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CONSTRUCTION AND ESTIMATION OF STABLE
SOLUTIONS OF CAUCHY PROBLEMS INCREASING
ON THE INITIAL TIME INTERVAL
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Abstract: Two algorithms are presented that allow one to find
initial data for asymptotically stable solutions to Cauchy problems
for ODE systems that are increasing over the initial time interval.
One algorithm uses eigenvectors, while the other is based on the
matrix spectrum dichotomy method. Using these algorithms, lo-
cally increasing solutions were constructed for the flutter models
and the Navier-Stokes system linearized in the neighborhood of
plane-parallel Poiseuille flow. A two-sided estimate for the maxi-
mum norm of these solutions was obtained.

Keywords: Cauchy problem, stability, spectral criterion, matrix
spectrum dichotomy.

1 Introduction

One of the most common mathematical methods of studying stability is
the spectral approach. It is based on the linearization of the differential
operator describing the process under study, with respect to small pertur-
bations. Next, the presence or absence of points in the spectrum of the
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linearized operator, which are responsible for the growth of the perturba-
tions, is determined in the corresponding instability region on the complex
plane. Experimental data indicate that physical processes modeled by so-
lutions of initial-boundary value problems can exhibit instability even when
all eigenvalues of the linearized operator lie in the stability region. This
phenomenon is observed, in particular, during subcritical laminar-turbulent
transitions in viscous incompressible fluid flows (see references in |2]). It has
been suggested that such «practical» instability is related to the fact that
even in the case of spectral asymptotic stability, the linearized problem can
have solutions that exhibit significant growth in the initial time interval. As
an example of a paper investigating this mechanism of transient growth of
disturbances in stable fluid flows, we can cite the article [2]. The main idea
implemented in the article is an orthogonal decomposition of the solution
space into two subspaces, with growing solutions represented as the sum of
two nonzero terms belonging to one and the other subspace.

In this paper, we conduct a comprehensive study of locally increasing so-
lutions of the Cauchy problem dy/dt = Ay, y|i—o = yo under the condition
that the spectral criterion for asymptotic stability is satisfied. Below, we
present two algorithms for finding such solutions and examples of their ap-
plication. We also obtain estimates for the maximum of their norm (see
section 4), among which the lower bound is of particular importance.

The first algorithm (see section 2) is based on analogies with the behavior
of solutions of the Cauchy problem when the matrix has Jordan blocks.
To calculate the initial data of the growing solution, this approach requires
knowledge of the eigenvectors.

The second algorithm (see section 3) is conceptually similar to the ap-
proach described in the aforementioned work [1], but differs from it in its
much more general nature and broader potential range of application. The
new method also involves decomposing the solution space into subspaces,
for which the initial data space is first decomposed. The matrix spectrum
dichotomy method (see [3]-[15]) is used as a tool for this decomposition.

The problem of dichotomy of the spectrum of a matrix pencil A — A\B
with respect to a curve 7 involves computing the matrix H = H* > 0,
whose norm serves as a numerical criterion for the feasibility of separating
the eigenvalues of the pencil A — AB by the curve . In particular, it can
be used to estimate the distance from the spectrum to the curve. Projection
matrices P? = P onto the reducing subspaces of the pencil corresponding
to the parts of the spectrum lying on opposite sides of  are also computed,
while the bases of the reducing subspaces are determined using singular
value decompositions of the projectors. If v is a circle, then the algorithm
for dichotomy of the spectrum with respect to it is an iterative process, with
the main action at each iteration being the qr decomposition. The imaginary-
axis dichotomy algorithm is the unit-circle dichotomy algorithm applied to
a matrix exponential or a fractional-linear transformation. In Section 4 of



534 E.A. BIBERDORF, L. WANG

_____ At

= T [le™o ]
BRI 0— At -
g/ -~ lle™ly,lI|
LS oAt ]

Ll

0 I I I I 1
0 5 10 15 20 25 30

Fi1G. 1. Solution of the Cauchy problem corresponding to the
matrices Ag and A5, 6 =5-1076

this paper, we formulate new properties of the line dichotomy and use them
to obtain estimates for growing solutions of the Cauchy problem.

