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Stability conditions of the transmission of informations through nerve fibers by
soliton mechanism are analysed. The fibers in mutual contact are characterized
by a given temperature distribution.

1. Imeroduction

In biological processes transmitting informations through nerve fibers consis-
ting of quasilinear structures such as a-peptide groups!’ one has usualy the case of
crossed nerve pathes.

If the molecular chain model transmitting the information by local solitonic
excitations? is chosen to describe the nerve pathes, itis important te assess the ther-
modynamical stability of the system when it is assumed that the transport takes pla-
ce through many pathes simultaneously and that a given temperature distribution
reigns over the molecular chain in a given moment i. e. using the relaxation theory
we shall analyse the stability of the system transmitting informations (the momen-
tum and energy) by determining the temperature of each subsystem (linear chain)
as a function of time. The basic theory used here consists in the interpretation of the
nonequilibrium statistics formalism in accordance with papers of Zubarev and Po-
krovski®'®. The system is stable if the temperature depends very weakly on time,
more weakly, let us say, than if the processes were refering to collective excitation
of the system (the excitons). This can be shown explicitly by examining the
analytical expressions of the solution.
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2. Davydov’s solitons on T # 0

Davydov® examined the dependence of the soliton state on temperature, in
a molecular chain, applying the following model (that we used already in some pre-
ceding papers).

The linear molecular chain is described by the Hamiltonian
H = Ho; + Hy + Hin. 2.1
In the simplified model the exciton Hamiltonian is

% K2 +
) B, B, — T B (Bayy + Bn_l)]: (2.2)

ﬁz
mR,

& is the energy of the exciton zone in the simplified two-level model, mis the effec-
tive mass of the free electron defining the excitation levels and R, is the constant of
the crystal latice.

Hpy= X hQ,b? b, (2.3)
q

is the longitudinal phonon Hamiltonian where ; and b, are the creation and anni-
hilation phonon operators having wave vectors -q., Q,=19, |-q.| is the phonon fre-

%
/3
node, and # is elasticity constant of the crystal.

quency, while v = R, is the sound velocity. M is the molecular mass in the

The Hamiltonian of the exciton-phonon-interaction is described by

1 .
Huw=ym ZF (9) By B, (by + by einRoq (2.4)
qn

F (g) is the intensity of the exciton-phonou interaction with. constant coupling y;
while B, and B} are the Bose operators of annihilation and creation electron on the
n-node.

F(q) =ic (m)”z —2—; c6=2Ro% (2.5)
2Mzo] g

At T # 0 following the lines of Ref. 5 we ask for the state of the system in form of
the Schrodinger amplitude

[9 (£)> = X @a (£) By |Oex) U, (2) | ), (2.6)
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where » are phonon states given by the expression

'1’) II I a) ((b|)”2 | oph)’ (2°7)

and where |O,,) and | O, are the exciton and phonon vacuum states, respectively.
The unitary equilibrium mode displacement operator appearing in the result of
exciton-phonon coupling has the form

U, (&) = exp { (B3 (9 bo — Ben (9 8315 (2:8)
q
;‘},,,, are chosen as modulated waves,

Ban () = Ban (£) e=inRoe, (2.9)

where the ¢, (¢) is normalised by the condition

el =2 |lea )2 = 1. (2.10)

In this formalism ¢, (¢) and §,, (¢) play the role of dynamical variables and are de-
termined from the Hamiltonian equation

9 Ban(t) _ O<H)
R Y OF (2.11a)

5 000 _ 9<CH)
BT e (2.11b)

(H) is the functional averaged over phonon states plaving the role of the Hamilto-
nian function, i. e.

