of the helical structure, where we used the parameters of Fig. 2 and
p1 =7, po = 12 nm. The real parts of the physical permittivity and the first eigenpermittivity intersect at two k values with Im(e;) = 0.1,
resulting in large contributions of the corresponding eigenfunctions. Note that we consider a single w, and & in the QS expansion can take any

value and is not required to satisfy kv = w.

where p; and p; are the internal and external inclusion radii,
respectively, and /,, and K, are the modified Bessel functions.
The convergence of Eq. (10) is ensured since K,,>1(mkp >
a) —> \/#7 \/%e’mkp , Po > P2, and there is always an imagi-
nary part of the permittivity (see Appendix 3).

In crystals, the permittivity is usually expanded in a Fourier
series and it couples each field mode with the modes with
k + G,, where G, is a reciprocal-lattice vector, and there
is an effective ?(w, k) that describes the w, k response
to an excitation at w, k [20,32]. In our case, the symmetry
to discrete translations defines the k = mk, and nk, modes,
where 7 is the number of units per helical round, that represent
the dc and higher-order Fourier components, respectively (see
also the static case of electric charges in a helical arrangement
in Ref. [33]). Thus, the coupling is to modes with integer
multiples of (Am, Ak) = (1,k;) and Ak = nk, apart. At
dipole distances on the order of the length period a, the field

J

that is generated by the high-order modes is negligible at the
dipole location and therefore the most dominant mode is the
m = 1 mode.

We now analyze classically the vibrational modes that can
be excited by the incoming field and generate field as was
done in Ref. [19]. We consider the coupling of vibrations
also to field components with kc > o that are almost static
[20] and satisfy ka > 1. When vibrational modes and electric
field are coupled they have the same w and k, and, at low
and high ks, w(k) of one of the polaritons and that of the
uncoupled vibrational mode are similar [21]. We study a struc-
ture comprising two types of units with masses m; and m;
connected by springs ki, k», k3, and k4 as shown in Fig. 2(b).
Denoting the axial displacements of m;, and the indices
of the axial and lateral shifts by u;, and s, g, respectively,
and assuming u;, = a;,e*“"?  we write the equations of
motion (EOM):

2
—W MUlsg = kl (u2sq - ulxq) - k2(ulsq - u2s—1q) - k3(ulsq - ulsq-H) - k3(ulsq - ulsq—l)9

2
—W MpUysg = k2(uls+1q - Mqu) - kl (u2sq - ulxq) - k4(u2sq - u2sq+l) - k4(u2sq - u2.vq71)a (12)

—w’my + ki + ko + 4k3_sin2((ka/n —2mtm/n)/2)
—(kae'™@ + ky)

This one-dimensional (1D) description enables us to an-
alyze the behavior of the system in the axial axis while
accounting for the lateral interactions in the terms with
ks and k4. These diagonal terms restrain the movements of
m; and m; to their sites as in a local oscillator and vanish for
the helical functions satisfying k = mk, [see Eq. (11)]. Also,
for these modes it can be seen that laterally adjacent units
oscillate in phase. Equation (13) can be written as Au = w’u,
where A is a Hermitian matrix and therefore diagonalizable
and since w? is real and positive the modes are delocalized.
When anharmonicity or dissipation is incorporated, the matrix
formulation and Hermiticity no longer hold and localiza-
tion can arise. We assume that the largest anharmonicity is
in the axial forces between lateral units due to the align-
ment shift of the units upon movement and the distribution
of charge along them (see Ref. [19] Fig. Al). The anhar-
monicity in these terms ocksu%w{l — 2cos(ka/n — 2mrm/n) +
cos[2(ka/n — 2wrm/n)]} and translates to an omn-site anhar-

_(kze_ika + kl) ury _ 0 (13)
—w?my + ki + ko + dky sin®((ka/n — 2rm/n)/2) ) \uz ) — \0)"

