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Abstract. We study the effects of quantum fluctuations and thermal perturbations on the lifetime of the
soliton in the improved Davydov model proposed by us with two-quanta and with an added interaction.
By using quantum perturbation theory, we compute the soliton lifetime for a wide ranges of parameter
values relevant for protein molecules. The lifetime of the new soliton at the biological temperature 300 K
is of the order of 107'% second or 7/79 > 500 for parameters appropriate to a-helical protein molecules.
This shows clearly that the new soliton in the improved model is a viable mechanism for the bio-energy

transport in the a-helix region of proteins.

PACS. 87.15.He Dynamics and conformational changes — 31.50.4+w Excited states —
36.20.-r Macromolecules and polymer molecules — 65.20.+w Heat capacities of liquids

1 Physical and biological background

A lot of biological processes are associated with energy
transport through protein molecules, where the bio-energy
is released by hydrolysis of adenosine triphosphate (ATP).
The transport is a fundamental problem in biology, but
the mechanism is an open problem which continues to be
of great interest. As an alternative to electronic mecha-
nisms [1], one can assume that the energy is stored as
vibrational energy in the C=0 stretching mode (amide-I)
of a polypeptidic chain. Following Davydov [2], one can
take into account the coupling between the amide-I vibra-
tional quantum exciton and the acoustic phonon (molec-
ular displacements) in the lattice. This non linear interac-
tion leads to a self-trapped state of the vibrational quanta.
The latter together with the deformational lattice can
move over a macroscopic distance along the molecular
chain retaining wave shape, energy, momentum and other
quasiparticle properties. In this way the bio-energy can be
transported as a localized “wave packet”in solitary waves.
This is the Davydov model for the bio-energy transport,
which was first proposed in the 1970s [2]. The Hamiltonian
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describing such system has the form

Hp = Z [eoB By, — J(Bf Bu—1 + Bu B}, ))]
n
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= Hex + th + Hint (1)

where g = 0.205 eV is the amide-I quantum energy, —J
is the dipole-dipole interaction energy between neighbour-
ing sites, B,"(B,,) is the creation (annihilation) operator
for an amide-I quantum excitation (exciton) in the site n,
Uy, is the displacement operator of lattice oscillator at site
n, P, is its conjugate momentum operator, M is the mass
of an amino acid molecule, w is the elasticity constant of
the protein molecular chains, and y; is an nonlinear cou-
pling parameter related to the interaction of the exciton-
phonon. The wave function proposed by Davydov is

IDa()) = len (1)18(1)) =
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or

|D1(t)) =
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where [0) = [0)ex|0)ph,|0)ex and |0)pn are the ground
states of the exciton and phonon, respectively, aq(a;}‘)
is annihilation (creation) operator of the phonon with
ware vector ¢, ¢, (t) and (3,(t) = (P|u,|P) and 7, (t) =
(P|Py|P) and ang(t) = (D1(t)|aq|D1(t)) are some unde-
termined functions of time.

Obviously, [¢p(t)) =", ¢n(t) B, ]0)ex in equation (2)
is an eigenstate of the number operator, N = > n By B,

corresponding to a single excitation, i.e., N|pp(t)) =
lep (1))

The Davydov soliton obtained from equations (1)
and (2) in the semiclassical limit and using the contin-
uum approximation has the from

ot = ()

X exp {1 {%(x — ) — Evt/h)} } (3)

corresponding to an excitation localized over a scale
ro/up, where up = x3/((1 — s*)wJ), Gp = 4Jup, s> =
v2/v3, vy = ro(w/M)Y? is the sound speed in the pro-
tein molecular chains, v is the velocity of the soliton, rg is
the lattice constant. Evidently, the soliton contains only
one exciton, i.e., N = (¢op(t)|N|ep(t)) = 1 . This shows
that the Davydov soliton is formed through self-trapping
of one exciton with binding energy Epp, where

1/2
sech {u—D(x —xy — vt)}
To
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The above idea about the soliton mechanism of bio-
energy transport in protein molecules has been subject
of a large body of work [3-23]. A lot of issues related
to the Davydov model, including the foundation and ac-
curacy of the theory, the quantum and classical prop-
erties and the thermal stability and lifetimes of the
Davydov soliton have extensively been studied by many
scientists [3-23]. However, considerable controversy has
arisen in recent years concerning whether the Davy-
dov soliton is sufficiently stable in the region of bi-
ological temperature to provide a viable explanation
for bio-energy transport. It is out of question that
the quantum fluctuations and thermal perturbations
are expected to cause the Davydov soliton to de-
cay into a delocalized state. Some numerical simula-
tions indicated that the Davydov soliton is not sta-
ble at the biological temperature 300 K [12-14,23].
Other simulations showed that the Davydov soliton is
stable at 300 K [7-10], but they were based on classical
equations of motion which are likely to yield unreliable
estimates for the stability of the soliton [3]. The simu-
lations based on the |Ds) state generally show that the

Epp =
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stability of the soliton decreases with increasing temper-
atures and that the soliton is not sufficiently stable in
the region of biological temperature. Since the dynamical
equations used in the simulations are not equivalent to
the Schrodinger equation, the stability of the soliton ob-
tained by these numerical simulations is not reliable. The
simulation [9] based on the |D;) state with the thermal
treatment of Davydov [8] yields the wondering result that
the stability of the soliton increases with increasing tem-
perature, predicting that | D;)-type soliton is stable in the
region of biological temperature. Evidently, the conclusion
is doubtful because the Davydov procedure does not use
a density matrix which is the correct method. Therefore,
there exists no exact quantum mechanical treatment for
the numerical simulation of the Davydov soliton. How-
ever, for the thermal equilibrium of the Davydov soliton
one can use quantum Monte Carlo simulation [13]. In the
simulation, correlations characteristic of solitonlike quasi-
particles occur only at low temperature about T' < 10 K
for the widely accepted parameter values. This is consis-
tent at a qualitative level with the Cottingham et al.’s re-
sult [14], arising from a quantum-mechanical perturbation
calculation. The lifetime of the Davydov soliton computed
by using this method is too small (about 10712-10713s)
to be useful in biological processes. This shows clearly
that the Davydov solution is not a true wave function
of the system. However, a thorough study in terms of pa-
rameter values, different types of disorder, different ther-
malization schemes, different wave functions and different
associated dynamics leads to a very complicated picture
for the Davydov model [10-12]. The results do not com-
pletely rule out the Davydov theory. Indeed it is possible
that using another wave function and a more sophisticated
Hamiltonian we can find a soliton with good thermal sta-
bility and a suitably long lifetime. As a matter of fact,
Takeno’s [22] and Pang’s [23] studies show that consider-
ing different couplings between the relevant modes in the
vibronic Hamiltonian can enhance the binding energy and
stability of the soliton. On the other hand, some scientists
thought that the soliton with multiquanta state (n > 2),
e.g., Brown et al.’s coherent state [4], Kerr et al.’s [12]
and Schweitzer et al.’ s [14] multiquanta state, Cruzeiro-
Hansson’s [10] and Férner’s [21] two-quanta state, would
be thermally stable in the region of biological tempera-
ture, and could provide a realistic mechanism for the bio-
energy transport in protein molecules. However, the stan-
dard coherent state is unsuitable for the biological protein
molecules because the number of particles in this state
is innumerable, violating the conservation of the number
of particles of the systems. The assumption of a multi-
quanta state (n > 2) is also at odds with the fact that the
energy released in the ATP hydrolysis (about 0.43 eV)
can only excite two quanta of amide-I vibration. The nu-
merical study of a two-quanta model by Forner [21] re-
veals remarkable differences from one-quantum dynam-
ics, i.e., the soliton with two-quanta is more stable than
that with one-quantum. Cruzeiro-Hansson reconstructed
a two-quanta state of the semiclassical Davydov system,
and also showed that the resulting soliton is thermally
more stable than the one-quantum state [10]. However,
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we proved [24] that the Hansson’s ansatz contains exactly
four quanta, instead of two quanta, which is impossible be-
cause the energy released in ATP hydrolysis can only ex-
cite two quanta. Therefore, Hansson’s improvement is still
not successful and the exact wave function of the model
remains unknown.

