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Abstract

Many systems studied in chemical kinetics can be posed as a high order nonlinear
differential systems with slow and fast variables. This have given impetus to the
development of methods that reduce the order of differential systems but retain a desired
degree of accuracy. The importance of research of this sort leads to the extremely fast
increasing of papers devoted to reduction methods. All these methods are connected
with the integral manifolds method in one way or another. We use a geometric singular
perturbations method for reducing the model order in chemical kinetics problems. The
method relies on the theory of integral manifolds, which essentially replaces the original
system by another system on an integral manifold with dimension equal to that of the
slow subsystem. Explicit, implicit and parametric representations of a slow invariant
manifolds are used.

Keywords: integral manifolds, invariant manifolds, singular perturbations, model
reduction, chemical kinetics.
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Chapter 1

Introduction

It is common knowledge that a wide range of chemical processes are characterized
by extreme differences in the rates of change of variables, so singularly perturbed ordi-
nary differential systems are used as models of such processes [25, 40, 41, 43, 44]). The
Bodenstein — Semenov quasi-steady state approximation has long been the basis for the
reduction chemical systems. More recently, an array of computational approaches have
been proposed [2, 3, 17, 18, 19, 21, 27, 29, 30]

A mathematical justification of that method can be given by means of the theory of
integral manifolds for singularly perturbed systems (2.2) (see e.g. [4, 11, 12, 14, 15, 20,
24, 31, 33, 40, 45, 46, 48, 47))

The integral manifolds method has been applied to a wide range of problems (see e.
g. [1, 5,7, 10, 15, 23, 31, 32, 35, 36, 39, 38, 42]), and in particular, to some applications
in chemical kinetics problems [3, 6, 7, 8, 9, 12, 13, 21, 28, 31, 30, 49].

The technique of applying integral (invariant) manifold methods to singularly per-
turbed non-linear differential equations was first recognized by Zadiraka in [48] where he
showed the existence of a local integral manifold. In a later paper [47], he proved the
existence of a global integral manifold. Geometric methods were used by Fenichel in [4],
see also [11]. A common feature in the invariant manifold method is that the integral
manifolds were constructed by extrapolating the slow or degenerate manifold (i.e. the
manifold obtained when the small parameter tends to zero). More techniques and results
are also available for analyzing and constructing integral manifolds. Note that asymptotic
expansions of slow integral manifolds were first used in [35, 38, 39].



Chapter 2

Slow Integral Manifolds

2.1 Existence, stability and asymptotic expansions

2.1.1 Introduction

In the present chapter we use a method for the qualitative asymptotic analysis of sin-
gular differential equations by reducing the order of the differential system under consid-
eration. The method relies on the theory of integral manifolds, which essentially replaces
the original system by another system on an integral manifold with dimension equal to
that of the slow subsystem.

A smooth surface y = h(z,e), (z € R™,y € R") in R™ x R” is a slow invariant
manifold of the autonomous system

i = f(v,y,¢),

ey = g(a:,y,s). (21)

if any trajectory = = x(t,€), y = y(t,e) of the system (2.1) that has at least one point
T =Ty, Y =yo in common with the surface y = h(z,¢), i.e. yo = h(x,¢), it lies entirely
in this surface, i.e. y(t,e) = h(x(t,e),e).

Analogously, in the case of non—autonomous system, a smooth surface y = h(z,t,¢)
in R x R™ x R" is a slow integral manifold of

dz

—_— = t

dt f(x7y7 76)7 22
€ dy ( t,e) 22

_ = i

dt g 7y’ Y )

if any trajectory <t, x(t,e),y(t, 5)) of solution = = x(t,¢), y = y(t,¢) to the system (2.2)

that has at least one point © = xy, y = yo in common with the surface y = h(x,t,¢), i.e.



Yo = h(xg, to, €), it lies entirely in this surface, i.e. y(t,e) = h(z(t,e),t,¢).
The motion along an invariant manifold of the system (2.1) is governed by the equation

&= f(z,h(z,e),¢e). (2.3)

If x(t,e) is a solution of this equation, then the pair <x(t, 5),y(t,€)>, where y(t,e) =
h(z(t,€),¢€), is a solution of the original system (2.1), since it defines a trajectory on the
invariant manifold.

The motion along an integral manifold of the non—autonomous system (2.2) is governed

by the equation
T = f(z,h(x,t )t e).