2 Eigenvector method

2.1. Preliminary remarks. As an example, let us consider the system
y' = Asy, the matrix of which at 6 = 0 is a Jordan cell of size 5 x 5, in which
all eigenvalues are located in the left half-plane:

-0.5 15
-0.5 15
As = -0.5 15
-0.5 15
4] -0.5

With a small perturbation of § = 5-107%, the Jordan structure is destroyed,
and the matrix As also acquires an eigenvalue in the right half-plane. This
means that a small perturbation transforms asymptotic stability into insta-
bility. Fig. 1 shows an obvious situation where the norm of the exponent
of the stable matrix Ay tends to zero, while the exponent of the perturbed
matrix As grows infinitely (here and below, unless otherwise stated, the spec-
tral norm is used for matrices, and the Euclidean norm is used for vectors).
However, in addition to this, on the initial interval of the variable ¢, the
matrix exponent 40! also exhibits rapid growth. In this case, this is easily
explained by the fact that the matrix exponent of a Jordan cell such as Ay
has elements of the form t*e*. The largest contribution to the growth of
the norm comes from the element in the last column of the first row, which
contains the maximum power of the parameter t.

Let us turn to the question of choosing the initial data for the solution
of the Cauchy problem, growing over the initial time interval. It is easy
to establish that by choosing the last adjoint vector in the Jordan chain
Yo = [0,0,0,0,1]7, we obtain maximum growth, and the same amplification
mechanism will be activated as for the matrix exponential. The graphs of
the norms of this solution and the matrix exponential coincide (Fig. 1).
Generally speaking, if the system matrix contains a Jordan block, then a
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growing solution can be obtained by taking the last adjoint vector as the
initial data.

However, due to the density of the set of diagonalizable matrices in the
matrix space, when using a computer for calculations, it is possible to obtain
only a few very close eigenvectors for the matrix Ag:

v1 = [1,0,0,0,0]7, vy =[-1,1071%,0,0,0]", w3 =[1,-10718,1073%,0,0]7,

vy =[—1,10718,—107% 107°2,0]7, w5 = [1,-10718,1073%, —107°2, 10797,

Nevertheless, the previously selected vector yo = [0,0,0,0, 1]T yields the
same growing solution. Note that in this case, the vector yg differs in that it
is orthogonal to four of the five eigenvectors and orthogonal to the fifth with
high accuracy. Based on this observation, as the initial data, we will choose
a vector that forms, in some sense, the maximum angle with all eigenvectors.

2.2. Angles between vectors. Let v1,...,v; be some group of normal-
ized linearly independent vectors from an n-dimensional space, k < n, ||v;|| =
1, and let the normalized vector gy be their linear combination: yg = Va,
where V = [v1, v, @ = [a1,...,ax]”, |lyo]l = 1 (see the diagram in Fig.
2, left). The following definition is quite natural.

Definition 1. If o is the angle between vectors gy and v;, then the angle
between gy and the set of vectors v1,...,v, will be called o = min; «;.

Obviously, this angle satisfies an equality that completely defines it.

| cos af = max| cos aj| = max|(vj, yo)| = [|V"yolle, (1)

where (+,-) is the scalar product.

Based on the representation (1), the angle between yy and the set {v;} can
be determined in a different way, using not the minimum, but, in a certain
sense, the average value of the angles «;.

Definition 2. The angle between yo and {v;} in the sense of the mean
value is the value a for which the relation is satisfied

]' *
(05, 90)12 = 21V %0ll- (2)

In this case, the sign || - || denotes the Euclidean norm.

Now let us turn to the problem of choosing y¢ that forms the maximum
angle with the set {v;}, that is, minimizes the value ||V *yo|. Consider the
spectral (also known as singular) decomposition V*V = WAW™*, where the
diagonal elements of the matrix A are positive, nonzero, and arranged in
descending order A\; > A9 > --- > Ai. Let w; be the columns of the matrix
W. Using this notation, we formulate and prove the lemma, which is the
theoretical basis of the first algorithm.