On the basis of the work of Cruzeio-Hansson, Forner,
Schweitzer and Takeno and Pang, we have improved both
the Hamiltonian and the wave function of the model [24].
A new coupling interaction between the acoustic and
amide-I vibrational modes was added to the original Davy-
dov’s Hamiltonian which takes into account relative dis-
placement of the neighbouring peptide groups resulting
from dipole-dipole interaction of the neighbouring amide-
1 vibrational quanta. We also replaced the Davydov’s
wave function with a quasi-coherent two-quanta state
for exhibiting the coherent behaviors of collective exci-
tations [25,26] which are a feature of the energy released
in ATP hydrolysis in the systems. The equation of motion
and the properties of the new soliton in the new model are
different from that in the Davydov model and as a result
the soliton lifetime and stability are greatly enhanced. We
suggest that this model can resolve the controversy on the
thermal stability and lifetime of the soliton excited in the
protein molecules. In the previous paper we studied only
the quantum properties of the new soliton [24], but here
we are more interested in the problem of its lifetime and
thermal stability at biological temperature 300 K. In the
present paper we shall calculate in detail the lifetime of
the new soliton at 300 K by using the generally accepted
values of the parameters appropriate to the a-helical pro-
tein molecules in terms of the quantum perturbation the-
ory developed by Cottingham et al. [14], which can take
simultaneously into account the quantum and thermal ef-
fects. We will see that the lifetime of the new soliton at
300 K is long enough to provide a viable explanation of
the bio-energy transport in the proteins. The plan of this
paper is as follows. In Section 2 and Section 3 we shall de-
scribe the new model, the properties of the new soliton and
the partially diagonalized form of the model-Hamiltonian.
In Section 4 we shall compute the transition probability
from soliton state to the delocalized state and the lifetime
of the new soliton by using quantum-mechanical pertur-
bation methods. The detailed discussion of the properties
and changes of the lifetimes of the soliton for a large range
of parameter values is presented in Section 5. The conclu-
sions of this investigation are also given in this section.

2 New model and the properties
of the new soliton

The question of the lifetime of the soliton in the protein
molecules is twofold. In the Langevin dynamics unpre-
dictable effects arise from the semiclassical approximation.
In the quantum treatment there is the problem that an
exact wave function is lacking. In the Davydov model in
equations (1—4), both the wave function and the Hamilto-
nian of the systems, is too simple. A first problem of the
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model concerns the Davydov wave functions, both |D;)
and |Ds). These are asymmetric since the phononic part
is a coherent state, while, the excitonic part is an excita-
tion state of a single-particle. It is not reasonable that the
nonlinear interaction generated by the coupling between
the excitons and phonons produces different states for
the phonon and the exciton. Thus, the Davydov’s wave-
function should be modified [23], i.e., the excitonic part in
it should also be coherent or quasi-coherent [25,26]. How-
ever, the standard coherent state [4] and large — n exci-
tation state are not appropriate to the protein molecules
due to the reasons mentioned above. Similarly, Forner’s
and Cruzeiro-Hansson’s two-quanta states do not fulfill
the above criteria.

In view of the above discussion, we propose the follow-
ing wave function for the system [24]

[2(2)) = [p(E)|B()) = U1]0)exU2[0)pn,

(5)

where

1:

ngexp{ zn:
| o

where ag(a) is annihilation (creation) operator of the
phonon with wavevector ¢ in the lattice, the meaning
of B,(B;) is the same as that in equation (1). The
n(D)s 1q(t) = (Blag|®) and o (t) = (Blun|B) and (1) =
| P,|P) are four sets of unknown functions, X is a nor-
malization constant, we assume in follows that A = 1 for
convenience of calculation, except when explicitly men-
tioned. NV is total number of the amino acids in the protein
molecular chain.

The present wave function of the exciton in equa-
tion (5a) is not an excitation state of single-particle, but
a coherent state, accurately speaking, a quasi-coherent
state. To see this point we can represent it by

2

lp(t)) = % 1+ Z ‘Pn(t)B (Z on(t B+> 0 ex
~ % exp {Z @n(t)Bg} 0 ex

= % exp {Z[Sﬁn(t)B: - SD:LBn]} |0)ex

The last representation in equation (6) is a standard co-
herent state. However, the new wave function retains only
three terms of a standard coherent state, which math-
ematically is justified for the case of small ¢, (t) (i.e.,
lon(t)] < 1). Therefore we call |¢(t)) a quasi-coherent

> =

1+ T B*+—<ngn ) |

(5a)

(5b)

St I

(5¢)

ﬂ\

(6)
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state. Obviously, it is not an eigenstate of the number op-
erator N = B} B, since

Nlg(t)) =Y Bl Bulo(t))

= 2|p(t)) - (2 + Z%(ﬂ&f) 0)ex - (7)

Therefore, the |p(t)) represents a superposition of multi-
quanta states. More precisely, it is a coherent superposi-
tion of the excitonic state with two quanta and the ground
state of exciton. The average number of excitons for this
state is

N = {p(t)|Np(t)
[Zﬂ:lwnIQ + (;kple) (ijlwmﬁﬂ
) xe)-

where we utilize the relations [24]

eX<0|B:|O>ex = eX<O|B:Bn|O>ex = EX<O|B:Bm|O>ex
- ex<0|B:{BmBl|0>ex - ex<0|B:{BmBl+Bn|0>ex
= ox(0| B, By, B B1B;|0)ex

= ox(0|B;f B, B;" BiB; B,,|0)ex.... = 0 (9)

(10)

Z |90n|2 =1, Z |<pm|2 =1
n m

Next, another problem arises for the Davydov’s Hamil-
tonian [24]. The Davydov Hamiltonian takes into account
the resonant dipole-dipole interaction of the neighbour-
ing amide-I vibrational quanta in neighbouring peptide
groups, but fails to consider the changes of relative dis-
placement of the neighbouring peptide groups arising from
this interaction. Hence it is very reasonable to add the new
interaction term, x2 Y, (Un41 — un)(B:{HBn + B} Bni1),
to the Davydov’s Hamiltonian for representing correla-
tions of the collective excitations and collective motions
in the protein molecules as mentioned above [22,23]. Al-
though the dipole-dipole interaction is small as compared
with the energy of the amide-I vibrational quantum, the
resulting change of relative displacement of neighbouring
peptide groups resulting from this interaction cannot be
ignored. This is due to the sensitive dependence of the
dipole-dipole interaction with the distance (separation)
in protein molecules. The electromagnetic interaction be-
tween the neighbouring peptide groups that can allow the
peptide groups to change positions with relative ease. This
is a feature of soft condensed matter and bio-self- orga-
nization. Thus, we replace the Davydov’s Hamiltonian,
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equation (1), by [24]

H = Hey + Hpp + Hing
- Z [e0B) By, — J (B} Bpy1 + ByB, )]

P2 1

n

+ Z [Xl (UnJrl - unfl)ByJ{Bn + X2 (UnJrl - Un)

n
% (B} 41 B + B But1)] - (1)

The linear coupling constants are x; and y2, and the new
coupling constant ys arises from the modulation of res-
onant dipole-dipole interaction energy of the excitons by
the molecular displacements, i.e., 2 represents the change
of the resonant dipole-dipole interaction resulting from
unit extension of the molecular chain. The meanings of
other physical quantities in equation (11) was explained
in equations (1, 2).

Quite evidently, both the Hamiltonian and wave func-
tion of the system shown in equations (5) and (11) are
different from the Davydov’s model in equations (1, 2).
For the Hamiltonian we add the new interaction term,
Do xe(Ungr —up) x (BJ_HBH + B;" B,,+1), into the orig-
inally Davydov’s Hamiltonian, equation (1). Thus the
Hamiltonian, now, has better symmetry for the interac-
tions, and can also represent the features of mutual cor-
relations of the collective excitations and collective mo-
tions in the protein molecules. The new wave function is
a quasi-coherent state. The new state contains only two
excitons, which come from the second and third terms in
equation (5a). Each term contributes only one quantum,
but it is not an excitation state of two particles. Hence,
as far as the form and meanings of the new wave function
are concerned, it is not either Forner’s [11] and Cruzeiro-
Hansson’s [10] two-quanta states and Kerr et al’s [12]
multiquanta state, or Brown et al.’s [4] standard coherent
state and Schweitzer, et al.’s multiquanta state defined by
relation Y, [¢;|> = n. The wave function, equation (5),
does not only exhibit coherent properties, but also agrees
with the fact that the energy released in the ATP hy-
drolysis (about 0.43 €V) excites only two amide-I vibra-
tional quanta, instead of multiquanta (n > 2). Therefore,
the Hamiltonian and wave function of the systems, equa-
tions (5, 6), are reasonable and appropriate to the protein
molecules.