<H> = E Oy Hw: (2.12)

Hy = py | Hex + Hiw | 90> + Z<v | Uy () H U (2) | 9, (2.13)

©v» is the diagonal element of the phonon density matrix operator

th
e
Pvy = < I e | 1’) (2.14)
Z(v|e 5 I ED
n
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From the Hamiltonian equation system (2.11a), (2.11b) the nonlinear Schrédinger
equation (refering to ¢ (x, ) and having a cubic nonlinearity) may be derived in
continuum approximation

dop(x0) Ao W b5 @290
fi - 31 [€o+m(l e )]?’(x:t)'i‘sz:e R°T+

+Glol*(x,0) =0. (2.15)

The particular solution of (2.15) is the solution of a solitary wave depending on the
variable £ = x — v, where x is the position along the molecular chain. The ex-
plicit soliton solution has the form*’

I’Ro a(QT)-I 1/2 €xXp :k (x xo) + -—(a (@T) — k2) _ ‘—'I,

P50 = ch [a (@) (x — % — v 0)] ’
(2.16)
where
B — mo o Ro G(6 B @
=755 a(0n) — 575 m G Dexo [X2e% 5100, (217

o? B
G(O;) = m(l - Tf(Qr))s

_ m Ry 0?
% T IMERE(1—s)

F/7 Rio?

B= Ry 4 M9} (l—sz)ﬁ’

Ry 1
f(@y) —szquu + 27,
_ 1
v e
eér — |
v
s=—
Yo
Or = K,T. (2.18)
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The expression e~" is the Debye-Waller factor. The temperature effect in the case
of solitons is such that the raising cf temperature provokes a spreading of the soli-
ton. The consequence of this fact is that the nonlinearity coefficient G tends to zero
with the temperature, so that Eq. (2.9) becomes linear and describes in a certain in-
terval of the temperature a plane wave.

3. Kinetical coefficients of the system

Let us take that we have # chains ordered by descending temperature and each
of which is in contact with the preceding and the following one so that®; > @, >
> ...0,_; > 6O, (see Fig. 1)

Y
e g \\
u{ 2) 3 ) T\-‘ﬂ N )

Fig. 1.

'\

This system can be described by the Hamiltonian

H= f; H; + Hiys (3.1)

j=1
H; is the Hamiltonian belonging to the chain (j), Hj,, — is the phenomenological
interaction corresponding to the contact

n—1
anr = W‘leLu B..H-I.aj 4 h.c, (3-2)
::

a, is the centact node belonging to chains j and j 4+ 1, W is phenomenological pa-
rameter of interaction.

The state in the chainj is obtained from the equation of motion

ik H, = [Hp H] = [H, H,,). (3.3)
One has
[H;, He,,1 = [H H;, ] + [Hy Hi) A+ [Hs Hid,
where
[H;m an:] =0,
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since there are no common variables and
[Hjws Hiyid 2 0,
since this is a small quantity of higher order, so that
(H), Hi,.) =~ [H], Hi,). (34)

Taking into account that in all biophysical relevant cases &, is of the order of mag-
2

nitude of eV whille the resonant interaction —'-LIE—N 10-3 to 10~2 eV the following
0

hz
(where A =&, +m_RZ) and

- |
HJ = ﬁ {ﬁ W [B:‘tajBJ+1.a; - BI_l,a;—iBj.uj_)] _— A W* [ J++1.aJ BJ.GJ —
= B.;:a—.f‘BJ—I.aj_ l]}- (35)

The expression (3.5) is usefull in assessing the state through solitonic mechanisms
and therefore in applied approximation it is not necessary to use analytical expres-
sion.

According to the procedure applied by Pokrovski® and explicitly given in Ref. 3
(p. 261, 262) we can obtain the average value of the corresponding energy current

Hyy = i J dv | en dr (B, — Br) (oMt HyemMr HL (@5 G =1 ... (3.6)

[ B H]

The system of Egs. (3.6) follows in consequence of the current conservation law in a
system of interacting molecular chains

SH =0, (3.7)

j=1

where the averaging is made with respect to the local equilibrium density matrix
gq given as
exp{—M}

We used above the following notations ;' = Kp T, ¢ is a small parameter inclu-
ding the time, and

Mz 3 y; T By, Bim 3.9)

j=1
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vy =8, — ) By ~ (b — 1) B, (3.9a)

where 7 denotes the corresponding chemical potential of the chain.