Note that the formal substitution the function h(z,¢) instead y into the system (2.1)
gives the first order PDE (invariance equation)

oh

e—f(z,h(z,e),e) = g(x, h,e) (2.4)
Ox
for h(x,¢).
In the non—autonomous case the invariance equation for h(x,t,¢) looks as follows
oh Ooh
sa + 6%]0(% h(z,t,e),t,e) = g(x, h,e). (2.5)
Consider now the the boundary layer subsystem of (2.1), that is,
dy _

dT - g(x7y7 0)7 T = t/E,

treating « as a vector parameter. We shall assume that some of the steady states y° =
y°(z) of this subsystem are asymptotically stable and that a trajectory starting at any
point of the domain approaches one of these states as closely as desired as t — oco. This
assumption will hold, for example, if the matrix

(0g/0y)(x,y"(x),0)

is stable for some of the stationary states and the domain can be represented as the union
of the domains of attraction of the asymptotically stable steady states. We recall that
a matrix is stable if its spectrum is located in the left open complex halfplane, i.e. all
eigenvalues of this matrix have negative real parts.

Notwithstanding the fact that we are interested primarily in autonomous systems, all
statements will be formulated in the more general case of non—autonomous systems.

It is assumed that

(I) The functions f, g and h are uniformly continuous and bounded, together with
their partial derivatives with respect to all variables up to the (k + 2)—order (k > 0).
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(II) The eigenvalues A;(z,t)(i = 1,...,n) of the matrix B(xz,t) = g,(x, ¢(z,1),t,0)
satisfy the inequality
Re);(z,t) < —2v <0, (2.6)

for some vy > 0.

Then the following result holds (see e.g. [33, 47]):

Proposition 1.1. Under the assumptions (1) and (I1) there is a sufficiently small
positive €1, 1 < gg, such that, fore € I} :={e € R: 0 < e < e}, the system (2.2) has a
smooth integral manifold M. with the representation

M. = {(x,y,t) € R™" 1y = h(x,t,¢), (z,t) € G x R},

for some domain G € R™

Proposition 1.1 guarantees that the equation (2.5) can yield y = h(x,t,¢) which is the
slow integral manifold.

Remark. The global boundedness assumption in (I) with respect to (x,y) can be
relaxed by modifying f and g outside some bounded region of R™ x R™.

We will present the proof of this Proposition in the Appendix.

2.1.2 Stability of slow integral manifolds

In applications it is often assumed that the spectrum of the Jacobian matrix

gy(z, ¢(z,t),t,0)

is located in the left half plane. Under this additional hypothesis the manifold M., is
exponentially attracting for ¢ € I;. This means: the solution x = x(t,¢), y = y(t,¢) of
the original system (2.2) that satisfied the initial condition z(tg, ) = 2%, y(t9,€) = 3° can
be represented as
z(t,e) = w(t,e) +epi(t,e),
y(t,e) = h(v(t,e),t,e) + @alt, ).

There exists a point v° which is the initial value for a solution v(t,¢) of the equation v =
f(v,h(v,t,e),t, e); the functions 1 (¢, €), pa(t, ) are corrections that determine the degree
to which trajectories passing near the manifold tend asymptotically to the corresponding
trajectories on the manifold as ¢ increases. They satisfy the following inequalities:

(2.7)

[pilt,e)] < Nly® — h(a® to, &) exp[—B(t —to) /e], =12, (2.8)

for t > t.
From (2.7) and (2.8) we obtain the following Reduction Principle for a stable integral
manifold defined by a function y = h(x,t,¢): a solution z = xz(t,e), y = h(z(t,€),t,¢)



of the original non—autonomous system (2.2) is stable (asymptotically stable, unstable) if
and only if the corresponding solution of the system of equations

0= F(v,t,e) = f(v,h(v,t,e),t )

on the integral manifold is stable (asymptotically stable, unstable). The Lyapunov Re-
duction Principle was extended to ordinary differential systems with Lipschitz right—hand
sides by Pliss [26], and to singularly perturbed systems in [40]. Thanks to the reduction
principle and the representation (2.7), the qualitative behavior of trajectories of the orig-
inal system near the integral manifold may be investigated by analyzing the equation on
the manifold.

2.1.3 Unstable manifolds

Consider system (2.2) and suppose that hypothesis I, IT hold, but inequality (2.6) is
replaced by
Re)i(x,t) > 2y > 0. (2.9)

If in system (2.2) we use the new “reverse” time ¢ — —t, then we obtain a system
that satisfies hypotheses (I) and (II). Consequently (2.2) has the slow integral manifold
y = h(x,t,e), and for this manifold all propositions from the previous section are true,
with the exception of stability.

But this manifold is stable (and the Reduction Principle applies) with respect to
t — —oo. This means that for increasing t, the trajectories of solutions with initial points
near the slow integral manifold move away from this manifold very rapidly.

