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1. Introduction

During recent years an interest in studying more complex
behavior of the systems related to oscillatory and chaotic modes
has grown significantly. It was founded that important and use-
ful concept for studying irregular oscillations in dynamical sys-
tems is “oscillatority” introduced by V.A.Yakubovich in 1973
[14]. Frequency domain conditions for oscillatority were ob-
tained for Lurie systems, composed on linear and nonlinear parts
[12,14,15]. Oscillation analysis and design methods for generic
nonlinear systems were proposed in [5]. The result of [5] was
developed in [6] for nonlinear time delay systems. In [6] the pro-
posed results were applied to several biological systems, which
models can be described by nonlinear dynamical equations with
delays. Among them the model of circadian rhythms in Drosoph-
ila from works [8,9] was analyzed. The considered model from
[8] has dimension of five. In work [10] more detailed model of
circadian oscillations was proposed (with dimension 10), that
incorporates the formation of a complex between the PER and
TIM proteins. In paper [11] it was noted that circadian oscilla-
tions in Drosophila and Neurospora are closely related by the nat-
ure of the feedback loop that governs circadian rhythmicity, even
if they differ by the identity of the molecules involved in the
regulatory circuit. The simple model of circadian oscillation in
Neurospora was presented in [11] (with dimension 3).
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In this paper the theory developed in [5,6] is applied to the
models of circadian oscillations in Drosophila and Neurospora from
papers [10] and [11] to derive conditions of oscillations arising in
the systems. This topic of research dealing with conditions of oscil-
latority of various circadian rhythms models is very popular in the
last years [16-19] (just to mention the latest papers). Mainly the
researches in this field are oriented on developing conditions of
periodical oscillations existence that results to rather complex
and local analysis of the models. The concept of Yakubovich'’s oscil-
latority covers any types of irregular oscillations as well as period-
ical ones (without distinguishing the type of periodicity of
oscillating modes). Such relaxation allows one to simplify the test-
ing conditions, additionally, the conditions provide the restrictions
on all admissible values of parameters ensuring oscillatority for the
model (in contrast with bifurcation approach [16], where existence
of oscillations are guaranteed only locally in the vicinity of bifurca-
tion point, while values of parameters of real biological processes
can be far beyond the bifurcation).

In the following section some definitions and notations from [5]
are introduced and the procedure for oscillatority property estab-
lishing is formulated. In section 3 the model of circadian oscilla-
tions in Drosophila from [11] is considered. In section 4 the
complex model of circadian rhythms in Drosophila from [10] is
analyzed.

2. Preliminaries

Let us consider the following model of nonlinear dynamical
system:

X = f(x), (1)
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where x € R" is the state space vector; f is locally Lipschitz contin-
uous function on R", f(0) = 0. Solution X(Xo, t) of the system (1) with
initial condition Xq € R" is defined at the least locally for t < T (fur-
ther we will simply write x(t) if initial conditions are clear from the
context). If T=+ oo for all initial conditions, then such system is
called forward complete.

As usual, function p:R. — R, belongs to class K, if it is strictly
increasing and p(0)=0;peK, if peK and p(s)—> oo for
s — 0o;R: = {1 € R:t > 0}. Notation DV(X)F(-) stands for directional
derivative of function V with respect to vector field F if function
V is differentiable and for Dini derivative in the direction of F
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if function V is Lipschitz continuous.

Definition 1 [5]. Solution X(Xo,t) with xo € R" of system (1) is
called [n,n"]-oscillation with respect to output v = 7(x) (where
7:R" - R is a continuous monotonous with respect to all argu-
ments function) if the solution is defined for all t > 0 and

tliTm Y(t) = n*;t@cw(t) =T —00 < T < T < +o0.

Solution X(Xo,t) with Xy € R" of system (1) is called oscillat-
ing, if there exist some output ¥ and constants n~, ©* such,
that X(Xo,t) is [, 7']-oscillation with respect to the output
Y. Forward complete system (1) is called oscillatory, if for
almost all xo € R" solutions of the system X(Xo,t) are oscillating.
Oscillatory system (1) is called uniformly oscillatory, if for
almost all xg € R" for corresponding solutions X(Xo,t) there exist
output  and constants 7, ©* non-depending on initial
conditions.