Lemma 1. The vector yo = V -wy, forms the mazimum possible angle in the
sense of Definition 2 with the vectors vy,...,vg.
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F1a. 2. Scheme for algorithm 1 (left), for algorithm 2 (right)

Proof. Let y be an arbitrary normalized vector belonging to the linear
span of vectors {v;}: y = Ve, where ¢ = ey, ...,c;]T. Note that since y and
vj are normalized, it follows that ||c|| = 1. Consider the norm of the product

IVyll = IWAW=e| = [|AW*e] = Ag],

where ¢ = We. It is obvious that ming [|A¢|| = A and is achieved when
¢=1[0,...,0,1]7, that is, when y = yg = V - wy, which is what was required
to be proven. This result leads to the following algorithm.

Algorithm 1

Given: matrix A.

Step 1. Calculate the matrix V consisting of the eigenvectors of matrix A.
Step 2. Find a factorization for matrix S = V*V such that S = WAW™*,
where W = [wl wy - wk} is an orthogonal matrix, A = diag(A1,..., Ag),
Aj > 0 are arranged in descending order.

Step 3. Yo = Vv s Wi

2.3. Example: Wing flutter model. Let’s consider one of the mathe-
matical models of wing flutter described in [11]. It is a system of ordinary
differential equations, where the system matrix is expressed as follows

; 37.7
a=|""P —(GJ(SU F)] oo 6 |
0 —197 01792 0 (3)
D =0.73-10"2I, F—103 0-32 O.?76 _4619 0.})71
0 —0154 0 0

Here v is the flow velocity, G is the matrix of natural oscillation frequencies,
vD is the friction matrix, v2F is the matrix of interactions between the wing
parts, and y is the displacement vector. For the numerical experiment, we
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use the value v = 425, which is below the critical value, i.e., all eigenvalues
of the matrix (3) lie in the left half-plane:

A2 = —3.0922 £410.9845, A3 4 = —0.0103 £ 410.9845,

As6 = —1.5513 £429.3672, A7g = —1.5512 1 442.2974.

To select the initial data for the Cauchy problem, we use Algorithm 1. To do
this, we first apply it to the group of eigenvectors vy, vo, v3, v4 corresponding
to the eigenvalues Ai,..., s, and then to all eigenvectors vq,...,vs. The
norms of the resulting solutions are shown in Fig. 3. Both solutions exhibit
growth in the initial period of time.

l“HHIHHlIIlIi1IiHI1IIHHHIHHH.HIHJ.HIHHI
|

15

log 11l

0.5 b
17°2'73"4

o 2 4 6 B 10 12 14 16 18 20

F1G. 3. Solution of the Cauchy problem for the flutter model
system at v = 425.

3 Method of invariant subspaces

3.1. Brief description of the method. Recall that the asymmetric spec-
tral problem in the classical formulation can be very sensitive to errors when
calculating both eigenvalues and eigenvectors. In contrast, the matrix spec-
trum dichotomy problem offers several advantages. One of these is the algo-
rithm’s ability to «self-diagnose», meaning that the computational robust-
ness of the obtained result is determined simultaneously during its execution.
For this reason, this method is preferable for a large number of problems.
The basic idea of the method for choosing initial values for solutions of the
Cauchy problem growing over a finite interval remains the same: we must
determine gyo that forms the largest possible angle with the eigenvectors.
However, in this case, we generalize the concept of eigenvectors to invariant
subspaces of a matrix. Therefore, to obtain yy, we must partition the initial
data space into invariant subspaces. The simplest case is a partition into
two subspaces, which is accomplished using the dichotomy method.