Using the standard transformation:

A 1/2
— ignro ( ,+
Y Zq {QNqu] e (aZ, +aq),

o [Mhw
P”_lz[ N
q

— aq) (12)

1/2
:| elanro (ai-q
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where w, = 2(w/M)"/?sin(roq/2), equation (1) becomes

H=>[e0B} By~ J(B} Bni1+ B/, Bn)]

n
1 1
hw, (aFag + = ) + —— BB,
+Zq: q(aqaq+2)+m§[g1(q) i

+92(0)(By, But1 + B Buy1)](ag + aZ)e™™ (13)

where
1/2
g1(q) = 2xai {2qu] sinrog;
Bo1vz
= |G| @D

In a semiclassical and continuum approximations, from
equation (13) we can obtain the envelope soliton solution
in the new model, the calculation of which is described in
Appendix A. The soliton is of the form [2,27,28]

o(z,t) = (%)1/2 sech ['L:—:;(x - vt)]

i [ Rz
X exp |:ﬁ <W — E801t>:| (15)
where
2(x1 + x2)?
= 2=~ . 16
Mp ’LU(]. - SQ)J ( )
The energy of the new soliton is
Bsor = 2 oy 4 102 2 17
s =2 (0 =2))+ 7 - =) (7
Thus we can also find out that
= ) [ M ]
) (1= 0203 | 2he,
x (wq + qu)esch(mgro/2up)e' 7 = a el (18)

This treatment yields a localized coherent structure with
size of order 27ry/p, that propagates with velocity v and
can transfer energy Fgo1 < 2¢p. Unlike bare excitons that
are scattered by the interactions with the phonons, this
soliton state describes a quasi-particle consisting of the
two excitons plus a lattice deformation and hence a pri-
ori includes interaction with the acoustic phonons. So the
soliton is not scattered and spread by this interaction, and
can maintain its form, energy, momentum and other quasi-
particle properties moving over a macroscopic distance.
The bell-shaped form of the soliton (15) does not depend
on the excitation method. It is self-consistent. Since the
soliton always move with velocity less than that of lon-
gitudinal sound in the chain they do not emit phonons,
i.e., their kinetic energy is not transformed into thermal
energy. This is one important reason for the high stability
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of the new soliton. In addition the energy of the soliton
state is below the bottom of the bare exciton bands, the
energy gap being 4@%] /3 for small velocity of propaga-
tion. Hence there is an energy penalty associated with the
destruction with transformation from the soliton state to
a bare exciton state, i.e., the destruction of the soliton
state requires simultaneous removal of the lattice distor-
tion. We know in general that the transition probability to
a lattice state without distortion is very small, in general,
being negligible for a long chain. Considering this it is rea-
sonable to assume that such a soliton is stable enough to
propagate through the length of a typical protein struc-
ture. However, the thermal stability of the soliton state
must be calculated quantitatively. The following calcula-
tion addresses this point explicitly.

One can sum up the differences between our
model and the Davydov model, equations (1-4),
as follows. Firstly the parameter pu, is increased
(,up = 2up [1 + 2(%) + (%)2} ) Secondly the non-linear

2

oS (Gp =20
X {1 +2(22) + (%)ZD, where Gp = %iz,) is the non-
linear interaction in the Davydov model) resulting from
the two-quanta nature and the enhancement of the cou-
pling the coefficient (x1 + x2). In fact, the non-linear in-
teraction, Gp, is increased by about a factor of 3 over
that of the Davydov soliton and is larger than the disper-
sion energy J in the equation of motion, equation (A4).
A straightforward consequence of these effect is that the
binding energy of the new soliton or, in other words, the
energy gap between the solitonic and excitonic states are
greatly increased or

coupling energy becomes G, =

Epp = —4/@)]/3 = —Gi/l?J = 16EBp

2 3 4
() o () () 4 ()]
X1 X1 X1 X1

(19)

X

where Epp is given in equation (4).

We will now evaluate the main parameters of the new
model using generally accepted values of physical param-
eters appropriate to a-helical protein molecules. The pa-
rameter values used in the calculation are listed below

J=155x10"%2J, w=(13-19.5) N/m,
M= (1.17-1.91) x 107% kg, x1 =62x 1072 N
x2 = (10-18) x 1072 N 75 =45x 107" m.  (20)

Note x2 was roughly estimated by referring Takeno et al.’s
papers [22,23]. We can calculate the values of the main
parameters in this model by above values. These values
and the corresponding values in the Davydov model are
simultaneously listed in Table 1.

From Table 1 we can see clearly that the new model
produces considerable changes in the properties of the new
soliton, for example, large increase of the non-linear inter-
action, binding energy and amplitude of the soliton, and
decrease of its width as compared to that of the Davydov
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Table 1. Comparison of parameters used in the Davydov model and our new model.
Parameters G Amplitude Width of soliton Binding energy
Models a (x1072L]) of soliton A’ AX(x107m) of soliton Eg (x10721])
Our model 5.94 3.8 1.72 4.95 —7.8
Davydov model 1.90 1.18 0.974 14.88 —0.188

soliton. This shows that the soliton in the new model
is more localized and more robust against quantum and
thermal fluctuations and has enhanced stability [2,27,28]
which implies an increase in lifetime for the new soliton.
From equation (19) we also find that the effect of the two-
quanta nature is larger than that of the added interac-
tion. We can therefore refer to the new soliton as quasi-
coherent.

In the above studies, in order to investigate the in-
fluences of quantum and thermal effects on soliton state,
which are expected to cause the soliton to decay into de-
localized states, we postulate that the model Hamiltonian
and the wavefunction in the new model together give a
complete and realistic picture of the interaction proper-
ties and allowed states of the protein molecules. The ad-
ditional interaction term in the Hamiltonian gives better
symmetry of interactions. The new wavefunction is a rea-
sonable choice for the protein molecules because it not
only can exhibit the coherent features of collective exci-
tations arising from the nonlinear interaction between the
excitons and phonons, but also retain the conservation of
number of particles and fulfil the fact that the energy re-
leased by the ATP hydrolysis can only excite two quanta.
In such a case, using a standard calculating method [2,26]
and widely accepted parameters we can calculate the re-
gion encompassed of the excitation or the linear extent of
the new soliton, AX = 27ry/up, to be greater than the
lattice constant g i.e., AX > rg as shown in Table 1. Con-
versely we can explicitly calculate the amplitude squared
of the new soliton using equation (15) in its rest frame
as |p(X)|? = pp/2sech? (1, X /o). Thus the probability to
find the new soliton outside a range of width rg is about
0.10. This number can be compatible with the continuous
approximation since the quasi-coherent soliton can spread
over more than one lattice spacing in the system in such a
case. This proves that assuming the continuous approxi-
mation used in the calculation is still qualitatively valid for
soliton widths of the order of the lattice spacing, soliton
stability is still improved. There may however be consid-
erable corrections to the quantitative values.

3 Partially diagonalized form of the model
Hamiltonian

We now diagonalize partially the model Hamiltonian in or-
der to calculate the lifetime of the soliton, equation (15),
using the quantum perturbation method [14]. Since one is
interested in investigating the case where there is initially
a soliton moving with a velocity v on the chains, it is con-
venient to do the analysis in a frame of reference where

the soliton is at rest. We should then consider the Hamil-
tonian in this rest frame of the soliton, H — v P, where P
is the total momentum, and P = > hq(afa, — Bf By),
where B} = \/—% >, e "o Bk Also, in order to have sim-
ple analytical expressions we make the usual continuum
approximation. This gives

8@ 8@ ihv
Oz Ox 2

)]JrZh ¢ — q)ag ag

) +292())(a”,

L

H= /0 dx2 [(50 —2J)pt (@)p(z) + Jrd

. (a&iﬁ (@)~ ¢+
Z [91(q

L
x / dae* o+ (2)p()

where ¢(x) represents now the field operator correspond-
ing to By, in the continuum limit (whereas before it only in-
dicated a numerical value). Here L = Nrg, —7 < kro < T,
and w, =~ (w/M)Y?ro|q|, = = nrg. Since the soliton ex-
citation is connected with the deformation of intermolec-
ular spacing, it is necessary to pass in equation (21) to
new phonons taking this deformation into account. Such
a transformation can be realized by means of the following
transformation of phonon operators [29]

1
+ gt *
\/—N bq = (Iq — \/—Nozq, (22)
which describe phonons relative to a chain with a partic-
ular deformation, where by(b}) is the annihilation (cre-
ation) operator of new phonon. The vacuum state for the
new phonons is

|6>ph = exp l\/% g(aq(t)a; - O‘Z (t»aq] 10)pn  (23)

+ aq)

(21)

1

bg = ap — Qq,

which is a coherent phonon state [30], i.e., by[0)pn = 0.

The Hamiltonian H can now be rewritten as

~ L 0 0
—_— — p— 2— ] —_—
H= /0 2dzp(x) {z—:o 2J+V(x) — Jrg 92 + lhﬁx}

(2) + Z Blwe — qv)bF by + %qub; +azb?)]