(

monic term, which vanishes for the k = mk, modes. Moving
away from k = mk, increases the ratio of anharmonicity to
dispersion, leading to a more localized response, similarly to
interacting diatomic molecules with infernal anharmonicity
[34,35]. From Eq. (13) we calculate w(k) for the acoustic and
optical modes without anharmonicity. The k = mk, modes
have the same w(k) of a 1D crystal [see Fig. 2(c)] in agreement
with the previous analysis in Eq. (11). We then incorporated
dissipation into the calculation of w(k), which showed that
Re[w(k)] is hardly affected and Im[w(k)] is constant at all
ks, except at large y's that suppress the acoustic modes (see
Ref. [19] Appendix B3). The physical permittivity can then
be written similarly to the derivation for a harmonic oscillator
[21] with the oscillator eigenfrequency wr — w(k) [19]:

4w Ng?

my[w? (k) — @]’ (1

€1 =
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FIG. 4. (a) A setup of a dipole in proximity to a helical structure where the spontaneous emission rate of the dipole is enhanced due to
the proximity to the structure. (b) Purcell factors in the z and p directions as functions of the radius for isotropic and helical structures with
p1 =7 nm and p, = 12 nm, where the helical structure has a = 8 nm. The Purcell factors in the ¢ direction are smaller by at least an order of
magnitude since 1/p < k, except at close distances to the isotropic structure, where the magnitudes are negligible compared with the helical
structure. The Purcell factors of the helical structure are dominant for 12 < p < 24 nm and the ones of the isotropic structure are dominant
for p > 24 nm. In addition, the Purcell factors in the p direction are larger for the isotropic structure whereas the magnitudes in the p and z

directions are similar for the helical structure.

where ¢ is the unit charge, m, is the effective mass, and N
is the charge density. Note that in electrodynamics in the
quasistatic regime, the dependency on w is negligible and
therefore the polariton eigenfrequency is approximately de-
termined by the vibrational modes.

We are now in a position to derive the LDOS and the FRET
rate for helical structures using the expressions in Egs. (5)
and (7). For simplicity we focus on the m = 1 modes, which
dominate at large distances, and proceed without anharmonic
terms [19], similarly to Ref. [21]. We first calculate €; (k) and
€1 using the expression above and the boundary conditions
[19], respectively, to observe the intersection points between
them, which are the resonances. In the calculation of € (k)
we chose g = 12e, where e is the electron charge [37], and
spring constants on the order of the one reported in Ref. [38].
We also use in the expression of €; (k), w? (k) that incorporates
dissipation and has a constant imaginary part [19]. To compare
the LDOS and FRET results to an isotropic dielectric structure
(which is the standard modeling of helical structures of this
kind), with €¢; = 1.5+ 0.1/, we set Im(w,) = ’;Lm’fz, which
satisfies Im(e;) = 0.17 at an intersection point. Then, using
€1(k) and €, we perform the calculation of the LDOS and
FRET for the helical structure setup and compare the results.
For details about the calculations for the isotropic structure
see Appendix 5.

In Fig. 3 we present the physical permittivity €; and the
eigenpermittivities €; for the first few modes of the helical
structure. Due to the anisotropy there is an infinite number of
eigenpermittivities for a given k value, unlike the case of an
isotropic medium. While this resembles electrodynamics, in
which there are are multiple resonances at a given k value,
the eigenpermittivities in this case are real and can give rise
to a strong response, especially for the first resonances where
Im(e;) is small. Since the resonances are discrete, if we as-
sume that each resonance is a continuous function of w and k,
when varying w we will encounter closely spaced resonances
(one can think of resonances represented by, e.g., parallel
diagonal lines in w and k). This is in qualitative agreement
with the closely spaced resonances in frequency in the exper-
imental results in Ref. [39].

In Fig. 4 we present the Purcell factors in the z and p direc-
tions, which are the dominant ones, as functions of p for the
helical and isotropic structures, both with p; =7 nm, p, =
12 nm. It can be seen that for the isotropic structure the mag-
nitudes in the p direction are larger, whereas for the helical
structure the magnitudes in the p and z directions are similar.
Interestingly, close to the structure the LDOS of the helical
structure dominates since the m = 1 modes that extend the
farthest have a larger response compared to the isotropic struc-
ture, while at some distance away the response of the isotropic
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FIG. 5. (a) The setup of two dipoles in proximity to the helical
structure, which can transfer energy via the structure. (b) Normalized
FRET rates as functions of the axial distance between two dipoles
oriented in the z direction for an isotropic dielectric structure with
€; = 1.5 4 0.1i, helical structure, and free space. The distance of the
dipoles from the structures is a, which is the helix pitch.