We choose a line that divides the set of eigenvalues into two parts, one
of which contains the critical value (i.e., the one closest to the imaginary
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axis). We apply the matrix pencil dichotomy method with respect to this
line, resulting in bases of invariant subspaces corresponding to the separated
groups of eigenvalues. Next, we choose the initial vector yy such that the
angle between it and the bases of both subspaces is maximal (see the diagram
in Fig. 2 on the right), using Definition 2 and Lemma 1.

Algorithm 2
Given: matrix A, line ~
Step 1. Using dichotomy, calculate the projectors Py, P, onto the invariant
subspaces of matrix A corresponding to the eigenvalues lying on opposite
sides of 7.
Step 2. Calculate the singular value decompositions of the projectors P; =
UijVj*
Step 3. From the first k1 and ko columns of matrices U; and Us, form a
matrix

V =1[Ui(:,1: k1),Us(:,1: k2)], where kj = trP;.
Step 4. Find a factorization for the matrix S = V*V such that S =
WAW?™*, where W = [wl Wy - wn] is an orthogonal matrix, A =
diag(A1, ..., An), Aj > 0 are arranged in descending order.
Step 5. yo =V - wy,

3.2. Examples.

3.2.1. Wing flutter model. Let us apply Algorithm 2 to the flutter model
(3) considered earlier. We use the dichotomy of the spectrum with respect
to the following lines: the real axis (highlighted in red and denoted by the
number 1 in Fig. 4), the line I'm w = 12 (blue, number 2), the line Re w = —1
(green, number 3), the line Im w = 3Rew + 15 (black, 4). As a result,
four variants of the initial conditions for the Cauchy problem are obtained,
presented in Table 1.  These initial data correspond to solutions of the

TABLE 1. Initial values for the flutter model (3)

107% - yg [ line 1 line 2 line 3 | line 4

vo 0 -62-3i -19 123-96i

ve i 161+8i | -87 [ 563-196i
v i 203-7i -46 | 551-169i
Yo 1-9i -3+ 1 -10+3i

g 4-301 1-101 -1690 | -5-15451

yS -15+100i | 24-470i | -7095 | -2318-6003i
vy -40+2651 | 522-9920i | -6840 | -565-74251
v 1476-98861 | -53-+1016i | 131 | 6+200i

Cauchy problem, the Fuclidean norm of which for each ¢ is shown in Fig.
5. In all four cases, despite the significantly different initial conditions, the
solution has a maximum. Moreover, when using straight lines 3 and 4, the
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solution is real-valued in one case and complex-valued in the other, with
both solutions increasing by almost two orders of magnitude.

3.2.2. Infinite strip panel flutter model. We will examine the model
previously discussed in works [14],[16]. The dimensionless equation for the
perturbed state u(¢, x,y) of an infinite plate has the form
2 ou 0%u
MA u+’yz7Vu+'yat +ph8t2 =0.

Here ¥ is the free-stream velocity, A? is the biharmonic operator, + is the gas
specific heat index, E is Young’s modulus, h is the constant plate thickness,
v is Poisson’s ratio, p is the material density, and M = Eh3/(12(1 — v?)) is
a constant.

Different methods of fastening the strip edges at y = 0 and y = 1 are
described by the corresponding boundary conditions. For hinged and rigid
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edge fastening, they are:

2
u:O,%:O and u:07@=0
oy? Ay
respectively.

Substituting a solution of the form u(t, z,y) = ¢(t,y)e into the equa-
tion and boundary conditions leads to an initial-boundary value problem
with one spatial variable for each fixed «. For finite-dimensional approxima-
tion of the boundary value and spectral problems, it is necessary to discretize
the differential operators taking into account the boundary conditions. For
this purpose, matrices of collocation derivatives are used, the choice of which
is described in more detail in the paper [14]. We only note that for the case
of hinged fastening, the matrices described in the paper [17] are suitable,
and for rigid fastening, those in the paper [18]. As a result, we obtain the
Cauchy problem for a system of second-order ordinary differential equations