Note that term “almost all solutions” is used to emphasize that
generally system (1) has a nonempty set of equilibrium points,
thus, there exists a set of initial conditions with zero measure such,
that corresponding solutions are not oscillations. It is worth to
stress, that constants 7~ and =" are exact asymptotic bounds for
output /. Conditions of oscillation existence in the system are
summarized in the following theorem.

Theorem 1 [5]. Let system (1) have two continuous and locally
Lipschitz Lyapunov functions V; and V, satisfying for all x € R" and
t € R. inequalities:

(X)) < Vi(x,t) < va([x]), v3(|x]) < Va(X, £) < va([x]),
for v1,02,03,04 € K, and

aVy /ot + DV4(x,t)f(x) > 0 for 0 < [X] < X; and X ¢ =;
oV, /0t + DV (x, t)f(x) < O for |x| > X; and x ¢ &,

Xi < D;] ol o0 U;] o U4(X2),

where = C R" is a set with zero Lebesgue measure, and Q N = is empty
set, Q={x:0;'o01(X1) < |X| < 03! ov4(X2)}. Then the system is
oscillatory.

Note, that the set {2 determines lower bound for value of 7~ and
upper bound for value of 7",

Like in [15] one can consider Lyapunov function for linearized
near the origin system (1) as a function V; to prove local instability
of the system solutions. Instead of existence of Lyapunov function
V, one can require just boundedness of the system solution x(t)
with known upper bound. It can be obtained using another
approach not dealing with time derivative of Lyapunov function
analysis. In this case Theorem 1 transforms into Theorem 3.4 from

(7]

Conditions of above theorem are rather general and define
the class of systems, which oscillatory behavior can be investi-
gated by the approach. Namely systems, which have in state
space attracting compact set containing oscillatory movements
of the systems. For such systems Theorem 1 gives the useful tool
for testing oscillating behavior and obtaining estimates for the
amplitude of oscillations. It is possible to show that for a sub-
class of uniformly oscillating systems proposed conditions are
also necessary.

Theorem 2 [4]. Let system (1) be uniformly oscillatory with respect
to the output vy = n(x) (where 1:R" — R is a continuous monotonous
with respect to all arguments function), and for all x € R" the following
relations are satisfied:

2 (X)) < 1) < %o (X0), 215 %2 € Ko

the set of initial conditions for which system is not oscillating consists in
just one point = = {x:X = 0}. Then there exist two continuous and lo-
cally Lipschitz Lyapunov functions V;:R™" — R, and V>:R™" — R, such,
that for all x € R" and t € R, inequalities hold:

v1([X]) < Va(x,t) < va(|X]),

U3(|X]) < Va(X,t) < 04(|X]), 01,02, 03,04 € K5
oV, /ot + DV (%, H)f(x) > 0 for 0 < |X| < ¥5' (707);
oV, /ot + DV, (x, )f(X) < O for x| > y7'(7*).

For the uniformly oscillatory systems with single equilibrium
point at the origin Theorems 1 and 2 give necessary and sufficient
conditions of oscillations existence. According to the results of
works [8-11] the circadian rhythms in Drosophila and Neurospora
are the nice examples of uniformly oscillating systems. In this case
application of proposed in Theorems 1 and 2 theory to the circa-
dian oscillation models is natural for deriving conditions of oscilla-
tions existence. That is more expressions for time derivatives of
Lyapunov functions V; and V, can provide analytical parametric
conditions for oscillations existence.

Finally, let us describe the testing procedure of oscillatority
property presence in dynamical nonlinear systems:

(1) calculation of equilibrium points coordinates;

(2) determining boundedness of the system trajectories property
(using function V, or applying another approach);

(3) confirmation of local instability property in an equilibrium
(applying function V; or using the first approximation of
the system dynamics in the equilibrium);

(4) the form of set €2 calculation and verification of the equilib-
rium points absence in that set.

If all four steps are successfully passed, then the system is oscil-
latory in the sense of Yakubovich (Definition 1). Let us apply the
above procedure to circadian oscillations models in Drosophila
and Neurospora.

3. Circadian oscillations in Neurospora

Following [11] let us consider the following model of the
oscillations:

- K M

M= v U e M 2)
. F

Fc:ksM*Udm*klpc+k2FN§ (3)

FN = k]FC — kzFN./ (4)
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where variables M, F. and Fy denote, respectively, the concentra-
tions (defined with respect to the total cell volume) of the frg mRNA
and of the cytosolic and nuclear forms of FRQ.