structure is larger. This can be explained by the strong re-
sponse of the helical structure up to an interaction distance on
the order of a due to the synchronous-vibration modes, which
depend on p via K(k;p) [see Eq. (11)]. In addition, the modes
with larger interaction distances, which have small ks, are
present in the isotropic structure but not in the helical struc-
ture since €; &~ 1 = 1/(s — s¢) ~ 0, and therefore they have
a negligible contribution in the field expansion [see Eq. (2)].
This may suggest two distinct mechanisms of interaction in
these regions. Finally, we note that Purcell factors depend on
the frequency as follows: I'/Ty o 1/w? [see Eq. (10)]. Since
in our case w =2 x 10" (s71), it gives, e.g., an additional
factor of 5 x 10% compared to the calculation in the near
infrared in Fig. 3 of Ref. [27].

In Fig. 5 we present the normalized FRET rates between
two axially distanced dipoles oriented in the z direction at a
distance a from the helical and isotropic structures as well
as in free space. The isotropic structure exhibits a larger
FRET range compared to free space, similarly to a Gaussian
beam in which the modes interfere. Importantly, at a given
time the FRET close to the helical structure setup has an
approximately constant amplitude and oscillates with a period
a, due to the exp(ik,z) dependency in Eq. (11). Note that
since we have incorporated dissipation into the permittivity
the FRET rate in this model decays in space, at a distance
that is larger than the one displayed in the graph and can be
approximated using Ax &~ 1/(v/2Ak), where Ak is according
to the integrand in Eq. (5). We also calculated the FRET
rates for dipoles oriented along the p and ¢ directions and
in the helical-structure setup, they have approximately the
same z dependency since the contribution is dominated by
exp(ik;z) [see Eq. (11)], and their relative magnitudes are
1.14 and 1.64 x 107>, respectively. The scaling of the FRET
as a function of the dipole radius for dipoles oriented along

z, p, and ¢ at distances on the order of a or larger can be
approximated as [k.K; (k). [K{(k;p)I*, and [LK(k.p)]*,
respectively. Finally, the FRET rate as a function of z between
dipoles oriented along z and p in the helical-structure setup
is shifted in phase by /2, which implies that for dipoles at
the same z location the FRET rate will be maximal when they
are parallel. Incorporating the induced electric response and
the anharmonic terms is expected to result in a shorter FRET
distance close to the helical structure. Clearly, the effect of
including the anharmonic terms depends on their coefficients
and the strength of the incoming field, which will determine
the mode amplitude. Usually, on a resonance since the mode
amplitude is large and the anharmonic terms are significant,
it will increase the imaginary part of wy, which in turn will
reduce the strength and axial extent of the response since w is
real. However, assuming that the dominant anharmonicity is
in the axial forces between lateral units, this effect is expected
to be dominant only away from the modes satisfying k = mk;,
where this anharmonicity is large. Thus, excitation at an @
that is significantly different than wy(k = mk,) will result
in a weaker and more localized response, see Appendix 6.
Additional anharmonic terms can decrease the FRET
range.

IV. CONCLUSION

In this work we first derived the density of states, Purcell
factors, and FRET rate in the eigenpermittivity formalism
for a two-constituent system with isotropic and anisotropic
inclusions. We then applied this formulation to the case of
a helical structure supporting axial vibrations and compared
it with an isotropic dielectric structure. We showed that the
helical structure can greatly enhance the spontaneous emis-
sion rate up to distances on the order of the helix pitch
and that at much larger distances the dielectric response
dominates. Finally, we showed that helical structures can
mediate long-range FRET between two dipoles. This could
be crucial for understanding and controlling molecular in-
teractions in the vicinity of such structures. Our results may
be of particular relevance for phenomena associated with bi-
ological helical structures such as DNA, microtubules, and
alpha helices, and could relate to fundamental questions in
biology such as the role of electrodynamics in explaining
long-range interactions and synchronization between distant
molecules.