dp  dp

phﬁJrvEJngo:O,

—iax

where

C = M[D% — 20a°D3% + o*In] + yv, Dy — iayv, Iy,
Dy is the collocation matrix derivative, I is the identity matrix. Using the
standard transition to a new unknown vector function, we obtain a first-order
ODE system, but twice as large:

d _|C Al |0 phl B ©®
Bdtw—AdJ,WhereA—[O I]’B_[I 0],@[1—(%@ , (4)
We fix the value of the velocity vector components v, = 0.1606, v, = 0

for hinged fastening, v, = 0.0906, v, = 0 for rigid fastening and calculate
the initial data for the Cauchy problem using Algorithm 2 with the following
constant values:

a=1,~v=14, E=7-10°, h=3-1073, v =0.33, p=2.7-10%, N = 30.

Note that the values of o and ¥ are such that the entire spectrum of the
pencil A — wB is located strictly in the left half-plane.

In the case of hinged edge fixation, the first step of Algorithm 2 performs
a spectrum dichotomy with respect to the following lines:
1. line Re w = —0.08 (see Fig. 6, top left, marked in red);
2. line Re w = —0.02 (Fig. 6, top left, black);
3. line I'm w = —1578 Re w — 134 (Fig. 6, top left, blue).
When the strip edges are rigidly fixed, a spectrum division with respect to
the lines is used:
1. line Re w = —0.08 (Fig. 6, top right, red);
2. line Re w = —0.02 (Fig. 6 top right, black);
3. line I'm w = 10 (Fig. 6 top right, blue).
The dependence of the norm of solutions to the Cauchy problem (4) on ¢ with
initial data obtained using Algorithm 2 can be seen in the central and lower
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Fia. 6. Top: eigenvalues of the pencil A — wB and the lines
with respect to which the spectrum is divided (on the left,
hinged fastening, on the right, rigid fastening); the norm of
the solution of the Cauchy problem for the system (4) (in the
center, hinged fastening, below, rigid fastening).

panels of Fig.6. For both the hinged and rigid fixations, using lines 1 and
2 (red) leads to a solution that exhibits a slight increase and an extremely
slow decay. The latter is likely due to the critical eigenvalue being very close
to the imaginary axis.

The use of line 3 (blue color) for dichotomy in both cases allows us to
obtain solutions that sharply increase by two orders of magnitude, while the
rate of subsequent decrease is just as small as in the cases of lines 1, 2.

3.2.3. Navier-Stokes system. By analogy with the derivation of the Orr-
Sommerfeld equation, the linearization of the Navier-Stokes system of equa-
tions for a viscous incompressible fluid

ou 1
B + (U, V)U =-VP+ EAU’
divU =0
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F1a. 7. Eigenvalues of the matrix pencil A+iwB (6) and lines

dividing the spectrum into parts (left), norms of solutions of
the system (6) (right).

in the neighborhood of a plane-parallel Poiseuille flow U = (1 — y2,0,0)7,
P = —2z/Re relatively small perturbations of the form

[u(t,y),v(t,y), w(t,y)] e @@ +82) p(t,4)e'@®+82) and successive elimination
of variables leads to a one-dimensional initial-boundary value problem for

the function v :
0’ 20
iRe | =— —k?) —v=
(3y2 ) ot
2 0? 2 ’
taRe(1 — -1z —k + 2iaRe
(iaRe(1 —y?) — 1) ( o5 )

V|y=t1 = Vy|y=t1 = 0, v|t=0 = vo
Here —1 < y < 1, Re is the Reynolds number, x? = o? + 2. We use
the collocation matrix derivatives Dy (see [18]) to discretize the derivatives
with respect to the variable y (y; are the collocation points), resulting in the
Cauchy problem for the system of ordinary differential equations where

(5)

v,

Bifu = Av, where
dt

A= (z’aRe diag(1 — y2) — I) (D% — k2I)® + 2iaRe , (6)
B =iRe (D% — k2I)°.