According to proposed procedure let us start with coordinates
of equilibrium calculation for system (2)-(4). Equating to the zero
the right-hand side of the system we obtain the following system
of nonlinear equations:

Udkz Kn
ks (Kgky + kzFO) 1<" (F)"

FO = koky'FY; M° =

MO
- Uy 5
" Ky + M° ®)

where M° F2 F} are coordinates of possible equilibriums. It is
clear that for any positive values of the system (2)-(4) parame-
ters the first two equations in Eq. (5) have the single positive
solutions. The third equation also admits only single positive
solution since the function on the left-hand side is strictly
decreasing to zero, while the function on the right-hand side is
strictly increasing from zero. Thus, the system has the single
equilibrium with positive coordinates (strictly bigger than zero)
for positive values of the parameters. For n < 3 it is possible to
analytically calculate the values of M° F°,FY as functions of the
system parameters, for n>3 only numerical solution is possible
in generic case.

As the second step let us base the global boundedness of the
system trajectories property using the following propositions.

Proposition 1. Let v; > vy, Then there exists 6 € (0,1) such, that if for
some ty > 0 it holds that

Fu(to) = & Fc(to) > kaki'e,

M(to) = k ,L—Kl{/vs <]+K 5le1> -1,
Um

> to such, that

then there exists time instant t;

< kol e, M(t)

En(t) < & Fe(t) < Z%for allt >ty
S

Note that the case v; < 7, can be considered in the same way as
it was analyzed for the five order model in paper [1].

As the third step let us investigate the conditions of the equilib-
rium instability using the first approximation of the system near
the equilibrium:

x =AM F° F)x,A(M°, F2 FY)

Km O *VS(KIF%)H n
™ (Km+MO)? (KF+(FQ)™? FY
= ~vgKy (6)
ks Ko rFO)? k] kz ’
0 k] *kz

where x = (M, 8F.,0Fy)T is vector of the system state deviations from
the equilibrium and A is the first approximation matrix dependent
on the model parameters. The characteristic polynomial of the ma-
trix A has form

p(s) = $> + a;5* + a5 + as,

Kmky vm (2](1 + —Kavg 2) _ kyksnug(FRK)"

as (Km+Mo) (FO4Kq) FO((FQ)"+K™?

a = Kmvm Kmkzvm
2 (kl + )(kz + ) + kiky + TATAL

a;

Kd (7] Kinvm
kl +ka + (FO+K,)2 + (Km-+Mg)?

30

20

N\ \ARARARY

120 160

Fig. 1. Oscillations in model (2)-(4).

Applying Hurwitz criterion to the third order system (6) we
obtain that, if the following inequalities are satisfied, then the
matrix A has all eigen-values with negative real parts:

a; >0, aia;—as >0, az>0.

For any positive values of the parameters we have a; >0,
a, > 0, straightforward calculations show aa, — as >0 (opening
the brackets we obtain that all items have positive signs), thus
the single possibility to lose the stability for Eq. (6) comes from
coefficient as. The condition as <0 (which ensures for matrix A
the presence of eigen-values with positive real parts) can be
rewritten as follows:

ko VK[ v4Ka + 2k1 (FC + Ko)*JFR (K + (FR)"™)*
< kaksnvs (KGFR)" (F2 + Kg)? (K + Mo)?. (7)

Inequality (7) is a function of the system parameters and the
equilibrium coordinates Fy,F?,M°, which are the solution of
equations (5). For n < 3 equations (5) have analytical solutions,
substituting which in Eq. (7) it is possible to obtain system
instability condition dependent on the parameters only.

The fourth step is obvious since the system (2)-(4) has only
one equilibrium. Thus, the key condition of the system oscillator-
ity is inequality (7). In [11] the model (2)-(4) was considered
with the following values of parameters:

vm=0505 v;=14, v;=16, k=05,

k; =05, k=06, K=1, K,=05, K;=013, n=4

For these values system of equations (5) has the solution:
M, = 2.583,F° = 1.55,F = 1.291,
for which inequality (7) is true. Therefore the system with these
values of parameters is oscillatory. The results of the system
simulation is shown in Fig. 1. The dash line corresponds to

obtained in Proposition 1 bounds for oscillations amplitude
2k vy

4. Circadian oscillations in Drosophila

Let us consider the model from paper [10]:
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K

. M
Mp=v. -7,
P PR ™ K+ M)

—kaMp; (8)