APPENDIX

1. Expansion of the potential of a dipole for an anisotropic
and spatially-dispersive inclusion

We will start by expanding the physical potential of a
charge distribution in a two-constituent medium, in which
both constituents are isotropic and spatially uniform, similarly
to the treatment in Refs. [11,12,40]. We will then develop an
expansion for an inclusion with an anisotropic and spatially
uniform permittivity and simplify it for a dipole source. Fi-
nally, we will formulate the field expansion for a k-dependent
inclusion permittivity where the modes are uncoupled and
analyze the scattered field for a crystal inclusion.
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In the quasistatic regime we use Poisson’s equation in a
two-constituent medium for the electric potential of a charge
distribution p(r). When both constituents have spatially uni-
form and isotropic permittivities we write [11,12,40]

VeV = p(r),
€) — €]

V-0(0uVy(r)+pr)/e, u= o

Viy(r) =

where 6,(r) is a window function that equals 1 inside the
inclusion, €; is the inclusion permittivity, and €, is the
host-medium permittivity. The potential can be regarded as
generated by the external charge distribution p(r)/e; and
V - 0, (r)uVy (r). Therefore, it can also be expressed as Y =
Yo + Y in terms of the potential 1y generated by the charge
distribution in a uniform €, medium and . that is generated
due to the existence of the inclusion.

An eigenstate 1, which exists in a system without a
source, is defined as follows:
€ — €]y

V01 (u, Vi, (r), u,= s
€

Yu(r) = / G — 1)V - 01u, Vi, (x')dr’

V23, (r) =

= u, / 0,(r"YVG(r — ¥V, (r )dr’,

where G(r — r’) is Green’s function of Poisson’s equation and
we performed integration by parts. We define the operator I'
as

Py = / 0, () VG(r — ¥)V (K )dr’

and write

A 1
Sa¥n =T, 5, = —

uil

I/fn = unfllfn,

Since " is self-adjoint all the eigenvalues s, are real.
In addition, at the large n limit s, = 1/2 and therefore
€1/€x = —1 is an accumulation point of the eigenpermittivity
ratios [12,13,40]. We then obtain [11,12,40]

wzufwwo
= vo = o+ —_y
_l—uf‘ 0= Yo 1 —ul 0

F
1/’0+Z 1fuf|wn><wn|wo>

_1/f0+z

By using [11,15]

) (Wl o).

(Ynlo) = /dl‘le%T -V
= /dr@l(r)vw;f(r) -V / G(r —r')gd(x' —ry)dr

= g5, / Ay )g8( = To) = g5V (o),

we get for a point charge

¥ = wo+qZ YW (x).

The eigenstates are assumed to be normalized, where the inner
product is defined as

W) = / X6,y - V.

Now we develop the expansion of the potential for an
anisotropic inclusion permittivity as was done in Ref. [19].
We denote the inclusion permittivity tensor by €; and
write

€ VY =p(),
VY + VO, — &)Vy = p(r),
~ <>
vty 2 PO @
€ €
V) = V- 00D V) + 28,

€2
<> 621— 61
U = ————
€2

where / is the unit matrix.
We define an eigenfunction v as follows:

Yr(r) = /G(r — 1)V 0, W Vi (r)dr’
/ 8 a ! /
= /G(r —r )7911/!/(.1']‘?101((1' )dr

=) wiGr—r )— Ll )—W(r )dr!

ij

, 0

= Zuij.kel(r )5
ij

where we performed integration by parts and u;; = 6;; —

0
G(r — ') (r))dr’,
i 8]-

€lij
€ .
. <~

For a diagonal form of "¢~ we have

/ 8 ! 8 / /
W) = g [ G = 1)L 00w
/ 8 / a / /
= Y [ 069560~ 1)L v rar'
For (e, €, €;) = (€2, €2, €1;) we get

] a
Vi (r) = Uz / G(r — l")§91 (l")§l//k(l")dl‘/

/ a / a / /
=ux [ O1(r )gG(l‘ -r )yllfk(l‘ )dr’,

Z

and write the eigenvalue equation

i = ug Doy, savn = Do,
S = 1/ug = e2/(e2 — €121),

where s is an eigenvalue. Note that here the physical permit-
tivity of the inclusion €, is spatially uniform and the index k
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denotes the mode index. Similarly, we write the expansion of
Y for this case

Y= 1/fo+

) (¥nl o).