For the numerical experiment, we use the parameter values Re = 5000,
a = 1.02, g = 0, for which the zero solution is asymptotically stable, and
the number of collocation points N = 100. We obtain the initial vector v
using Algorithm 2. The dichotomy method is applied with respect to the
following lines:

(1) line I'm w = —0.05 (Fig. 7, red);
(2) line Re w = 0.4 (Fig. 7, black).
In Fig. 11, the left shows how these lines divide the spectrum of the matrix

pencil A+iwB, and the right shows the norms of the solutions to the problem
(5) for these two cases. It can be noted that both obtained solutions grow
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over the initial time interval, with the growth amounting to approximately
two orders of magnitude.

4 A priori estimates of solutions of the Cauchy problem

For the maximum norm of the solution of the Cauchy problem for the
system 3y’ = Ay there is a well-known estimate obtained by M.G. Krein [10],

[19]:
ly()]] < v/cond (H)e™"/CIHI |y,

where cond is the condition number, and H is the solution of the Lyapunov
equation

HA+ A*H = —1,

which can be represented in integral form
1 [t
H= / (A* +icl)"rC(A —icl)~ e, C =1,
27 J_ o

and coincides with the matrix criterion for the dichotomy of the spectrum of
the matrix A with respect to the imaginary axis. In practice, this estimate
is usually quite high, but for a large value of cond (H) it is a warning that
the solution may grow significantly over the initial time interval.

The following theorem also describes the conditions under which a solution
to the Cauchy problem with a local maximum can exist. Note that the
theorem provides not only an upper bound but also a lower bound.

Theorem 1. Let the matriz A have its entire spectrum in the left half-plane.
Let the angle between two fized eigenvectors be «, and let the corresponding
eigenvalues be N\j = o + i85, 7 = 1,2, a1 < ag < 0. Then there ewists a
solution to the Cauchy problem y' = Ay, y(0) = yo, ||yol| = 1, with a local
mazimum of the norm M such that

a2 — Q1 Q2 — Qg

ctg o
|az|

61<M<ctga< €1+2>+1, for as # iy

o |

(7)
ctgae®2™/ (B2=B1) < M < 2ctga + 1, for ap = oy

The proof is in the next section. The estimate (7) involves eigenvalues and
angles between eigenvectors, and these parameters sometimes cannot be cal-
culated with acceptable accuracy. The following assertions allow us to re-
place them with quantities calculated using the matrix spectrum dichotomy
method.

First, we present a theorem on estimating angles.

Theorem 2. Let P and I — P be projections onto invariant subspaces of a
matriz. Then the angle between these subspaces satisfies the estimate
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1P|? —1 5
P < ctea < VIPP-L (8)
The proof is given below (section 5).

Note. If eigenvalues are separated using the dichotomy method, then the
corresponding eigenvectors are located in different invariant subspaces, and
the angle between them will be greater than the angle between the subspaces.
Therefore, using the right-hand inequality (8), we can strengthen the upper
bound (7). To strengthen the lower bound, the information obtained from a
single application of the dichotomy method is insufficient.

Next, we’ll consider a method for estimating the real and imaginary parts
of eigenvalues. We’ll assume that the matrix spectrum is separated relative to
a straight line using an algorithm based on a linear-fractional transformation
of the complex plane, mapping the imaginary axis to the unit circle (see [14],
[15] for more details).

Consider the transformation of the complex plane A = % In this case,
the spectral problem (A — AI)v = 0 is transformed into a problem for the
matrix pencil det((A+1)—&(I —A)) = 0 and the spectral parameter . This
fractional-linear transformation maps the imaginary axis in the plane of the
parameter A to the unit circle in the plane of the parameter £&. Thus, the
problem of dichotomy of the spectrum of the matrix A with respect to the
imaginary axis is equivalent to the problem of dichotomy of the spectrum of
the pencil Ag — £By with respect to the unit circle, where A9 = A+ 1, By =
I — A. As a criterion for the absence of a spectrum (spectrum dichotomy)
of the matrix A on the imaginary axis, the criterion for the absence of a
spectrum of the pencil Ay — £By on the unit circle can be used:

1

T 2r

2w ) )
H / (Ag — €YBy) *C(Ag — ewBo)_ld@.
0
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Fi1G. 9. Scheme for estimating the location of eigenvalues.