For a state near to the equilibrium, (8, — §,) can be treated as nearly constant
and taken in front of the integral sign denoting the time integration. So (3.6) beco-
mes

=T (B~ P [dv fetds G Hye B @03 (310)

where the kinetical coefficient is

L, =0J'd . [:’ eet dr (eM* H, e-M+ H, (1)), 3.11)
and (3.10) becomes
> =5 (B Bo) Lin (3.12)
Since
Mz R —-Mz — T
e n e — et 613

it follows that it is possible to express the coefficient (3.11) through the retarded Gre-
en’s function by integrating over r

AW

Ly=——— _
/ s — vi+1) =

J' et ds X Bjy, Byyya, | H, (0)>) —
A W*

B (s — }’J+1) I et dr <<Bj1q) Bja, I j{s @) —

_ AW
(s —7i-1) =

A W* 0 . .
~ = v-0) [ et de KBy, By-ayy | H D), (3.14)

j et de <<Bl—la; IBJRJ 1 | H (t)>> -

where the Green’s function is

«a®Be»y =282 < a0, Be. (3.15)
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Retaining only those Green's functions containing correlators, the kinetical coeffi-
cients may be written as

A? |2 o
Le =, |:—,,',+ 5 J_ et de (KB, Bysiay | Blitar (1) Buey 9> =
- <<B.f:.f BJ+1a,f I B;u-x ® BS““':-]. (0))] -
A2 | W7|2 0
- iﬁ (yJ I—— ,|)1+1) _J;’ estde [<< J:‘:HUJ B.lﬂ.l I B.;a (t) B:+la; (‘)>> -
— {{B}110y Bray | Bira,_y (&) Baayey (O] +
A2 |WV|2 0
+ I I I esrde [<< f—-l aj-1 B.Ia]—x B:+la: (l) Bsa. (t)>> -

iA(y;— ¥5-1) 2

- ((B;-IGJ_l B_l'a;_x B:a;—l (":) Bs—ln;-; (£)>>] -

A? |2 ° . _
o TA(y — vy _jwe dt [{{Bf1 By-1aj-y | Bz, (6} Byi1a, (0D
- <<BJ?&:!:—1 B.f-lu-: I B 1as-1 (0) B_m,_‘ @l (3.16)

Approximating the Green'’s function an substituting it by correlators averaged over
the solitonic states |y >, from (2.7) one can find the contributions that Davydov's
solitons give to kinetical coefficients (3.16)

Az W 2 0
Ly= o W1 (° ot e [<CBE, Byasay | Biivtay () Biay (9331 —
TA(Y) — V541) e /

A2 |W|? 0 . .
- ;k_(fj_l—-_)lzm _-I;, est dt [{(Bjy1a, Bya, | Bjs, (£) By+ 10y (O] —
A [W)|? o . .
— _lk(yi I_ Jl’__i-.l) _.L e=s dt [<<Bj—la1_l BJ#J-; | Bf‘lj—l (I) BJ""‘J-!. (t) 31+
Az |W)?

0
+ J. et de ((Bj;;_l BJ—la,_l I Bjtla;-x (t) BJGJ—]. (t)>>’ (317)

TRy — ¥5-1)

so that the Green’s function is

<<B;u BJ+ lay l B;+1a1 (t) B.la; (t)>> =

0 (1B} Byasap Bise) ©) Broy 0. (3.18)
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Since
~;4
Bllu (t) =¢ h BJaJ
4 s (3.19)
Bj,, () =€ " B,
it follows
<<Bﬁ;, B, 14, I ;+1a, ® By, @y =
@ 3 .
0 (B}, Biop> — Bitiay Brrsay b (3.20)
where
{B: jay By,» = Spw (Bf, jay Biay o) = ? <yy | BJ;:J By, 0 I Py) =
- 2 U e TS Ny = e O (32D
=51, OF 2| Ue 2w = leu@1% G
since
ko -5
B kel L F e
0= ? po |Uste ™ ® RS =_ﬁ—m- (3.22)
']
So that
<<B;'+a_; B_H- lajy I B;Ha; (‘) Bja; (‘))) e
o(—
= 2D 10, 017 — lpysse, B2 (3.23)
where
2 o (6}) Ro 1 .
e, O] 2 ch?a;(8) (%, — %" —9,0) (3.24)
In this way the diagonal matrix element is
___2Aa|w)? . 2
T < ¥ oy W [ ende Usas|? = 1@54105%) —
2A2|wW
- ﬁ'z—(—)-_l I .‘. et de [l'p.lﬂ; xl |q’1—1a;-1|2], (3'25)
Vi Yi-1) —e
thatisfors =7+ 1
Az |w|?
L = — p— s et de {{Bf; B+ 1a ay (&) By, (2
3 +1 lii(y,—y”;)'re {Bjay By 10y | Bii1as (£) Byay (00> +
A |W|2 +
+ _‘. est df' << B IES L)) B,fa_; IBJ'aJ (t) BJ+ 1a} (0)): (3'26)