For a point charge we substitute the eigenvalue equation in the
inner product to obtain

(Vilvo) =/dr91(r)—1ﬂk(r) Yo(r)

= _” / dro, (r)a—zw,f(r)a—zG(r —v') % g8(r' —19)
47
= —qszkwk (ro).
€

We then consider a dipole composed of two charges and write

(Yelvo) = saql¥y (2o + d/2) — ¥’ (zo — d/2)]
[V (2o +d/2) — Y (zo — d/2)]
= suqd .
d
For a cylindrical inclusion, the eigenfunctions have two in-
dices, m and k. All in all, we obtain for ¥

v = Wo+—2/sz

m

[Yimk) Vi, i (Ro) - pdk,
(A

Z

where the inner product for the normalization is

a
(Vi ve) =/dr91(r)a—zlﬁmk(l') Yk ().

We now formulate an expansion for a k-dependent inclusion
permittivity without coupling between modes. This is the situ-
ation in an electron gas, where the physical permittivity value
is associated with each mode [21]. We first write the response
of the inclusion to an excitation at a given k:
u kF-
Ve = — llf()k,
MZ

where u;; corresponds to the phys1cal inclusion permittivity at
a given k and

Yor = (VoY) Y.

We can now sum these terms and substitute in the expansion
above s, — s,(m, k) to obtain for a cylindrical inclusion
[Vkm) Vi (r0) - pdk.

RN e
(A2)

Note that the previous expansion for the electric potential
with a uniform inclusion permittivity is satisfied for each k
component, which implies that one can vary ¢ as a function of
k in the expansion.

Finally, we analyze the response of a crystal inclusion. In
the case of a helical crystal the Fourier expansion is along a
helical orbit and the dc components have constant potential
along this orbit. We thus have coupling between modes of the
types [33] (', k') — (m’' + pm, k' + pmk,) and (m', k") —
(m', k' + pnk;), where p is an integer number and n is the
number of units per helical round. We will show next that for

Lo — p2 > a/n and a/2, the second and first types of coupling
are negligible, respectively. We therefore conclude that for
Po — P2 > a/2 only the m = 1 mode is important and write

Sz,km:l

2 ~ 4r
v(r, po > a/ )lefo(r)‘i‘gfsz(m:l’k)

X N Ykm) VY, (x0) - pdk.

We can substitute the eigenpermittivities and the physical
permittivity, to get s,(m = 1, k) and s ,,—, respectively, and
obtain an expansion for ¥ (r). The calculation of the eigen-
permittivities can be performed using the boundary conditions
and the physical permittivity can be measured in some cases
or calculated by substituting w(k) in wy in the expression
for €. w(k) is calculated in the main text from the EOM
and can also be calculated when anharmonic terms are incor-
porated.

Since a strong response is expected at m =1,k =k, a
dipole that emits at a range of spatial frequencies will interact
more dominantly with this mode. In this region the dominant
term in the expansion is

— Sz, km=1

(A3)

2
4 skzm: 1

€ s.m=1,k,)

[Vkan=1) VY5 e (X0) - P,
— Sk,m=1

in addition to vy, where k, = and a is the helical-orbit axial

periodicity.

2. The form of the eigenfunctions

Since a Ej,¢ /Yy component with a given k results in a con-
tribution of an eigenfunction with the same k in the expansion,
the eigenfunctions that account for the field scattering due to
synchronous vibrations are

. . Alme(mkzp) P> P2
Wm = elm(¢_ 2) Al + A3, Ky P1L<p <pP2,
A4mlm(mkzlo) P < pPi

where ¢,z, and p are cylindrical-coordinate variables,
I, and K,,, are the modified Bessel functions, p; and p, are
the internal and external inclusion radii, k, = 27 /a, and a is
the helical-orbit axial period. Upon a continuous translation
along the helical orbit, ¥, remains constant and therefore
corresponds to an eigenvalue 1. We can similarly take the
directional derivative in the direction of the helical orbit and
obtain

i
V(pk)? +1

x (pky, 1) - (m/p, —mk,)e™®~*%2) = 0,

vam:v'vwmz_

as expected. This means that Ry, = ¥, where R is the
continuous-translation operator.