If the pencils A — AB and Ay — £By have no eigenvalues on the imaginary
axis and the unit circle, respectively, then the pencil Ay — £By also has no
eigenvalues in the annulus between the circles C),, and C/,, centered at zero
and with radii 0 < p; < 1 and 1 < 1/psy (see Fig. 8), where p; is the largest
modulus of an eigenvalue of the pencil Ay — £By that lies inside the unit
circle, and 1/po is the smallest modulus of the eigenvalues that lie outside
the unit circle. The preimages of these circles are the circles C_ and C,
lying in the left and right half-planes, respectively. The parameters of these
circles are described by the following theorem.

Theorem 3. For the radii R—, Ry of the circles C_, Cy and the distances
S_, St from them to the imaginary axis, the estimates are

Ry < VI[[H[P =1, S+ > | H|| = VI H[* = 1. 9)

The proof is given in the next section.

Note. To perform a dichotomy of the spectrum of a line parallel to the
imaginary axis and passing through the point a, we must apply the described
approach to the matrix A — al.

This theorem allows us to obtain estimates for the eigenvalues by applying
the dichotomy algorithm three or four times. For example, if the eigenvalues
A1,2 are real (see Theorem 1), then estimates for them can be obtained
by applying a dichotomy using three lines: the line separating A;2, the
imaginary axis, and the line lying to the left of both eigenvalues, as shown
on the scheme 9. Let us consider the dichotomy of the spectrum with respect
to the line z = a, where A\ < a < Ao, that is, \; is in the circle St on the
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left, and As is inside S—lk on the right. In this case, the inequalities will be
established

ST +8L <A — A\ <S4St +2(RL+RY),
a—St —2Rr! <\ Sa—Si, a—f—S_ls_ < X Sa—i—S_li_—i—QRi_.
The dichotomy with respect to the imaginary axis allows us to obtain esti-
mates
Ao — M <2R%, —S2 —2R? < \q, M\ < -5
And finally, if we perform a dichotomy of the spectrum with respect to the

line x = b, where b < A1 < A2, then the following estimates for A\; 2 will be
obtained:

Xy — A1 < 2R%, b+ ST <A, A <b+ ST +2R7.
If the imaginary parts of the eigenvalues A; o are nonzero, then to estimate
their difference (see theorem 1), we must perform a dichotomy of the line
parallel to the real axis and separating the eigenvalues of interest.

As an example, consider the Cauchy problem dy/dt = Ay, y(0) = yo,
where

|1 cosa |\ 1 —ctga a = 0.01,
A= {0 sina] [ AJ {o ! ] M=-3 d=—2 10

sin «

The results of calculations according to the scheme described above are pre-
sented in the Table 1. These data allow us to obtain estimates for the
eigenvalues

—3.0088 < \; < —2.9869, —2.0294 < \; < —1.8481. (11)

TABLE 2. Results of applying the dichotomy and theorem 3.

line Re A = —2.5 | line ReA =0 | line Re A = —5
p+ | 0.3848 0.0545 0.5373
p— | 0.3603 0.5023 0.1518
Sy 10.4443 0.8966 0.3010
S_ 10.4703 0.3313 0.7364
R, | 0.9034 0.1093 1.5107
R_ ]0.8281 1.3436 0.3108

Also, the dichotomy with respect to the straight line Re A\ = —2.5 allows
us to obtain estimates for the angle between the eigenvectors:

49.9958 < ctga < 99.9967. (12)
We also use Algorithm 2 to obtain the initial data of the growing solution:

~ [~0.00499998
Yo =1 0.99998750 | -

Figure 10 shows the norm of the obtained solution, as well as the lines
denoting estimates of its maximum. The blue and green lines were obtained
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Fi1G. 10. Comparison of the actual maximum norm of the
solution and its estimates

by substituting the known values of A\; 2 and « (10) into the estimates of the

1 theorem. The red and pink lines denote the estimates that follow from the
1 theorem, but using additional estimates (11), (12).