+w —2291 ) + 292(@)](bT, + bg)

L
< [ dacm et @)t
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V(x)

|04q|2

al,+ a_g)el. (25)
To describe the deformatlon corresponding to a soliton in

the subspace where there is fOL dzpt(z)p(x) = 1 from
equation (11) in such a case. From the above formulae we
can obtain

V(z) = —2Ju12) sech? (pup /7o) (26)

In order to partially diagonalize the Hamiltonian equa-
tion (24) we introduce the following canonical transfor-

mation [14,23]
) =3 i
J

T) = ZAjOj(x)’ ot (z

(27)

where

fae

da:félj,ZC

=d(x — x'),/dx|0j(x)|2 =1. (28)

The operators A and A] are the creation operators
for the bound states Cs(x) and delocalized state Ci(x),
respectively. The detailed calculation of the partial
diagonalization and of corresponding Cs(z) and Cy(x)
are described in Appendix B. The partially diagonalized
Hamiltonian obtained is as follows

H=W + EAF A, + ZEkA;Ak + ) hlw,
q
Zh
ZF (kK . q

kk’

- > F(k,q)(bT, +bg)(AT Ay — AT A,) (29)

qv)b;rbq
)(bg g + agby) (1 — AT A,)

)(bF, + bg) AL Ay,

1/2
Cy(x) = <&> sech(ppz/10) expliizv/2JrE],

27"0
with
h2v2
ES =2 |:€0 —2J — T’r% — ,LLpJ:| (30&)
pp tanh(ppx/ro) — ikrg ihvx
C = ik
k(@) Vol —ikrg] O T2
h2 2
with By =2|eo— 27— "V Jkeo)?|  (30D)
2Jrg
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where

L .
F(k, k. q) = 2[g1(a) + 202() / deei C, (2)C ()

=k

i,LquTO
[p +i(k + @)ro] [p

~ 20g1(q) + 292(q) {1 -
~ Flk, (k+q),ql0rk1q

(31)
~ L .
Fkv0) = 2001(0) + 202(0)) | dae™"Ci (0)Ci (o)
_ _dgro
= S0+ 200 {2}
x sech[m(k — q)ro/2pp) (32)

where «, is determined by V(z) and the condition,
(wg —v@)ag = (wq + qv)a , which is required to get the

factor, (1— A Ay), in the H in equation (29). Thus we find

. WL
_im(xa + x2) [ ] (wq + qu)esch(maro /2pp)

Y (T $2) | 2h,
(33)
and W = quJ.
3"pP

For this oy the [0),n in equation (23) is just the
coherent phonon state introduced by Davydov. However,
the bound state Cs(x) in equation (30a), unlike the un-
bounded state Ck(x) in equation (30b), is self-consistent
with the deformation. Such a self-consistent state of
the intramolecular excitation and deformation forms a
soliton which in the intrinsic reference frame is station-
ary. For the new soliton described by the state vector
[Y) = %(Aj)2|0>ex|6)ph the average energy of H in

equation (29) is

h2v? 4 T2

<¢|ﬁ|¢> =2(e0 —2J — m) 37 (34)

Evidently, the average energy of H in the soliton state
|1}, equation (34), is just equal to the above soliton energy
Eq1, or the sum of the energy of the bound state in equa-
tion (30a), Es, and the deformation energy of the lattice,
W, i.e., (Y|H|p) = Eso) = E5 + W. This is an interesting
result, which shows clearly that the quasi-coherent soliton
formed by this mechanism is just a self-trapping state of
the two excitons plus the corresponding deformation of
the lattice. However, it should be noted that |¢) is not an

exact eigenstate of H owing to the presence of the terms
in H with A;As and ATA_j.
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4 Transition probability and decay rate
of the new soliton

We now calculate the transition probability and decay
rate of the quasi-coherent soliton arising from the per-
turbed potential by using the first-order quantum per-
turbation theory developed by Cottingham et al. [14], in
which the influences of the thermal and quantum effects
on the properties of the soliton can be taken into account
simultaneously.

For the discussion of the decay rate and lifetime of
the new soliton state it is very convenient to divide H in
equation (29) into Hy + Vi + Va2, where

Hy =W + B, AT A, + Z Ep A7 Ak + ) h(wg — va)bl b
q
Zﬁ —vq)(agb) + aiby) (1 — AT Ay)
(35)
Vi = \/_ZF (k. k + g, q) (b, + bg) A Ak (36)
kk’q
Vo= 5 S0 FOn )07, + bo)(AT Ak — AT Ay,
k
V=m +qV2. (37)

Hj describes the relevant quasi-particle excitations in
the protein. This is a soliton together with phonons rel-
ative to the distorted lattice. The resulting delocalized
excitations belongs to an exciton-like band with phonons
relative to a uniform lattice. The bottom of the band of
the latter is at the energy 4.J ,uf) /3 relative to the soliton, in
which the topological stability associated with removing
the lattice distortion is included.

We now calculate the decay rate of the new soliton
along the following lines by using equation (35) and
Vo in equation (37) and quantum perturbation theory.
Firstly, we compute a more general formula for the decay
rate of the soliton containing n quanta in the system
in which the three terms contained in equation (5a) is
replaced by (n + 1) terms of the expression of a coherent
state exp[Y, ©n(t)B;f]|0)ex. Finally we find out the
decay rate of the new soliton with two-quanta. In such a
case Hy is chosen such the ground state, |n) has energy
W 4+ nE’ in the subspace of excitation number equal to
n, i.e., (n|>, B Biln) = (n|(Af As + 3, AL Ap)|n) = n.
In this subspace the eigenstates have the simple form

1
n-—m, k‘lKg . km, {’nq}> = 7(A+)n m
\/m
+
X Agl AZZ A+ |0 ex H ‘1 Yo (38)
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where

1
VN n
(m <n,n and m are all integers) (39)

with dq|6)g}: ™ = 0. The corresponding energy of the sys-

tems is
0
B o sfngy = (L= (m/n))W + (n —m)E,
+2Ek1+2h q — vq)ng (40)

E! is the energy of a bound state with one exciton,
E; is the energy of the unbound (delocalized) state
with one exciton. When m = 0 the excitation state
is a n-type soliton plus phonons relative to the chain
with the deformation corresponding to the n-type
soliton. For m = n the excited states are delocalized
and the phonons are relative to a chain without any
deformation. Furthermore except for small k, the de-
localized states approximate ordinary excitons. Thus
the decay of the soliton is just a transition from the
initial state with the n-type soliton plus the new phonons:

)"[0)exc|0)pn (41)

with corresponding energy Es{n,} = W + nE., +
> g Mwg — vg)ng to the final state with delocalized
excitons and the original phonons:

(ag)"

k) = [T

with corresponding energy Ep{ng} = nEj + > h(wg —
vq)ng caused by the part, V5, in the perturbation inter-
action V. In this case, the initial phonon distribution will
be taken to be at thermal equilibrium. The probability of

the above transitions in lowest order perturbation theory
is given by
'Hot//
ar [ ar” PP, - 1%
v o [ f e ()

i 7 : /
X exp ( 1I;0t ) |ak")(ak!| exp (1[1;;)t ) Vo

X exp (‘izfot/) |n>} -

We should calculate the transition probability of the
soliton resulting from the perturbed potential, (V7 +
V32), at first-order in perturbation theory. Following
Cottingham and Schweitzer [14], we estimate only the
transition from the soliton state to delocalized exciton

[0)pn (Af)"[0)ex (42)

(43)
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dW 4 71'2 % * 7 7 (k’r‘o)(k‘”’f‘o) TTro ’
I, =1 —_ = = 2 2 R S0 S A h | ——(k —
Pt dt i [2nu1N2] kklzku[gl (k) + 293 (k)] [g1 (k") + 2g2(k")] (np1)2 + (K'ro)? sec i (k=K
x sech [271'1"0 K" — ] Re{/ dtexp [ < <n - %n) pid + nJ(k'ro)2> t] ({exp [iZ(Wq — qu)bd bt | (bf +b_)
q
. 1 (kro)(K"ro)
_ _ + + , "
X exp [ 1¥(Wq qu)ay aqt] (b e + by )>>} 5] QnulNQ kk’zk”{ g1 (k) + 295 (k)[g1 (k") + 292 (k")) ()2 + (7o)
kE—k it i 2
x sech [%] sech [%(k" — k')] Re/o dtU (k, k"'t) exp {fﬁ < <n2 — 5”) piJ + nJ(k'ro)Q) t]} (46)

states caused by the potential V5, which can satisfacto-
rily be treated by means of perturbation theory since the
coefficient F'(k, q) defined by equation (32) is proportional
to an integral over the product of the localized state, and
a delocalized state, and therefore is of order 1/ V/N. The
V1 term in the Hamiltonian is an interaction between the
delocalized excitons and the phonons. The main effect of
V1 is to modify the spectrum of the delocalized excitons in
the weak coupling limit (Ju,/KsTo < 1), the definition
of Ty is given below). As a result the delocalized excitons
and phonons will have their energies shifted and also have
finite lifetimes. These effects are ignored in our calculation
since they are only of second order in V;.