2.1.4 Conditionally stable manifolds

A rather complicated situation arises if the system (2.2) satisfies hypotheses (I) and
(IT), but inequality (2.6) is replaced by

Reli(z,t) > 2v1 > 0,i=1,...,ny, (2.10)

Reli(z,t) < =27 < 0,i=n;+1,...,n. (2.11)

The slow integral manifold y = h(z,t,¢) is then conditionally stable, i.e. in the space
R™ x R™ there exists an ny—dimensional manifold (ny = n — ny), which has the following
property. All trajectories, with initial points that belong to this manifold, tend to the
slow integral manifold as t — oo. Besides, in R™ x R" there exists an n;—dimensional
manifold, such that all trajectories, with initial points that belong to this manifold, tend
to the slow integral manifold as t — —oo.



2.1.5 Asymptotic representation of integral manifolds

When the method of integral manifolds is being used to solve a specific problem,
a central question is the calculation of the function h(zx,t,¢) in terms of the manifold
described. An exact calculation is generally impossible, and various approximations are
necessary. One possibility is the asymptotic expansion of h(x,t,e) in integer powers of
the small parameter:

h(x,t,e) = ¢p(x,t) +ehy(x,t) + -+ hp(z,t) + ... . (2.12)
Substituting this formal expansion into invariance equation
oh oh
S + 8%f(x, h(z,t,e),t,e) = g(x, h,e), (2.13)

we obtain the relationship

Z 8hk+ Z k: I,Z&khk,t,E)

k>0 k>0 k>0
= g(x, Z " hi,t, €). (2.14)
k>0

We use the formal asymptotic representations

(.CC, nghk7t7€) = ngfk<x7¢7 h17 s 7hk7t)

k>0 k>0

:f0($,¢,t)+€f1($,¢,h1,t)+“'+€kfk<x,¢,...,hk,t)+--.,

(, Ze""hk, t,e) = B(x,t) Z efhy + Z e gn(x, @, hy, . by, 1)

k>0 k>1 k>1
= B(x,t)(chy +e%hy + -+ ¥hy) +
tegi(w, ¢, t) +%ga(w, b, hayt) + -+ fgu(, by b1, t) .
where the matrix B(z,t) = (0g/0y)(x, ¢,t,0), and where

and

g(z,o(x,t),t,0) = 0.

Substituting these formal expansions into (2.14)

agb 8h1 ahk—l
o T T T T
oo 0 wOhi—1
+<5%+ ax+"‘+€ Oz +'~-)<f0($’¢>t)+



tefi(x, @, hy,t) + -+ frulm, b, gy t) + )

= B(x,t)(ehy +%hg + -+ "hy) + ...
+5g1(37, ¢7t> + 5292(1',(25, h17t> T gkgk('r7¢7 s 7hk717t) +

ey

and equating powers of ¢, we obtain
0 0
¢ (b ($7¢7t):Bh1+gl7

ot o2
Oohi  0¢ ohy B
W‘I’%fl‘f‘%fo—BhQ‘f‘gQa

Ohj_1 oh
BT + Z _xpfk:—l—p =Bhy+gi, k=2,3,....
0<p<k—-1
Since B is invertible

0 0
hl == B_l |:a_(f + 8_i 0($,¢,t> _glj| s

Oh 0¢p oh
_ -1 1 1 _
1 | Ohg_1 oh
1
hy =B BN + E a—xpfk—l—p - gk] . (2.15)
0<p<k—1




Chapter 3

Explicit representation

Consider now the autonomous singularly perturbed system

t= f(z,y,€), ey=g(xvy,e).

The usual approach in the qualitative study of this system is to consider first the
degenerate system (¢ = 0)

X f@9.0), 0=gle,9,0)

and then to draw conclusions about the qualitative behavior of the full system for suffi-
ciently small . The equation 0 = g(z,y,0) describes the slow manifold A smooth surface
y = h(z,e) in R™ x R"™ is a slow invariant manifold of this system if any trajectory
x = z(t,e), y = y(t, &) of the system that has at least one point z = xy, y = yo in
common with the surface y = h(x,¢), i.e. yo = h(xg,€), it lies entirely in this surface,
ie. y(t,e) = h(x(t,e),e). We also stipulate that h(x,0) = ¢(x), where ¢(x) is a function
whose graph is a sheet of the slow surface

9(x,y,0) =0,
The motion along an invariant manifold of the system is governed by the equation
&= f(z,h(z,e),¢e).
In applications it is often assumed that the spectrum of the Jacobian matrix
6u(z, 6(),0)

is located in the left half plane. Under this additional hypothesis the manifold exists [1]
and it is exponentially attracting. If the slow invariant manifold is attractive, the original
system may be reduced to this equation.
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When the method of integral manifolds is being used to solve a specific problem,
a central question is the calculation of the function h(z,¢,¢) in terms of the manifold
described. An exact calculation is generally impossible, and various approximations are
necessary. One possibility is the asymptotic expansion in integer powers of the small
parameter:

h(x,t,e) = ¢p(x) +ehy(x) + -+ hp(z) + ... . (3.1)

The coefficients hg(z) can be found from the invariance equation

0 (2., €) = gl h,c)

for h(z,e).