1A (Y — ¥i41) oo
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and for s =5 — 1

A2 |V
L1 Wl:}l_}—_l_) ,f est dr {{ By j—1ay—1 BJ«, 1 | Bf,, , (¢) Bj_1ay_, @>> —
A2 w
| IJ 1 .[ et de << del- BJ- laJ 1 IBJ"IaJ-x (t) BJaJ 1 (t)>> (3°27)
That is
2A% W)
ertdr [ |, ol 3.26a
R Y W7 — 7saD) & I eyl — 1@s+1a5%] ( )
_ 24 W2 5
Ly =— B0 — 7ys) I et dr [y 1aymy [* — |Prayy [2)- (3.279)

There is no o.her coefficients. Hence the average current is

KHyY =Ly y(Byos — Ba) + Lyy(By — Ba) + Lyjus Bixr — Bn)  (G=1,2...7)

(3.28)
Forn=2 . '
(H,) =Ly, (ﬁx = ﬂz)s
_ CHyy = —<HD. (3.292)
For n=3
(Hy)» =Ly, (By — B3) + Li2 (B2 — B3)s
<H2> = th (ﬂl - .33) + Lzz (.32 - ﬁs):
(H3) = Ls2 (B2 — B)s- (3.29b)

According to the relaxation theory the average current in the j-z& molecular chain
can be transformed in the following way?®

CHp» = % KHpo = gz <Hpa 3~ dﬂ L = —¢HD %. (3.30)

dﬂ

The expression for {(H;), can be derived and expressed through solitonic currents
(it means by omiting the index j in the first approximation)

—-fAx B;'B:

<H>q:a>;§<w»|B:Bn% T e e =
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=AZZ S| U7 (@) gn (B) Ug (0) | ) 0% (2) @, (2) X

n E
~pdB}E, 1
x (0| B,;B: B,e B; 10> 5 (3.31)
F
!3—3< = —A222<V| U7 (2) g (B) U, () | #) X
% <0 | B; B} B, B} Bye-B4B;Bs B | 0> ‘l’g—f. (3.32)

~

We have neglected the term

;&“ | U} @) gon (B) Us(2) | #,

as a smaller order term

—p4
a—ﬁ (Hy == 2G| U@ enB) U] 7| %lz . (3329
Since
Q=3 < |U; @ em (B Us(t) | v>eb4 | g2 (3.32b)
14
one has
i<H> — —A2,]
ﬂ q

KHpp,= —A2—2 dﬁ’ 639

The system (3.28) gives us the possibility to find the temperature dependence as a
function of time of individual molecular chains being in contact with each other.
For n = 2 one has

a2, (6 - 80,

(3.34)
dﬂ
d: LZ 1 (ﬂl ﬂZ)

Since L,;, = —L,, one has

B1 + P2 = const = A4,
ﬂ1=A—ﬁzo }
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A is determined from initial conditions. In this way the first equation from the sys-
tem (3.34) can be determined by substituting (3.35) in (3.34)

2481 _ _
—A d_t‘ =L, (28, — A). (3.35a)

According to (3.25) and (3.24) it follows that

___n Wt 0 ~ —
Li=— GG =y L. ¢ lew O — lea ]
A% |W|* R,

T R — )
Since

[ e = 50 = 01 = thas 00, —yo»]. (3.36)

aRo 1 .
2 ch?a(x, — xo + v2)

0 [~
festde| g, (0|2 = [ e—orde
1]

-0

_aR 1

T 1(1 —th a(xs — xo))- (3.37)

W e assume that the effiect caused by the soliton is substantial when the argument is
small i. e., when a (x, — x,) ({1 thatis th a (x, — x¢) = a(x, — x,).