The sum over [ in equation (43) indicates a sum over
an initial set of occupation numbers for phonons relative

to the distorted lattice with probability distribution Plph,
which is taken to be the thermal equilibrium distribution
for a given temperature 7. Since

e~ Hot i {n,1) = exp { —i(W + nEL)t/h—i

X Z(wq —qu

q

)bt byt }n, {ng})

and

eiHot |n

~ 1 {m)) =

exp{ Klﬂi> W+ (n—-1)E.+E;|t/h

_iZ(

q

Wq — qv)d(jdqt} In—1,{ng})

1 1 . ..
where d, = by + 7 7N Car USING the explicit form for V5
and the fact that the sum over states |k’a, {n;}) contains
a complete set of phonons for each values of &', one can

rewrite W as

W= 52 2W1N2 Z > lgi (k) + 295 (k)] (g1 (K”)

k! k!

(ko) (K"ro) 0
mmﬁ+<MmV“C[wmﬁk‘kﬂ

m (k:”—k;')} /Otdt’/otdt”
X {exp {# (n <n2 _

XWWM®wk

+ 22 (K")]

h

X sec [Qn
2

§n> g+ nJ(k’ro)Q)

Z(w qv)b;bq(t’ — t”)]
x (b 4+ b_y)exp [iZ(wq - qv)a;aq(t’ _ t”)‘|

X (btku + b—k‘”)>>} ’ (44)
where
ho\ /2
g1(k) + 2g2(k) = 2x1 (Zka) [A(cos(rok) — 1)

1/2
+1i(A + 1) sin(rok)] =~ 2i(A + 1)(rok)x1 (2]\?&11@) ’

Xi(1+ A%

w(l—s2)J’ (45)

1= A=x2/x1.

Here A is a new parameter introduced to describe the rate

between the new nonlinear interaction term and the one
in the Davydov’s model.

To estimate the lifetime of the soliton we are interested

in the long-time behaviour of W By straightforward cal-

culation, the average transmon probability or decay rate
of the Soliton is given by

see equation (46) above
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where the thermal average is

U(k,k",t) = ({exp liZ(wq — qu)bbgt| (b +b_y)

q

X exp llz —qu)a aqtl (0T + b))

with
((A)) :Tr{AeXp —ﬁZh )b b }
xT‘r{eXp —ﬁZﬁ b+b }

=Tr {Aexp fﬁzh q — qU) b+b }/th (47)

and Zon, = [T, (1 = exp [~Bh(w, — qv)] } (8 = k7).

This rather unusual expression of I, occurs because
the phonons in the final state are related to a differ-
ent deformation. However, the analytical evaluation of
U(k,k",t) is a critical step in the calculation of the de-
cay rate I},. It is well known that the trace contained in
U(k,k",t) can be approximately calculated by using the
occupation number states of single-particles and coherent
state.

However the former is both a very tedious calculation,
including the summation of infinite series, and also not
rigorous because the state of the excited quasiparticles is
coherent in the improved model. Here we use the coher-
ent state to calculate the U(k, k", t) as it is described in
Appendix C. The decay rate obtained finally is

dw 2
I, = lim — 9
1—oo dt n[hhz N2 %bgl + 2g2(k)?
2 2 o -
e
(nlu'l) + (k TO) 0

X p2Jt/h+ Ry (t) + En(t)]

expli(wg — kv)t] }
exp[fh(wy — kv)] —

(48)
where
Ry (1) QNZIO%I {i — exp[—i(wr — kv)t]},
1
lo|? sin? | = (wp, — ko)t
fn(t) = - 1 |:2 :| . (49)

n2N g exp|Bh(wg — kv)] — 1

This is just a generally analytical expression for the
decay rate of the soliton containing n quanta at any tem-
perature within lowest order perturbation theory. Note
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that in the case where a phonon with wavevector k in
equation (49) is absorbed, the delocalized excitation pro-
duced does not need to have wavevector equal to k. The
wavevector here is only approximately conserved by the
sech?[w(k — k")ro/2nu1] term. This is, of course, a con-
sequence of the breaking of the translation symmetry by
the deformation. Consequently, we do not find the usual
energy conservation. The terms R, (t) and &,(t) occur be-
cause the phonons in the initial and final states are defined
relative to different deformations.

We should point out that the approximations made in
the above calculation are physically justified because the
transition and decay of the soliton is mainly determined
by the energy of the thermal phonons absorbed. Thus the
phonons with large wavevectors which fulfill wavevector
conservation make a major contribution to the transition
matrix element, while the contributions of the phonons
with small wavevector which do not fulfill wavevector con-
servation are very small, and can be neglected.

From equations (48) and (49) we see that the I}, and
R, (t) and &,(t) and p = nu; mentioned above are all
changed by increasing the number of quanta, n. There-
fore, the approximation methods used to calculate I, and
related quantities (especially the integral contained in I5,)
should be different for different n. We now calculate the
explicit formula of the decay rate of the new soliton with
two-quanta (n = 2) by using equations (48, 49). In such a
case we can compute explicitly the expressions of this in-
tegral and Ro(t) and & (t) contained in equations (48, 49)
by means of approximation. As a matter of fact, in equa-
tion (49) at n = 2 the functions Ry(t) and &(t) can be
exactly evaluated in terms of the digamma function and
its derivative. In the case when the soliton velocity ap-
proaches zero and the phonon frequency w, is approxi-
mated by \/w/M]|q|ro, as it is shown in Appendix D. For
t — oo (because we are interested in the long-time steady
behaviour) the asymptotic forms of Ry(t) and &2(t) are

1 1
Ro(t) = — Ry {m (iwat) 1578+ 517@ (50)
1
& (t) = —mRokpTt/h (where coth Ewat ~1) (1)
i.e.,
tlirgo &(t) = —nt,n =Ry /Bh = nRoksT/h (52)
where
4(x1 + x2)* 172 _ 2JppTo
— LT ALY /2 - 22rp’ 0
Ro mhw (M/w) mhyy
_ 2up (w12 —
wa = L2 (M) . To = hwa/Kp. (53)

At Ry < 1 and Ty < T and Ry T/Tp < 1 for the pro-
tein molecules, one can evaluate the integral including in
equation (48) by using the approximation which is shown



Pang Xiao-feng: The lifetime of the soliton in the improved Davydov model 307
AW _ 2 (72 (kr0)?|g1 (k) + 2g2(k)|*sech®[(mro/2up) (k — )] -R
Io=1lm — = — (— 2.43wa 0
S R T (N) %: [ (12 + (K'r0)2][exp(Bhwr) — 1] (24304)
4 2\ (1+Ro)/2
a 9 AUk 7o )2 — 2
(n +53 L,)upJJr (K'ro)*J hwk] ) e H §J+2( 0)2J — hwg
» . : Y LU " (56)
h2n? + [5‘“‘2"] + 2(k'ro)2J — hwk]
in Appendix D. The result is Table 2. Comparison of characteristic parameters in the

1 o 4
—hRe/ dt exp{i {2J(k'r0)2 + gJuf) - hwk] t/h
0

™

+ Ra(t) +§2(t)}

o+ (8(k, k)17~
’ 2
[1 3 [”TRO + (1 - Ro) (5(]7{7’;))] ] , (54)

Roﬂ'
]
) +3/j/pJ m}k; 1= 2 )

(57

The decay rate of the soliton, in such an approximation,
can be represented, from equations (48) and (54), by

2.43w,) "I (1-Ro) [n?

7Th(

where
S(k, k') = 2J(k'r

Py = [(1 — Ry) tan™ (55)

see equation (56) above.

This is the final analytical expression for the decay rate
of the quasi-coherent soliton with two-quanta. Evidently,
it is different from that in the Davydov model [14]. To
emphasis the difference of the decay rate between the two
models we rewrite down the corresponding quantity for
the Davydov soliton [14]

L X1 2m\ 2 h
Ip = 12 up <W> %; <2ka>
o (kro)? sin® (kro)sech? (7o /2up ) (k — k)]

(1, + (K'r0)?] [exp(Bhuwy) — 1]
D\ —Fo 2
% <&) "o
7D R2ng + [Tnd /3 + J(K'ro)? — hwy]
(57)
where
2X2 M 1/2
np = TRy KsT/h, Ry = ﬁ <—) :
2%p [ M 1/2
D = — _ .
222 () (58)

Davydov model and in our new model.