3.1 Cooperative phenomenon

Consider now an example of so called cooperative phenomenon [22]. A model for this
consists of an enzyme molecule E which binds a substrate molecule S to form a single
bound substrate-enzyme complex C;. This complex C} not only breaks down to form a
product P and enzyme E again, it also combine with another substrate molecule to form
a dual bound substrate-enzyme complex C5. This Cy complex breaks down to form a
product P and the single bound complex . A reaction mechanism for this model is

k1

S+E = CiBE+P (3.2)
kj
S+C1 -, GO+ P, (3.3)

where k’s are the rate constants as indicated.
With lower case letters denoting concentrations, the mass action low applied to (3.2),
(3.3) gives

d
d—j = —kl se -+ (k—l - k33)cl + k73627 (34)
d
% = ]{]1 Sse — (k,l + kQ + k'gS)Cl + <k73 + k4>027 (35)
d
% = kyscy — (k_s+ ki) (3.6)
de
o= —kyse+ (k_y + ka)ea, (3.7)
d
d_Zt? = koo + kgco. (3.8)
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Appropriate initial conditions are
s(0) = s9, €(0) =eg, 1(0) = c2(0) =p(0) =0. (3.9)
The conservation of the enzyme is obtained by adding the 2nd, 3rd, and 4th equations in

(3.4)—(3.8) and using the initial conditions; it is

d
a(c1+62+6)=0=>c1+02+€=€o. (3.10)

The equation for the product p(t) is again uncoupled and given, by integration, once
c1 and ¢y have been found. Thus, by using (3.10), the resulting system is

d
d—j = —kl Seg+ (lﬁ},1 -+ k'lS — kgS)Cl —+ (k13 —+ k,3)02, (311)
d
% = kl Seg — (]{Z,I —+ ]{72 + k15 + ]{735’)61 + (k,3 + k’4 - k’ls)CQ, (312)
d
% k3 SC1 — (k’_g + ]{Z4)Cg. (313)

We nondimensionalize the system by introducing

_s(1) _alt) _oo(t)
ZE(T) - S0 ) y1(7—> - eo ) yQ(T) - eo )
€0
T=kiet, €=—, (3.14)
S0
k_l k‘z k’g k—3 k4
a1 = — Ao = —— A = — a) = —— ar = ——
1 klsoa 2 klsoa 3 kla 4 klso’ 5 klsov
and (3.11)—(3.13) becomes
dx
p7E — + (v — azz + a1)y1 + (as + 2)y2 = f(2,y1,92), (3.15)
d
€ % = x— (x4 asr + ay + a)yr + (a4 + a5 — 2)y2 = 91(x, Y1, Y2), (3.16)
dys .
€ ’ asxyr — (ag + as)y2 = g2(7,y1,92), (3.17)

with initial conditions
z(0) =1, v1(0) = y2(0) = 0. (3.18)

This problem, as the Michaelis-Menten problem, is singularly perturbed for 0 < ¢ < 1.
Note, that the origin x = y; = y» = 0 is the unique equilibrium of (3.15)—(3.17) with
nonnegative x, y; and ys.
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Now we use the results of previous section to calculate the approximation of one—
dimensional slow invariant manifold and the equation which describes the flow on this
manifold.

The corresponding degenerate system is

dx

dt
0 = z—(x+agx+ a1+ a)y; + (ag + a5 — )y,
0 = asxryYyy — (CL4 + a5)y2.

= —x+ (x—agx+a)y + (ag + 2)ys,

Two last equations give the unique solution

(z) = z/A,
(z) = azaz®/A.

n =
Y2 =

-1l -1

Here A/a is the determinant of the Jacobian matrix

091  0Og1
B[ o _(—x—&ga:—al—ag a4+a5—x>
| 92 dg2 | T I )
u1 O asx Qy as

where A =2z4a;+ay+asar’? and a = (a4 + a5)_1. The slow curve is stable since
the —tr B(x) and det B(z) are positive.
To calculate the approximation to one-dimensional slow invariant manifold

g1 = h(z, ) = ¢(x) + ehy(x) + O(e?),

y2 = h(w,€) = ¢(x) +eh(x) + O(?),
we rewrite invariance equations for system (3.15)-(3.17):

do(z)

8d:zc

[—x + (2 — asz + a1)(d(x) + ehy () + €2..) + (aa + 2)(d(x) + ehy (z) + 52...)]

=2 — (2 + a3z + a1 + a2)(B(x) + ehy(x) + €2...) + (a4 + a5 — 2)(d(z) + chy(z) + €2...),

d(ZECI) [—x + (z — asz + a1)(d(x) + ey () + 2...) + (ag + :1:)(5(3:) + 531(9‘:) + 52"')]

3

= a3z(P(x) + ehy (x) + €2...) — (ag + a5)(B(x) + ehi(z) + £2...).