If one takes into account that according to the Davydov's calculation®’, the de-
pendence of the coefficient @ on temperature is linear

a(0) 2ay(1—D0O) (3.38)

one can write the differential equation for the inverse temperature in the f orm:
(v, =48)

dg, |W[=Ro[ aoD(xlﬂxo)_aoD(ya—yo)]
& = A Kt wd—po 0
where
K= Uy — U1 ao(xa - xo) + ao(ya - J’o), (340)
V1 U2 Dy V2

that can be solved separating the variables and introducing the following notations

_ IW*R, K

M BA 7

7% FIZIKA 19 (1987) 1, 61—178



SHEMSIDINI ET AL.: THE THERMODYNAMICAL STABILITY ...

W|% Ry a9 D
L, = LTIF—O";T(%—JCO),

_IWIZRO“QD

L2 - Ahz _v_z—(ya _y0)3 (3.41)
and
dﬂl__ ﬂ:")ﬁ1 —§
o~ E—ap (342)
that give
2 " )
£+ Uitn (g =2+ ) e) + v (= 2 - 4 6) =
= Mt + const, (3.43)
2
Vi +e-Lo—a-¢
U, = H
,,?2
Vi
z

E+(%+I/1-?4—+5)(n-—A)

U; = 3 > (3.44)
2]/”T +§
g _Lit+ L,
S (3.45)
AL )
Y=

In the case when solitons are located just in the contact point L, =0, L, = 0;
that gives the solution for

B, (£) = Moz + const, (3.46)

B1 (0) = const is the value of B, (¢) for ¢ = 0. Or if we arelinterested for the evo-
lution of temperature in the chain 1 then in the basic (3.46) we have

0, = ! (3.47)

B + |W|2 Ro (v, — vy) t,
1 hz A Vy V2
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which decreases or increases from initial value in dependence from difference of
the velocity solitons in the chains which contact. While @, for the same case is

1
0, = . (3.48
2 _IW'zRo(vz_"vl)l )

ﬂ(o)
z A*Aw, v,

In the case 7 = 3 we have the following system of differential equations

—a2 S = Ly (B = B + Lua (B2 =80,

dﬁ =Ly (81— Ba) + L22(f2—Fs)

2 dﬁﬁ — .
AR = L, (B — Bo). (3.49)

Since
Lyr=—Lys Laa+ Ly, +L,,=0, (3.492)

and having in view (3.49) it follows that
B1 + P2 + B3 = const = 4,
Bs=A—p, — p,. (3.50)

On the other side considering the expressions (3.49a) we have

248
~A* TP =L, (B — Ba),

dﬁ% e L QB A=A+ Lr2 (2B + B —A).  (3.50)

If we denote

A
Li,=~— ﬂ2 —I,Z[;?I) RZ .roe"d‘ [|‘F1~(al)|‘2 — |p2 (a1)]?)s -
L;,=— —Zi—l';vg_ﬁz__f“ et dz [|2 (a2)|* — |3 (a2)]?] —
A Pl @l =~ I @I G2
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than it follows

Ll,[ i ‘;: 2_(01]
Lo A2(@)  Aas(al) (3.53)
2,2 e N
where
4,(a) = 2AIW| ._I est de ([gu (@)} — lgu @}2). (3.53%)
For that
— 4 f‘;ﬁi = _Al.z (@)
(3.51b)

dﬁz = A,z (@) — A;,3(as).