3. Scaling of the eigenfunctions

We analyze the scaling of v, for small and large ps. We
start with the first m = 0 mode:

—[In(3) +0.5772]

)

m=20

K,(x — 0) > .
m#0
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Since, for m = 0, x = 0 and we expect a finite potential, this
mode is associated in all regions with 7,,_o(x) and is constant
everywhere (and therefore can be omitted). This mode can be
treated in the full Maxwell-equation analysis and was shown
to scale as /1/p [41]. We proceed to the m > 1 modes at
p > a and obtain

T _mk:p

3

K1 (mk:p > a) —

2mk;\ p

with a typical interaction distance on the order of a/m. This
determines the range in which a dipole interacts with each
mode. When k and m are large this approximation holds and

2
one can show that limy_,, o % o mkeqe=2kmP Tak-
sfﬂlm(s*)

ing into account that Im[e; (k)] > O, RO T 18
bounded since even at the limit s, — oo it equals 1, and
that € should converge when k — oo (see the Appendix in
Ref. [19]) the integral over k&’ and sum over m in Eq. (10)
are ensured to converge. Clearly, the larger py is, the faster it
converges.

The scaling of the helical modes inside the structure close
to the origin is

1 <x>ﬂ1
ILx—>0)— ——|(=) ,
Cim+1)\2

1 mkp m
Ly—o(mk 0 _ <
O(mzp_) )_>I‘(m+1)< 2 >

kzp m
ocmmT , Tm+1)=m!.

4. Calculating the radial argument inside the inclusion

In a crystal one can express the effective permittivity as
€ = €(w, k), which relates the response at a given k to an

1

M ax ox

excitation at the same k. In the case of a MT, this form
of e(w, k) is justified because the period length a is 8 nm
and, therefore, ()»0/11)2 > 1 where Ay = ¢/w is the vacuum
wavelength [20]. Note that in the derivation in Ref. [20] it
is assumed that, inside the inclusion pex(@) = 0, Jexi(w) =
0, which is satisfied in our case since the charges on the
tubulin and tubulin dimers oscillate only as a response to
an external excitation and can therefore be defined as polar-
ization. Also, eigenstates are defined for a system without
a source. Another argument is that for sources at distances
larger than the typical interaction distance of the m = 2 mode
the inclusion is approximately not affected by the m > 1
modes.

To represent axial vibrations, we assume an anisotropic in-
clusion with an axial permittivity €, and radial and azimuthal
permittivities €, equal to the host-medium permittivity,
where we omit k for brevity. Note that the eigenpermit-
tivities in the quasistatic regime do not depend on w.
We now solve Laplace’s equation in cylindrical coordi-
nates inside the anisotropic inclusion. This will allow us
to find the argument of the functions I, and K, for p; <
p < pp and calculate the eigenpermittivities. Substituting the
form of i, we write Laplace’s equation inside the helical
structure:

Ve VY, =0,
1 0 RV 1
62——<pi> - ezmzpwm — kZm* e, = 0. (A4)

We change variables

0 0 dx 0
€/ep, —=_— = akzm\/ €m/ €2,

x=km = ——
dp  0xap

and write

|
3 [ 0V k.m./€m)*
—kzzmzé —<xl) — mzwlﬂm - kZZmZEmem = 07
X X

10 [ 0y 2
19 (8m) _ B+ 1) = 0. (AS)
X 0x ox X
Thus we get
Alme(mkzp) P> P2
Ym = eim(gb—ka) A2mlm(mkz i_;p) +A3me(mkz %)0) P <p <p2,
Al (mk;p) P < pP1
[
which needs to be multiplied by additional factors to obtain cylindrical shell:
the contribution in the expansion of the potential of a point
charge as we showed in the previous subsection. Note that
when calculating the total response as in Egs. (2), (5), and (10) AK,,(kp) 0> P
one has to sum over m and integrate over k for any relation Vi = €M B (kp) + BoKu(kp)  p1 < p < p2,
between k and m.
Cilw(kp) p<p