Using the formulae

dCZE:) = (a1 + as — azaz®)/A?,
dfl(;’) = aazz[2(a1 + a2) + ]/ A%,

13



we solve for hy(z), hi(z) to get

- (ag + agasax)ax

hl(x) - = A4

[a3ax3 — (a1 + a2)(as + a5 + 2a3x — 2a3ax2)} :

i, (2) = — (ag + azciwx)ax

The flow on the stable slow invariant manifold

|:—CL36LZ'3 — (a1 + az)asz (1 + 2a(ar + az) + (3 + 2a3)ax)} :

T a9 + asasax)ax
Y = Z — 5( 2 245 ) [agaZES — (a1 + ag) (a4 + as + 20,3!E — 2&3@!132)} + 0(52),

asar? . (ag + azasax)ax

PETATT Al
x | —agaz® — (ay + ag)agzv(l +2a(ay + az) + (3 + 2@;;)@3:)} + O(£?)

is described by

Z—f = —z+(r—azr+ a1)(<5(x) +ehy(z) + .. ) + (ag + a:)(g;(:c) + 5}:Ll(x) + .. )
dr  x(az + azasax) _ _ )
a - A +€[(I—CL3$+CL1>}Z1($) + (a4—|—x)h1<x)] _|_O(€ )

This last equation implies that the origin is a stable equilibrium.

On Fig. 3.1 we can see that the trajectory approaches the slow invariant manifold
very fast and then follows along it as t — oo.

If we return to the dimension variables, we obtain the generalized Michaelis-Menten
law in the case of the two enzyme—substrate complexes.

3.2 Enzyme-substrate-inhibitor system

In this section a enzyme-substrate reaction is considered [22]. The reaction consists
of an enzyme E with a single reaction site (many enzymes have several such sites) for
which two substrates compete and form one of two complexes. These break down to give
two products and the original enzyme. When one substrate combines with the enzyme
it means, in effect, that it is inhibiting the other substrate’s reaction with that enzyme.
The reactions can be written schematically as

S+E = ES®Ps+B, (3.19)
k3 k
I+E = EI™P+F (3.20)

14
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Figure 3.1: The trajectory and slow invariant manifold of (3.15)-(3.17) for a; =1, as = 1,
az = l,ay =1, a5 = 2, and € = 0.01.

where S and [ are the two substrates, which compete for the same enzyme, and Ps and
Py are the products of two enzyme-substrate reactions.

When two substrates are competing for the same enzyme site the reaction system,
(3.19) and (3.20) is said to be fully competitive. In such reactions one or other of the
substrates can be singled out for its reaction rate to be measured in an experiment. The
one so singled out is called the substrate and the other the inhibitor. We chose the
inhibitor to be I and its reaction to be (3.20).

Applying the law mass action to (3.19), (3.20) gives the kinetic equations for the
concentrations of the reactants. Since we shall be interested primarily in the rates of the
reactions of S and I we do not need the equations for the products: only the rate constants
ks and k4 in (3.19), (3.20) are involved. Thus we need only consider the kinetic equations
for the substrate, inhibitor, and enzyme complex whose concentrations as functions of
time ¢ are denoted by

(3.21)
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The kinetic equations for these concentrations for the reactions (3.19), (3.20) are

ds

5 = —kise+k_jcs, (3.22)
de,

dct = k‘l Sse — (k?_l + kQ)CS, (323)
di ‘

% = —k’g 1€+ k’_g C;, (324)
de; :

d_ct = k’g 1€ — (k’_g + k‘4)Ci (325)
d

d—j = —kise—kyie+ (ot + ko)es + (kg + ka)es. (3.26)

Appropriate initial conditions for equations (3.22)—(3.26) are that there are no enzyme
complexes initially but s, i, and e are prescribed, that is

s(0) = s9, i(0) =1ig, e(0) =ep, ¢s5(0)=c;(0)=0. (3.27)
The conservation equation for the enzyme e is obtained immediately by adding (3.23),

(3.25), (3.26) and using the initial conditions (3.27) to get

d
E(cs+ci+e):0:>cs+ci+e:eo. (3.28)

Eliminating e from (3.22)—(3.26) by using (3.28) gives four equations for s, i, ¢; and
¢;. We introduce nondimensional variables by

s(t) i(t)

(1) = 3_0’ To(7) = ?, yi(1) = ?7 ya(T) = e
€o lo k3
T:kleot, E=—, 6:—, Y=, (329)
So So 1{31
Kszw’ K-:]L:K—W, Lszﬁ, Li:k—Af.
klso ngo klso ngo

Then the four equations for s, i, ¢; and ¢; become the four nondimensional equations

% = —o1+ (1 + Ks — L)y + 1192, (3.30)
% = Y22+ @201 + (22 + Ki — Li)ya], (3.31)
€ % = x1— (v1 + K5)y1 — 2192, (3.32)
€ % = B7[re — 2oy1 — (72 + Ki)yal, (3.33)
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with initial conditions
21(0) = 22(0) = 1,21(0) = y2(0) = 0. (3.34)

We now use the results of the previous section to calculate the approximate two—
dimensional slow invariant manifold and the equation that describes the flow on this
manifold.