Ry To(K) n(x10"/s)
New model 0.529 294 6.527
Davydov model  0.16 95 2.096

Equation (57) can also be found out from equation (48)
at n = 1 by using the Cottingham et al.’s approximation.

The two formulae above equations  (56)
and (57) are completely different, not only for
the parameter’s values, but also the factors con-
tained in them. In equation (56) the factor,

[1-3 187 + 1-Ro) (303 + 20602 —s) /o))

is added, while in equation (57) the factor,
D

(wa/mp) 0 mp  replaces the term  (2.43wg)”Rox

(772+1/h2[4/3#3J+2(k'r0)2jfhwk]2)(H‘ZRO) in  equa-

tion (56) due to the two-quanta nature of the new
wavefunction and the additional interaction term in
the new Hamiltonian. In equation (56) the 1, Ry and
Ty are not small, unlike in the Davydov model. Using
equation (20) and Table 1 we find out the values of 7,
Ry and Ty at T = 300 K in both models, which are
listed in Table 2. From this table we see that the 7,
Ry and Ty for the new model are about 3 times larger
than the corresponding values in the Davydov model due
to the increases of u, and of the non-linear interaction
coefficient G,. Thus the approximations used in the
Davydov model by Cottingham, et al. [14] can not be
applied in our calculation of lifetime of the new soliton,
although we utilized the same quantum-perturbation
scheme. Hence we can audaciously suppose that the
lifetimes of the quasi-coherent soliton will greatly change.

5 Discussion for the lifetime of the new
soliton and results

The above expression, equation (56), allows us to com-
pute numerically the decay rate, I, and the lifetimes of
the new soliton, 7 = 1/I%, for values of the physical pa-
rameters appropriate to a-helical protein molecules. Us-
ing the parameter values given in equation (20), Tables 1
and 2, v = 0.2yp and assuming the wavevectors are
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Fig. 1. Soliton lifetime 7 relatively to 70 as a function of

the temperature T for parameters appropriate to the a-helical
molecules in the new model in equation (5).

in the Brillouin zone we obtain values of I between
1.54 x 1019s~1 — 1.89 x 10'%~1. This corresponds to the
soliton lifetimes 7, of between 0.53 x 10~ 1% —0.65 x 1010
at T = 300 K, or 7/79 = 510 — 630, where 79 = 79/vg is
the time for travelling one lattice spacing at the speed
of sound, equal to (M/w)'/? = 0.96 x 10~'3s. In this
amount of time the new soliton, travelling at two tenths
of the speed of sound in the chain, would travel several
hundreds of lattice spacings, that is several hundred times
more than the Davydov soliton for which 7/7 < 10 at
300 K [14] (i.e., the Davydov soliton traveling at a half
of the sound speed can cover less than 10 lattice spac-
ing in its lifetime). The lifetime is sufficiently long for the
new soliton excitation to be a carrier of bio-energy. There-
fore the quasi-coherent soliton is a viable mechanism for
the bio-energy transport at biological temperature in the
above range of parameters.

We are very interested in the relation between the life-
time of the quasi-coherent soliton and temperature. Fig-
ure 1 shows the relative lifetimes 7/79 of the new soli-
ton wversus temperature T for a set of widely accepted
parameter values as shown in equation (20). Since one as-
sumes that v < vy, the soliton will not travel the length of
the chain unless 7/7y is large compared with L/rg, where
L = Nrq is the typical length of the protein molecular
chains. Hence for L/ro ~ 100, 7/79 > 500 is a reason-
able criterion for the soliton to be a possible mechanism of
the bio-energy transport in protein molecules. The lifetime
of the quasi-coherent soliton shown in Figure 1 decreases
rapidly as temperature increases, but below T'= 310 K it
is still large enough to fulfill the criterion. Thus the new
soliton can play an important roles in biological processes.

For comparison we plotted simultaneously log (7/70)
versus the temperature relations for the Davydov soliton
and the new soliton with a quasi-coherent two-quanta
state in Figure 2. The temperature-dependence of log
(t/7m0) of the Davydov soliton is obtained from equa-
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Fig. 2. log(7/70) versus the temperature for the soliton. The
solid line is the result of the new model, the dashed line is the
result of the Davydov model.
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Fig. 3. 7/70 versus (x1 + x2) relation in equation (56).

tion (57). We find that the differences of values of 7/7
between the two models are very large. The value of 7/
of the Davydov soliton really is too small, and it can only
travel fewer than ten lattice spacings in half the speed of
sound in the protein chain [14]. Hence it is true that the
Davydov soliton is ineffective for biological processes [14].

We can also study the dependency of the soliton life-
time on the other parameters by using equation (56). We
chose parameter values near the above accepted values
shown in equation (20). In the new model we know from
equation (56) that the lifetime of the soliton depends
mainly on the following parameters: coupling constants
(x1 + x2), M, w, J, phonon energy fiwy, as well as on
the composite parameters u(u = pp), Ro and T/Tp. At
a given temperature, 7/7p increases as p and Tj increase.
The dependences of the lifetime 7 /79, at 300 K on (x1+x2)
and p are shown in Figures 3 and 4, respectively. Since
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Fig. 4. 7/70 versus u relation. The solid and dashed lines are
results of equations (56) and (57), respectively.

1 is inversely proportional to the size of the soliton, and
determining the binding energy in the new model, there-
fore it is an important quantity. We regard it as an in-
dependent variable. In such a case the other parameters
in equation (56) adopt the values in equation (20). It is
clear from Figures 3 and 4 that the lifetime of the soliton,
T /70, increases rapidly with increasing p and (x1 + X2)-
Furthermore, when p > 5.8 and (x1+x2) > 7.5x 10711 N,
which are values appropriate to the new model, we find
7/70 > 500. For comparison we show the correspond-
ing result obtained using equation (57), for the original
Davydov model as a dashed line in Figure 4. Here we see
that the increase in lifetime of the Davydov soliton with
increasing p is quite slow and the difference between the
two models increases rapidly with p. The same holds for
the dependency on the parameter (x1 + x2), but the result
for the Davydov soliton is not drawn in Figure 3. These
results show again that the quasi-coherent soliton in the
new model is a likely candidate for the mechanism of bio-
energy transport in the protein molecules. In addition it
shows that a basic mechanism for increasing the lifetime
of the soliton in the biomacromolecules is to enhance the
strength of the exciton-phonon interaction.

In Figure 5 we plot 7/7p versus n. Since —n designates
the influence of the thermal phonons on the soliton, it is
also an important quantity. Thus, we regard it here as
an independent variable. The other parameters in equa-
tion (56) take the values in equation (20). From this figure
we see that 7/79 increases with increasing n. Therefore, to
enhance 1 can also increase the value of 7/7y.

In order to understand the behavior of the quasi-
coherent soliton lifetime in very wide ranges, it is nec-
essary to study 7/7p in the limit w,t — 0 in equation (49)
or equations (D1) and (D3) (i.e., this is in the initial case)
in which we can evaluate analytically the values of Ra(t)
and &»(t). In fact, for wet < 1 both Ra(t) and &»(t) have
power-series expansions. To lowest order as w,t — 0, one
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finds from equation (49)

Ry(t) ~ —Ro[ir® wat/6 + 3((3)(wat)?] (59)

. R()K]%TTO 7T2 2

&(t) ~ b , (60)

using coth (rwat) ~ [(Twat) ™! + gwat].

Thus

1 > : ! 2 4JM%) t
7ThRe/O dtexp{ i [QJ(k ro)” + 3 hwy, -
+ Ro(t) + 52(0} ~ [47(3¢(3) Ro KR TG

+ Rom?K3TTy/3]71/2
4
[2J(K'ro)? + gugJ — hwy, + B(Rom? KpT))?]

X exp

(61)

when T/Ty > 1 and 7*RoT/2uTy > 1. The above inte-
gral is the generalization of the usual §— function for en-
ergy conservation in zero-temperature perturbation the-
ory. Thus we can obtain from equations (48) and (61)
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at n = 2 the decay rate of the soliton as

273 T -1/2
]ﬂ =
> uphN2Kp (RO To[3¢(3)To + 772T/3]>

(kro)? | g1(k) + 2g2(k)? mro ,
T mrwr W (Fe) o)

X {exp

x [exp (Bhwy) — 1]} .