5. Isotropic cylindrical shell: Calculating the eigenpermittivities

We express the eigenvalue equation and the relations be-
tween the coefficients of the eigenfunctions of an isotropic

where B; 1is treated as known (and cancels out
in the expansion). We first write the boundary
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conditions
Aa = B1by1 + Bybyy,
Bb1s + Byby = Cic,
Aeraq = €1(B1b11a + B2b21a),
€1(B1b124 + Babxng) = Ciexcy,
1.414 : : : : : : : :
1 1.005 1.01 1.015 1.02 1.025 1.03 1.035 1.04 1.045
where
N N b 0 x10%
a=ILy(kp), by =Iu(kp1), by = Lu(kpa), (b)
by = Ku(kpr). by = Kn(kpa). ¢ = Kn(kpo), ~ st
3
3L, (kp) 9 3
aqg = 62( Wé ’ bfltld = €] a_Im(kp) , ,_S‘ A0k
1% P=p1 o P=p1
b, = iIm(k/f)) by, = €1 iKm(k/O) ) -15 ‘ ‘ : ‘ ‘ ‘ : ‘
12d ap _ 9p _ 11005 1.01 1015 1.02 1.025 1.03 1.035 1.04 1.045
P=p2 P=pP1 k‘/k‘
b = ( K, (k,o)) ci=e€ <8Km(k’o)> ’
=€ | — , Ca=€| —/— .
22d ap " 0=p» ap o=p FIG. 6. (a) Real part of w; and (b) imaginary part of w;, where
the coefficient of the anharmonic term is ks = Sk3;k, and the mode
We write two relations between B, and € amplitude is u; = 0.1a.
Bib1> + Baby Substituting B, we obtain a quadratic eigenvalue equation for
€1(B1biog + Babng) = 66—y, (A6) ¢
B1b11 + Byby; € € a bxnc, € a
———Qq€ = 6I(Blbllgl +BZBZId)» (A7) 0= —lbzzd (b”d—l — b[]—d> — 22%d (b]]d—l — b“—d>
€ € a C € a
b € a € € a
and express B> + %Cd (E_leId — by f) - e_lblzd <€_]b21d — by f)
2 2 2
Bybycy B1b1» Finally, we express A and C|
€1B2byg — € e G- €1B1b124, 2y cbay
brcy b1a b+ (€1b22d*€zbzz% )b21
By| €1byq — € =Bl(€2TCd—€1b12d), A =B P )
212 cy—erb
€%cq — €1b1og by + (522 by,
B2 = B] T R C, =B €1bna—€ =%
€1bpg — €72 1 =51 c ’
and obtain the two sets of solutions:
|
B
A= {_Cbéladbnd + biibaicagbrg + abybybiigcq + abiabrbriaca + —2abi1bbriacy

" 2a(abybaaca — byicagbng)

+ b21\/[Cad (b21b12a — bi1baza) + a(biobary — bybiia)ea | — 4a(biobay — biibyn)cay(bizabaia — biiabxna)cal,
B,

B, = Somrcasbag — abnbarcy {=baicagbirg — bricagbig + abybiiaca + abiabriacy
+ VIcaa(byibiag — buibaa) + a(biobarg — babiia)cal? — 4a(biaby — biiby)cag(biaabaia — biiabaa)ca),
B
= Yebarcagho 1_ aombiacs) {ab§2bndcd — bya1bycagbiog — bribyncagbrng — abiabybriacq + 2biabricagbrog
£ byov/[cag(baibiog — bi1baa) + albiabaia — brbiia)cal* — 4a(biabay — biibyn)cag(braabaia — biiabna)ca}
1
€1/€2 = — {=baicagbiag + bricagbrg + abybiiaca — abiabriacy+

2ac(b12db21d - blldb22d)
+ Icag(bo1b1og — biibrg) + a(biabarg — buabiia)cal? — 4a(biaba — byibyy)caq(biaabaia — biiabaa)cal.
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6. Including anharmonicity

Here we calculated w; when anharmonicity in the axial
forces between lateral units is included in the model without
dispersion, where we set the amplitude u; = 0.1a for simplic-
ity, see Fig. 6. It can be seen that Im(wy ) increases away from

k = k;, which implies a stronger and delocalized response
when k ~ k,, since the physical frequency is real. A complete
account of this analysis as a function of the incoming field will
be given elsewhere.
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