The corresponding degenerate system is

d[L‘l

. n + (21 + Ky — Lg)yr + 2132, (3.35)
dxs

o Y—x2 + xayn + (w2 + K — L)yl (3.36)

0 = 1 — (21 + Ky)y1 — 219, (3.37)

= Bylre — zopn — (22 + Ki)yal, (3.38)

The last two equations give the unique solution

o= %($1,$2):K¢$1/A,
Y2 = é($1;x2):st2/A.

Here A~ is the determinant of the Jacobian matrix

991 99
| o Oy | - 11— K —
Blar,z) = Jg2 992 _< —Byzy  —Py(ze+ Ki) )’
Oy O0ys

where A = Kxs + K;z1 + K K;. The slow surface is stable since the —tr B(x1, z5) and
det B(x1,x9) are positive.
To calculate the approximate two-dimensional slow invariant manifold

Y1 = B(ml,iﬂ% €) = 45(1’17332) + EBl(ilfl, T2) + 0(52)7

and

o = h(xy,22,8) = ¢(a1, T3) + ehi (a1, 23) + O(E?)

we use the invariance equations for system (3.30)-(3.33):

8303(9517552)

B, <—$1 + (21 + K, — L) (¢(z1, 22) 4 ehi (21, 22) + O(£))

21 (d(21, 29) + eha (21, 72) + 0(52))>
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aé(‘rlv x2>
8x2

+ery (—:L‘z + 22 (P21, 22) + ehi (21, 22) + O(£%))

+(xe + K; — Li)@(fm,@) + 521@1,@) + 0(52)))

= a1 — (21 + K,) (91, x0) + ehy (w1, 22) + O(%)) — 21 (¢(1, ) + eha (1, 22) + O(£2)),

5a¢(§;;m2) <_371 + (.%'1 + Ks - Ls) ((5(3717 33'2) + 861(1‘17%2) + 0(82))
+x1(gz(x1, x2) + shl(:vl, x9) + O(e ))>
8¢ xl’@ ( T —1—-732 b(x1,22) + ehy(z1,22) + O ))

+(xe + K; — Li)(g(%,b) + 6fb1($1,$2) + 0(82)))

= B [x2 — 2 (@(21, T2) +hy (21, 32) + O(€7)) — (22 + K;) (5(331, o) +ehy (1, 22) +0(%))].

Using the formulae

00 72) _ e e 0y + K) /A2,
(93:1
(9(5(1171,1'2) 2
0xo /A
a$($17$2> 2
0xq Sl
0p(xq, x2) = K;K,(z; + Ks)/AQ’
8332
we find the expressions for hy(z), by (z):
_ KK,
hn(2) = 257 (Br(e2 + K Pay — 1imQ),
- KK,
hi(z) = mAzx( ByziesP + (11 + K)22Q),

where
P = (Kst - nyst):L? + KZ?Lsa
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y1(

Figure 3.2: The projections of the trajectory and slow invariant manifold of (3.30)—(3.34)
on the space r1xoy; for K; =Ky =1,L;=L;=1,v=2, 3=0.1, and € = 0.01.

Consequently, the first order approximation is

d.Tl Kz eKS ?
- =% {—Lsxl + ByA3 (By[Kiwy + (K — Ly) (22 + K;)| Py + LsQCEl@)} +0(e),
dxo ’YKS ek
- — A {—Lixz + W(ﬁ’whlezip + [Kxg + (K; — L) (21 + KS)]QxQ)} + 0(62)’
Kil'l KzKS
h==x * 6ﬁ7A4 [By(@2 + Ki) Py — 2122Q] + O(?),
. Ksl'2 Ksz

Yo = A + 8ﬁ7A4 [—ﬁfyxleP + (21 + Ks)a:QQ] +0(&?).

The first and the second equations above imply that the origin

Tl = Ty = 0
hr=y2=0
is a stable equilibrium.
Figs. 3.2-3.3 show that the trajectory of (3.30)—(3.34) approaches the slow invariant
manifold very fast and then follows along it as ¢t — oc.
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Figure 3.3: The projections of the trajectory and slow invariant manifold of (3.30)—(3.34)
on the space x1x9ys for K;, =K, =1, L;y=L,=1,v=2, 3=0.1, and € = 0.01.
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Chapter 4

Implicit slow integral manifolds

To describe slow integral manifolds for systems like (2.2) the explicit representation
is usual. In this case the approximation to h(z,t,e) may be obtained as an asymptotic
expansion in powers of ¢.