4 1
[2J(k/To)2 + g/LIQ)J — hwy, + ER()WQKBT()]Q

A[3¢(3)RoK3TE + RyK2TTym? /3]

(62)

The expression of the decay rate of the quasi-coherent
soliton in this limit is different from equation (56). There-
fore, studying properties of the lifetime of the new soli-
ton in such a case helps in understanding the behavior
of the soliton. A summary of the results obtained from
equation (62) are given in Figures 6-9. The dependency
of lifetime on temperature 7' is shown in Figure 6, which
has been obtained from the numerical evaluation of equa-
tion (62).

In Figures 7 and 8 we plot 7/79 versus (x1 + x2) and
versus u, respectively, at T' = 300 K. From Figures 6—8 we
see that 7/79 increases as T' decreases and as p and (x1 +
X2) increase. Furthermore, it is clear from this Gaussian
expression in equation (62) that the lifetime of the new
soliton will be large if p and (x1 + x2)are larger, but the
Gaussian expression is very small for k£ and k' between
—m/ro and +m/rg, i.e., in the Brillouin zero. Obviously,
the temperature dependence of the lifetime of the new
soliton is mainly due to the temperature dependence of the
width of the Gaussian, which decreases with decreasing
temperature. The dashed line in Figure 8 is the result for
the Davydov soliton under the same conditions. It is clear
that the lifetime of the Davydov soliton is lower than that
of the new soliton, especially at large, although at low
1 the difference between them is small. Taking Figure 4
also into account we find that the lifetime of the Davydov
soliton is indeed generally low. However this is not the case
for the new soliton. In Figure 9 we plot 7/ as a function
of Ty at T' = 300 K. Ty is related to the Debye temperature
of the systems, therefore it is also an important quantity.
We regard it here as an independent variable and evaluate
other parameters as in equation (20). From this figure we
see that the lifetime of the new soliton is large if Tp is
either large or small, because the Gaussian expression in
equation (62) is very small for k and k&’ between —/ry and
+7/ro. As a point of reference, note that these parameters
have the values T/Ty ~ 1.03—1.06, JT/KpTg = 4.10 at
300 K and g = 5.81 — 5.96 depending on whether the
widely accepted or the “three-channel” parameter values
for the protein are assumed. From these results it is clear
that using widely accepted, realistic parameter values, the
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tion (62).

new model can satisfy the relation 7/79 > 500 at 300 K
and large p and large Ty. Hence the proposed new soliton
model provides a viable candidate for biological processes.

6 Conclusions

Why then does the quasi-coherent soliton have such high
lifetime? From equations (A4) and (13) and Tables 1 and 2
we see that the binding energy and localization of the new
soliton increase due to the increase of the nonlinear inter-
actions of exciton-phonon interaction, i.e., the new wave
function with two-quanta state and the new Hamiltonian
with the added interaction produce considerable changes
to the properties of the soliton. In fact, the non linear in-
teraction energy in the new model is G}, = 8(x1+x2)%/(1—
S?)w = 3.8 x 10721J, and it is larger than the linear dis-
persion energy, J = 1.55 x 10722J, i.e., the non-linear
interaction is so large that it can really cancel or suppress
the linear dispersion effects in the equation of motion of
this model. From this point we can also say that the soliton
is stable according to the conditions of formation and sta-
bility of the soliton in the soliton theory [27,28]. By com-
parison, the non-linear interaction energy in the Davydov
model is Gp = 4x?/(1—5?)w ~ 1.18 x 10721 and it is 3-4
times smaller than G,. Thus the stability of the Davydov
soliton is weak compared to that of the new soliton. More-
over, the binding energy of the quasi-coherent soliton in
the new model is Egp = 4;% J/3="7.8x 1072'J in equa-
tion (19), which is about 2 times larger than the thermal
energy, KpT = 4.14x10721J, at 300 K, and about 6 times
larger than the Debye energy, K@ = hwp = 1.2x1072LJ
(here wp is Debye frequency), and it is approximately
equal to e9/4 = 8.2 x 1072LJ, i.e., it has same order
of magnitude of the energy of the amide-I vibrational
quantum, €p. This shows that the quasi-coherent soli-
ton is robust due to the large energy gap between the
solitonic ground state and the delocalized state. In con-
trast the binding energy of the Davydov soliton is only
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T /7o versus p relation in the new model in equa-

FEpp = (x}/3w?J) = 0.188 x 1072'.J which is about 41
times smaller than that of the new soliton, about 23 times
smaller than KgT and about 6 times smaller than Kg©,
respectively. Therefore, it is easily destroyed by thermal
and quantum effects. Hence the Davydov soliton has very
small lifetime (about 10712 ~ 10713s), and it is unstable
at 300 K [14]. In contrast, the quasi-coherent soliton can
provide a realistic mechanism for the bio-energy transport
in protein molecules.

The two-quanta nature of the quasi-coherent soliton
plays a more important role in the increase of lifetime
than that of the added interaction because of the following
facts. (1) The change of the nonlinear interaction energy

2
Gp = 2Gp [1 +2 (%) + (%) } and p;, produced by the

added interaction in the new model are AG = Gp(x2 #
0) — GP(XQ = O) = 1.08Gp < GP(XQ = 0) = QGD, and
Ap = pp(x2 # 0) — pp(x2 = 0) = 1.08up < pp(x2 = 0) =
2up respectively, i.e., the roles of the added interaction
on G'p and pyp, are smaller than that of the two-quanta na-
ture. The two parameters Gp and p, are responsible for
the lifetime of the soliton. Thus the effect of the former on
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the lifetimes is smaller than that of the latter. (2) The con-
tribution of the added interaction to the binding energy of

4
the soliton is about ELp = Epp {1 + (%)} = 2.6Egp,

which is smaller than that of the two-quanta nature which
is Efj, = 16Epp. Putting them together in equation (19)
we see that Epp ~ 41Fpp. (3) From the (x1 + x2)-
dependence of 7/7y in Figure 3 one finds directly already
7/70 = 100 at x2 = 0 which is about 20 times larger than
that of the Davydov soliton under the same conditions.
This shows clearly that the major effect in the increase of
the lifetime is due to the modified wave function. There-
fore, it is very reasonable to refer to the new soliton as the
quasi-coherent soliton.

The above calculation helps to resolve the controver-
sies on the lifetime of the Davydov soliton, which is too
small in the region of biological temperature. Modifying
the wave function and the Hamiltonian of the model, how-
ever, we could produce a soliton stable at biological tem-
peratures. This result was obtained considering a new cou-
pled interaction between the acoustic and amide-I vibra-
tion modes and a wave function with quasi-coherent two-
quanta state. In such a way, the quasi-coherent soliton is
a viable mechanism for the bio- energy transport in living
systems.

The author would like to acknowledge National Natural Sci-
ence foundation of China for the financial support (grant
No: 19974043).
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Appendix A

Utilizing equation (13) and in a semiclassical approxima-
tion, we can get [2,27,28]

ihgn = 260307L_2J(90n+1+§0n—1)+ aq—i—aiq)

\/LN > lg1(a)(

X on + g2(q)((ag + aZ)pnt1 + qlag + aiq)(pn_l)]einroq)

(A1)
ihig = hwgorg + \/LN Z 2(g1(9)|n?
+ 92(0) 5 Pn—1 + Plpn-1)le "7 (A2)
iha” | = —huga® , - Tlﬁ > 20g1(@)lonl?
+92(9) (Phpn—1 + Ppn—1)le 00 (A3)

from the generalized Hamilton’s equations:

0 0

1ha en(t) = m<¢|H|¢>
and
ih t 0 P H|P
ggea(t) = gz (9110
where oy (t) = (D|aq|P),
(B|H|®) = 2{eolpnl® — Jo5(Pnt1 + n1)

"
+ ﬁzq:[gl(q)(a

X (a* , + ag) (@hont1 + Pln—1)]e" 0}
1
+ Z(ﬁwq|aq|2 + Ehwq)-

q

o a)lenl® + g2(q)

In the above calculation we utilized equations (10, 11)
and [24]

o(t)| Z(BIval + B,LBJ+1)|¢(7§)> =

n

2 (Phnt1 + @hy1on)

n

(O] (tnt1 — un—1)Byf Bn|®(t)) =
2> g1(a)(

We can also get a nonlinear Schrodiger equation for
©n(t) in the continuum approximation from equa-
tions (A1-A3) [2,27,28]

aq +a’y)lpnl* e

ih D o, 1) = 2(e0 — 2)p(a 1)
D?p(x,t)

—2Jrg 92

—2Gplp(x, 1) P o(x, 1)
(A4)
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It has the envelope soliton solution

o 1) = (%)1/ sech [” (m—vt)}

To
hvx
X exp [ <2J 5 — Esolt>:| (A.5)
where
2+ x2)? G — 8(x1 + x2)?
o= w(l—s2)J" P w(l—s2)J
s=uv/vy vy = ro(w/M)Y2. (A.6)
Appendix B