: Py P
Po=kpMp—V V. —kqPo; 9
0 = KspMp IPK1P+PO+ 2PK2P+P1 alo; 9
: Py P P )
Py=V -V -V v —kqPq;
VTR Py Kot Py Kt Py e Py O
(10)
ho P P, ) .
P27V3P1(3P+P1 —V4PK4P+P2——k3P2T2+k4C— udPKdP"FPZ_deL
(11)
. — Ky My .
Mr= yspK;lTJFClr:l_ Z}mTKmT‘FMT_deT! (12)
. To T
To=kgMr—V V —kqTo; 13
0 =KstMrt ]TK1T+TO+ 2TK21+T1 dlo; (13)
. To T, T; T,
T.=V -V -V \% —kqTy;
T To K4 Ty K4 Th K T, T
(14)
- T] TZ TZ
T,=V -V — —k3P, Ty +k4C — vyp——kyTo;
2 3TK3T+T1 4TK4T+T2 3215 +Ks UdTI<dT+T2 al2;
(15
C=k3P,T; —kqC—ky C+kyCy—kacC; (16)
Cny=k1C—kyCy—kanCh, (17)

where Mp is cytosolic concentration of per mRNA; Py, P;, P, are
unphosphorylated, monophosphorylated and bisphosphorylated
concentrations of PER protein correspondingly; Mr is cytosolic con-
centration of tim mRNA; Ty, Ty, T» are unphosphorylated, monopho-
sphorylated and bisphosphorylated concentrations of TIM protein
correspondingly; C is PER-TIM complex concentration and Cy is nu-
clear form of PER-TIM complex. As in work [10] we will consider the
following values of model (8)-(17) parameters:

Kp=Kr=vqr=vp=1, Upp=Vnr=07,

de = I<dT = I(mp = KmT = 02. ksp = ksT = 09,

Vgp = Var =2, Vip=Vir =V3p =V3r =3,

K]P = KlT = K2P = KZT = K3P = K3T = K4P = K4T = 27
k1 = 067 kz = 027 k3 = 12, k4 = 06, n= 47
kg =kic =kav =0.01, Viop=Vor=Vyp=Vy =1.

Let us start with equilibriums number and their coordinates cal-
culations. As in the model (2)-(4) for n=4 only numerical solu-
tions of this problem is possible which shows that the system
has the single equilibrium with coordinates:

M) =1.513, P5=048, P=0469, PJ=0.403,
M%=1513, T3=048, T%=0.469, T=0.403,
*=0305 Cy=0.872.

As the second step to prove boundedness of the system (8)-(17)
trajectories it is possible to use the following Lyapunov function:

Vo=P+T, +2kiPMp +2kiTMT,
kd kd

Pt:P()-i-P]+P2+C+CN,T[:T0+T]+T2+C+CN,

where P; and T, are total concentrations of PER and TIM proteins
correspondingly. Time derivative of function V, admits the follow-
ing upper estimate:

ks

Vy < —=0.5kV; + 2% Usp + 2 kT vst, K = min{kq, Kqc},
d d

which implies global boundedness of the system trajectories.

For the third step to establish local instability of the system
equilibrium we use the first approximation of the system dynam-
ics near the equilibrium. For the given values of the system

25F E

Fig. 2. Oscillations in model (8)-(17).

parameters the matrix of the first approximation has two com-
plex conjugate eigen-values with positive real parts, that con-
firms local instability property of the equilibrium (we exclude
the expressions of the matrix and its eigen-values for brevity of
presentation).

Since the system has only one equilibrium the fourth step in
this example is redundant and the system is oscillatory. The result
of the system computer simulation is shown in Fig. 2.

5. Conclusion

The proposed in papers [5,6] conditions of Yakubovich’s oscil-
latority and presented here procedure of these conditions approv-
ing can be applied for wide range of biological systems (see
examples in those papers and above). The approach also can be ap-
plied in adjacent areas like chemistry. The main advance of the
solution comparing it with other approaches [2,3,13] consists in
simplicity of its application for generic class of nonlinear systems.
As a side of results the bounds on oscillation amplitude can be cal-
culated. Oscillatority in the sense of Yakubovich covers wide range
of nonlinear oscillation behavior (from periodical to chaotic oscil-
lations). The conditions are necessary and sufficient for some clas-
ses of oscillating systems like models of circadian oscillations
considered in the paper.
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