In general, it is impossible to find the function y = ¢(z,t) = h(z,t,0) exactly from
the equation
g(x,y,t,0) =0.
In this case the slow integral manifold can be obtained in an implicit form. The flow on the
slow integral manifold as a zero approximation is governed by the following differential-
algebraic system:

* = f(z,y,t,0), (4.1)
0=g(x,y,t,0). (4.2)

To obtain the first approximation, it is necessary to differentiate g(z,y,t,c) with re-
spect to (2.2)

d
€9 =99 +ege + €. f.

As a first approximation, the flow on the slow integral manifolds is governed by the
differential-algebraic system

T = f(x,y,t,¢), (4.3)
9yg + g +eg.f =0, (4.4)

where terms of order o(e) can be neglected. The equation (4.4) may be represented in
more convenient form:
g+eg, g +eg, g f =0. (4.5)

In the case of autonomous system the equation (4.5) takes the form

g+eN =0,
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where
N = ggjlng

To obtain the second order approximation, it is necessary to differentiate g(z,y,t,¢)
twice with respect to (2.2). Unfortunately, the corresponding relationships are too cum-
bersome. Because of this, we consider the case of autonomous systems. Then the second
order approximation takes the form

9y9 + €9 f +eNyg + 2N, f =0,
or
g+eN + agy_lNyg + 529;1Nxf =0

and finally
g+eN+¢eg, ' (Nof — N,N) =0. (4.6)

In (4.3), (4.6) all terms multiplied by €® can be neglected.

To obtain the k—th order approximation, it is necessary to differentiate g(z,y,t,¢)
k times with respect to with respect to (2.2) (or with respect to (2.1) in the case of
autonomous system).

To check these formulae it is sufficient to note that in the calculation of the asymptotic
expansions of h(x,t,¢)

h=¢+0(), h=d+ch +O(),

h= ¢ +chi +c%hy + O(%),

the use of invariance equation gives the same result as an implicit equation.
To illustrate this, consider the example

T =1, ey =2 +y* —a, a > 0.
The first approximation of the slow integral manifold is
v+ a2 —a+ex=0.
It is easy to check that the second order approximation
Y+ (r+¢e/2) =a—/4

gives the exact equation for this manifold.
Example 2. Consider now the following systems (the classical heat explosion model

with reactant consumption)

do
e— =ne’ —ab =g,
dr
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d777 0 ._
ar ne’ = f

Here 6 is the dimensionless temperature and 7 is the dimensionless concentration. The
first approximation of the slow integral manifold is

g1:=g—ene® /gy =0,

where go = nexpf — «, and the second order approximation is

92 = g1 — &> (ame’ /gy + n?e* (ne’ — 202)/gy) = 0.

4.1 Method of intrinsic manifolds

The method of intrinsic low-dimensional manifolds (ILDM Method) was supposed
by U. Maas and S. B. Pope in [19] and developed in many later papers. This method, as
applied to the differential system (2.1) in the form

i=f(z,y,6), y=¢ "g(z,y,¢).

is based on a partition of the Jacobian matrix

or of
J=d@ya=| % %% .
9 % € a—y

into a fast and slow components at each point of (z —y)-space and a Schur decomposition
[37] to generate bases for the corresponding fast and slow subspace. This is a much
more elaborate procedure than is necessary for the simplification of (2.1), because the
implicit equation for intrinsic low-dimensional manifold results the using of ILDM Method.
The asymptotic method of slow integral manifolds in implicit form discussed above, was
suggested by V. Sobolev (see, for example, [6] in Russian, or [16, 34] in English), is much
more simple and efficient. To illustrate this expression we restrict our attention to the
system with scalar variables x and y.

Following to [12, 13|, after calculations on the base of Schur decomposition, it is
possible represent the equation defines by ILDM Method in the form

Gy9 + 9. f —eXsg =0, (4.7)

where )\, is the eigenvalue

/\s = %(5_1931 + fw) - \/i(s_lgy + fw)z - 5_1<gyfx - fyga:)
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of (2 x 2)-matrix J. When this result is compared with that of equation (4.4) in the
autonomous case

Gyg+eg.f =0, (4.8)

it is apparent that equation (4.7) includes “unnecessary” term —eMgg. As it was shown
above, equation (4.8) permits to calculate the slow invariant manifold in the form

y = ¢(z) +ehi(z) + O(?)

with error of order O(¢?). In the paper [12, 13] it is shown that in general case ILDM
equation (4.7) gives the same error, and only in the case ¢,.(x) = 0 corresponding error
is of order O(&3). However it is more convenient to use the second order approximation
equation in form (4.6) or in the form