The partial diagonalization of the Hamiltonian implies the
diagonalization of that part of the Hamiltonian in equa-
tion (24) which does not involve the creation and annihi-
lation operators of new phonons equation (22). Thus the
condition imposed into the functions C;(z) contained in
equation (27) to realize such a diagonalization are equiv-
alent, in the continuum approximation, to the following
problems of eigenfunctions C;(x) and eigenvalues E; de-
termined by

[ Jroaaz + ihv— 0

5o He0— 27 + V()| Cj)=

EjCj (I)
(B.1)

For the above expression of V(z) in equation (26) there is
only one bound state in equation (B.1)

1/2
Cs(z) = <M—po> sech(ppz/ro)exp [ibvz/2Jrg]  (B.2)

with energy

h%v? W

— B.
4Jr3 p (B:3)

ES_2|:€02J

and unbounded(delocalized) states

b .
Cr(z) = p tan (upw/ro? ikTo exp [ikz + ihvz /2J7])
Nrolup — ikro]
(B.4)
with energy
52 2
E, =2 |:EO —2J— 2772 =3 1 J(k"fo) (B5)

The energy of the lowest unbounded state is greater than
that of the bounded state by the value 242 J. The functions
C(z) are normalized as follows:

/Oo dz G (2)Crr (x) = 6(kro — K'ro),

/ d$|ck

/ dz C* (2)Ca(x) =
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Therefore, Al is an excitation which is localized at the lat-
tice distortion, while AZ‘ creates an unbounded excitation
with wave vector k.

In getting equation (B.1) the variable 2 was assumed
to be continuous and the chain length to tend to infinity
L = Nryg — oo. Thus this wave vector k has a continuous
value between —oo and co. In the following we mainly
use a discrete description. The continuous description is
transformed into a discrete one according to the rules

/ dx/roﬁz / dx_)N—rOZ

N
(5(/(37“0 — k‘/To) — 2_6kk’7
™

Ch(z) — (%)/ Cu(n).

Cy(x) — Cy(n),

Utilizing equations (24, 25, 27) and (28), then the partially
diagonalized Hamiltonian in the new representation is just
equation (29).

Appendix C

We now calculate U (k, k”,t) in equation (46) utilizing the
coherent state |u) [14,30] defined by bg|u) = ug|u) with

. 1 1
(ulu) = exp {Z {Uq 2, - §|Uq|2 - §|Uq|2] } )

q

u) = exp Z[(uqb; — u;bq)]

Utilizing the coherent state |u), the U(k,k”,t) in equa-
tion (46) can be represented by

Ul k.0) = 5 [ a2 [ag ) +4’y)
Zon

X (u* 0 + u_gr ) {ulexp Z(wq — qu)(—=Bh+ it)b} bylu")
q

< loxp {_1 S (wq — av) {(bjbq) + ﬁ

Syl ¢

x(b;aq + ajby) +

(C.1)
where the integration measure is defined as
d2(u) —Hldx dyg, with zp +iyr = u
= 17 kAYk, kT 1Yk = Uk
Since we can show that exp (7b{b*)|uy) =
1 "
exp {§|uk|2 (e™t7 — 1)} leTug), it follows that the
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first matrix element in equation (C.1) equals

(ur| exp lZ(wq —qu)(=ph+ it)btqu] |ug) =

q

1 1
o { = 3 (Glonl? + 30 - v

k
x expl(wg — qu)(—Bh +it)]) } :

The second matrix element in equation (C.1) can be rep-
resented as a path integral that can be evaluated exactly.
Utilizing the general relationship between the matrix ele-
ment and the path integral:

(up|exp[—iw(bf by + 77by, + b 7+ 7°7)]|uk) =

1 .
exp [—§(|u§€'|2 + ug)? — iw| 7|t

y(0)=uq
x/ e D(y*,y)exp[iT (y*,y)] (C.2)
t)=u"*

iuy, *y(t).

wly () + 7 y(t) +y* ()]}

We can evaluate the path integral by standard tech-
niques. The result for equation (C.2) is

1 )
exp{ = GO+ + o e
— (1 —e N (u) *7 4+ 7 *ug + |7 )} - (C.3)

Substituting above the matrix elements obtained into
equation (C.1) we get

0B (1)

Uk, k" t) =

/d.Q(u)/dQ(u")( R’y

ph

X (Ul + ) exp{ Z(|Uq|2 + |ui{|2 - u;u;’
q

x exp|(wg — qu)(—=Bh + it)] — ug "ug exp[—i(wy — qu)t]
1

n\/_(u aq+uqaq)(1eXP[i(qu”>t]))}' (C.4)

where

Ru(t) = 712NZ|05,€| (1 — exp[—i(wr — kv)t]). (C.5)

The u” and wu integrations can easily be finished.

For instance, the contribution from the term with the

uy *uyr factor, which we can denote by U, (k, k", t) since
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11 * . " :
U (b K"t expli(wg — kv)t + Rn(t) + &0 (t)] 5 2 N ek (expli(wrr — k"v)t] — 1)(exp[—i(wi — kv)t] — 1)
alk, K7, 1)= exp|Bhi(wg — vk)] — 1 R expfh(wy — vk)] — 1
(C.6)
it is associated with the absorption of a phonon, is where
see equation (C.6) above
«m+xazcwy”
where Ry=—>—2= (—
) whw w
4 |k |? sin® (5(% - vk)t) 2 ppro 2y (w12 0.2)
t) = .(CT = Trhwg a:_(_) ' '
gﬂ( ) n2N eXp[ﬂh(Wk o ’Uk)] 1 ( ) 7Th’l)0 ™ M

We note that the breaking of the translational symmetry
by the deformation leads to off-diagonal terms correspond-
ing to violation of wavevector conservation. However, we
can prove that these terms are proportional to %aiaku
which can be neglected when either |k| or |k”| is large as
compared to 4u,/mrg as can be seen in the definition of
ay in equation (33). Furthermore when —n < krg < 7 and
pp < w2 the off-diagonal terms are negligible except for
a small region at the center of the Brillouin zone. Since
the small wavevector terms do not significantly contribute
to I, due to the k-dependence of F(q, k), we can, thus,
neglect the off-diagonal terms in U, (k, k", t) in calculating
the I,.

The energy of the soliton state is less than that of
the unlocalized exciton in the uniform lattice. Therefore,
the parts of U, (k,k",t) corresponding to the absorption
of a phonon make the major contributions to the sum in
equation (46) at the temperature and parameter values
of interest, and their off-diagonal terms may also be ne-
glected just as above. Using the result of the U, (k, k", t)
obtained from the above formulae, from equation (46) we
get the decay rate equation (48).

Appendix D

If the soliton velocity approaches zero we can get an an-
alytical expression for Ra(t) and &(t) at n = 2 defined
in equation (49) or equations (C.5) and (C.7) through in-
serting equation (33) into equations (C.5) and (C.7) and

o
applying the relation of % Zq — 2—0 f:‘;o dg,i.e.,
™

<y
lim Ro(t) = —R —
lim Ry () wﬁmm@

X {[1 — cos(waty)] + 1 sin(waty) }dy (here y= 7;(2:0)
= —Ro[iz’?' (1 +ix') +¥(1 +iz’) —¥(1)] (D.1)

¥ is the digamma function, ¥'A is its derivative and 2’ =
wat = KBTot/h.

& (t) can be easily evaluated when v &~ 0 and Ry < 1
at sufficiently high temperature T' > Ty (Ty = hiw,/KB)

el
|:T:|/Ood sin” | Swi
fall otz 1
To | Jo kshQ(wk/wQ)

[1 — Twat coth(mwat)]

-
 RT
-3

&2(t)

(D.3)

where we use the relation exp(Shwy) = 1 + Shwy.

As t — oo (because we are interested in the long-time
steady behaviour) the leading terms in the above asymp-
totic formulae of Ry(t) and &»(t) are

1 1
fg(t) =~ _WRQkBTt/ﬁ (DE))
. 1 .
(where we approximated coth iwat ~ 1), ie.,
tlim fg(t) = 777t, n = WRo/ﬁh = WRokBT/h. (DG)

Except at low temperature, the /(= wqt)-dependent
term in the real part of Ro(t) is small with respect to &2(T)
for p parameter values of interest and can be neglected.
Furthermore, since Ry < 1 ( but it is not very small, about
Ry =~ 0.529) and Ty < T (but it is not too small, about
To ~ 294 K) and RoT/Tp < 1 for the protein molecules,
one can evaluate the integral in equation (48) by using the
following approximation and utilizing the above results
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