Respectively, after a short calculation from the same approximation as in the case
n = 2 we obtain

dB, L,

=M -i- -, 3.54a
Ry A (3.542)
dﬁz 2L2 L3
2 — M, + - s 3.54p
G M MG R (S
where
g = Ro lez [”1 — U _ (% — xo)_,‘_ o (Ya, — ¥o)
* AR? D U, o, o, 2
Ry |W
L,= —()"”"“""’"QI lizl a; (xal — Xo)s
R, | W
Lz = Oﬁlﬁzl ao (ya:. J’o):
Ro |W|%2 ag D
Ly, = =l QI ﬁzl a(;s (zaz — 20),
ey Ro IWIZ Uz — U2 g (yuz SR yO) dp (zn e zﬂ)
My 3 = A B2 S — o — ;3 ] (3.55)

This is a system of nonlinear differential equations which can be solved only for
some special physical hypothesis and conditions.
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And, more generally, having in view the temperature dependence of solitonic
parameters, one can see, that for any number # it is only possible to get nonlinear
differential equations. But since the solitonic parameters are only weakly dependent
on temperature (D is small) we can admit that terms such as L and M in (3.54)
remain constant in Kinetical processes. So from (3.9a) it follows that:

V= V1 =A(B — Bri)s
and

2A|W|

Appera) = J- ertde [loy (@)[? — |ose (a)|2) (3.56)

So, the relevant kinetic coefficients may be written as:

L . Ai14(ay)

Ay.41(a) _ Aj.5-1(a-1)

b = = s T =B
Lyjyr1=— -Agl_'l—(ﬁ?_:)—: 3.57

so that the average current in the j-th chain, according to the formula (3.49), is

CHY = —Ap a1 (@) — 45421 (@)= ). (3.58)
From (3.33)
TN dﬁ;
He = dr?
it fcllows
dde [AJ f+1 (a_,) + AJ J-1 (‘11 0k (3-59)

respectively. After integration over time (¢; = a, ¢)—; = b)

d Ro |W)?
R et -t = =g —th e, O — i) +

+ vL, (1 —tha, (2 — x9) — %L_l(l —thay_, (-, — zg))]. (3.60)
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From the last formula we can see that for the soliton mechanism of transmission,
the participation of the solitons distant from contacts a and b is insignificant for
the energy transport and which is therefore vanishing in this case.

If
tha (% — %) =0,
th Qjy1 (y;+l —yg) = Q:
the,_; (2)-, — 2)) =0, (3.61)
we hawe
dg, W2 R, [ 1 1 1 1
dc AZ2A ;).i——'v.l+l v}_1+;;(l—tha_,(xf—x,")),

df, _W2R,|[1 o ”J+1+‘”J—1'
_d?-— A%A vy [2 th @ (x" x;)] Vi+195-1

. W’Z Ro {2 —th aj(x} —_ xj) _ P41 + vj_1}
ﬁJ - BZA v Bysy Ypoa L + ﬁJ (0)° (362)

4. Conclussion

In the absence of soliton mechanism in transport processes, when only collec-
tive (excitonic) excitations are present, from the structure of the kinetic coefficient
(6.5) in the Ref. 6 one has

.. 2zmA W)z _ -
Lik =gy W= Nu— Dol —eady (4D

where
-ﬁ.m = (efrore — 1)-1-

Contrary to the case of the solitonic mechanism, from (4.1) it follows that in the
case of the presence of collective excitations, special conditions of locality does
not exsist and so the kinetical coefficient (4.1) can not be neglected. In other words,
the system of chains in contact which would be on different temperatures would
not be able to transmit the information, because it would be energeticaly instable.

In spite of the exsisting contacts, the solitonic transmission mechanism is
able to secure the transmission of informations along the chain. The participation
of collective excitations is fatal for this transmission since such excitations are
able to transfer the ensrgy from chain to chain and to average the temperature
throught the system and to introduce the entropy. The locality secures that one
has almost always

1 —tha(x—x3) =0, (4.2)
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because it would be a rare occurrence to find a soliton very often near the contact.
The expression (3.60) consists of two terms per soliton. Only one can give its con-
tribution at a time owing to the soliton locality. This is the reason for the small
value of the kinetical coefficient and for the possibility of the transmission of infor-
mation along the molecular chain.
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Analizirani su uslovi stabilnosti u transportu informacija preko nervnih vla-

kana pomocu solitonskog mehanizma. Vlakna u medusobnom kontaktu se karakte-
rizuju pomocu date temperaturske distribucije.
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