9y9 + €Guf +eNyg+ >N, f =0,

where
N =g,'9.f,

than the ILDM equation. Moreover, equation (4.6) gives the error of order O(&?) in general
case not only for planar systems but also in the case of vector variables x and y. Note
that the assumption g, < 0 in scalar case or negativeness of real parts of all eigenvalues of
matrix g, in vector case, guarantees as an attractivity of manifolds as solvability implicit
equations.
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Chapter 5

Parametric representation of integral
manifolds

The implicit form of integral manifolds has evident disadvantages, but for numerous
problems it is impossible to find a solution of g(z,y,t,0) = 0 in the explicit form y =
o(z,t). However, sometimes the solution of g(z,y,t,0) = 0 can be found as a parametric
function

x = Xo(v, 1), y = po(v,t),

where v € R™, and the following identity holds
g(XO(vvt>7¢0<U7t>7t7O) ant€R7 veR™
In this case the slow integral manifold may be found in parametric form

r=xte),  y=pte),

wheret € R, v € R™, x(v,t,0) = xo, ¢(v,t,0) = ¢o. The flow on the manifold is governed

by the equation
0= F(v,t,¢), (5.1)

and the function F'(v,t,e) will be determined below. The functions y, ¢, F' can be found
as asymptotic expansions

X(U7t7 6) = XO(Uu t) + €X1<U7 t) +...+ gka(UJ t) o
o(v,t,e) = po(v,t) +ep1(v,t) + ... +rop(v,t) + ...,
F(v,t,e) = Fy(v,t) + eFi(v,t) + ...+ " Fp(v,t) + ..., (5.2)

in agreement with (5.1), from the equations

ox  Ox,
5 aUF— Fx e, t.e), (5.3)
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Equating coefficients of powers of the small parameter ¢ we obtain

0 0
% + %FO = J (X0, 20, £,0),  g(x0, %0, 1,0) =0,

ox1 ox1 Ix0

F F| =
ot + 90 o+t BN 1 f:(:(XO;QpOat>O)X1

+fy(X07 ©o, t? 0)@01 + f17

YD —Fy = x ) at70 9 at70 )
5 T 5y L0 =9 (X0, ¥0, £, 0)x1 + gy (X0; P0, 1, 0) 1 + 01

fl = fs(XOa 90071570)7 g1 = gE(XOa @Ovta O)

The relationships (5.3), (5.4) contain unknown functions y, ¢, F'. In a concrete prob-
lem it is possible to consider one of these functions or any m scalar components of x, ¢
and F' as known functions, and all others may be found from (5.3), (5.4). Moreover, it is
possible at any step of the calculation of coefficients in (5.2) to choose any m components
of these coefficients as given functions. In the case that F'is a given function, equations
(5.2), (5.3) are used to calculate the coefficients of asymptotic expansions of x and . If
it is possible to predetermine the function y, then these equations allow the calculation
of F' and ¢.

Note that in the case of the explicit form y = h(x,t,¢),

v=x, x=v, @=hvte), F=f(v,h(vte),tc),
(5.4) takes the form

oh  0h
S + a%f(v, h,t,e) = g(v, h,t e), h = h(v,t,e).

If dim x = dim y and the role of v is that of y, then ¢ = v and

ox | Ox _
at + aUF_f<X7U7t>€)7 EfF—g(X,’U,t,Ef). (55)

The equation for y follows immediately

dx Ox _
5% + %Q(X,U,tﬂf) - gf(X7U7t,5),

whence, under the assumption det(%) = 0, it is possible to calculate y as an asymptotic
expansion. Note that g(xo, ¢o,t,0) = 0 means that equation (5.1) is regularly perturbed,
because the last equation in (5.5) implies, in this case, F' = O(1) as € — 0.

Consider the examples from the previous section.
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In the case of mathematical example the slow curve 22 4 22 = 1, may be represented
in a parametric form
T =Ccosv, Y =sinuv.

Let F(v,e) = —1. Then it is easy to find the slow invariant manifold as an asymptotic
expansion

1
x:cosv—5/2—52§cosv+...,

y:sinv—52§sinv+....

Note that the exact formulae have the following form
x=1/1—¢2/4dcosv —¢/2,
y=+/1—e2/4sinv.

Returning to the example concerning with a combustion problem, we obtain
Y

2

. y'(y —2) 3

= ,E) = Vg e 42V I 2t 2 4 O(P).

r=x(y,€) = aye 1y T (€”)

The role of variable v here plays the fast variable y. This representation is true outside

some neighborhood of y = 0, and it gives the approximation of attractive (repulsive) one-
dimensional slow invariant manifold if 0 <y <1 (1 < y).
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