5 Proofs of Theorems
Proof of Theorem 1.

Let A be an arbitrary diagonalizable matrix. We fix a basis such that
the first eigenvector coincides with the first unit vector, and the second

eigenvector is decomposed into a linear combination of the first two unit
vectors. Then we have the representation A = TAT ™!, where

[1 cosa % - %] [\ i
0 sina * --- * A9
70 0 x| - A3
_0 0 * * | i )\n_
Let’s consider the Cauchy problem
d
Y= ay,
Ylt=0 = o

and choose the initial data in a special way yo = [37, 9,0
the solution to the Cauchy problem has the form

R 6>\1t 0 . 077
e vl
At 0

-,0]7. Then

Ys

0 sino

, Where T = [1 cos a]
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Thus, to study the behavior of the solution of the Cauchy problem (13), it
is sufficient to consider its two-dimensional analogue by the matrix

A=TAT™" (14)
Then the matrix exponential is a triangular matrix

At _ [1 cosa} [e’\lt ] [1 —Ctga] B [e’\lt ctga(e?t —e’\lt)]
= )\2t - )
e

: 1 Aot
0 sina e 0 e

the solution to the Cauchy problem has the form

LAt [y?] _ [eklty? + ctga (et — em)yg}
0| — Aaot, 0
Ya €Yy

and satisfies the estimates
ey +etga(e =Myl < Jly(t)]] < [eMy+etga(e —eMh)yd ey,

Let us take into account that [|yo|| = 1, ReA; < 0, and set 4 = 0,5 = 1,
then

letga(eX2! — M) < [ly(t)]] < Jetga(e®’ — M)+ 1. (15)

Thus, the local maximum of the solution is formed due to the growth of the
function ctgale?t — eM?|, while the factor ctga plays a scaling role. We
examine the maximum of the function E(t, A1, Ag) = |e?2t — eM?|:

E(t, A, )\2) _ ’e(a2+i52)t € 6(062+i/31)t o e(a1+iﬁ1)t|’

that is, the growth estimate depends on two different values

E — ’e(ag—‘riﬂg)t _ e(a2+iﬁ1)t|’ Ev — ‘e(cm—‘riﬂl)t _ 6(&1+iﬁ1)t"

Note that the point e(®1+#1)? Jies on the circle of radius e®2?, and the points
ela2tif)t apq ele2ti82)t Jie on the circle of radius e®t, given that e®2t > et
Since e(@1 Bt and ele2tif1)t Jio on the same radius, and e(® Tt and
ele2+iB2)t e on a chord, the lower bound holds E < E. The upper bound
follows from the triangle inequality:

E<E<E+E. (16)

Therefore, to estimate E, we need to obtain upper and lower bounds for E’,
and upper bounds for E. However, in the exceptional case where o = ao,
the equality £ = F holds, so in this situation, a lower bound for F is
required.

We examine F and E separately. The function E can be transformed as

follows.

B2 — B

t
2

sin

B = eazt’ei(52+ﬂ1)t/2Hei(ﬁz—/ﬂﬁ)t/Q _ e—i(ﬁz—ﬂl)t/2, — 9p%2t

The upper bound in this case is obvious: M < 2, where M = maxE.
Note that the maximum of the function F is achieved within the interval
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t € (0,7/(B2 — B1)), so on its boundary t = 7/(B2 — 51) the relation M >
2e227/(B2=B1) s true. As a result, we obtain a two-sided bound

2¢e02m/(B2=P1) < Nf < 2. (17)

Let M = max E. To estimate this value, we transform the function F using
the mean value theorem
E = — e =t e (ag — 1), where a; < € < ao.
Then for all ¢ > 0 the following inequalities hold:
(g —aq) t e < E< (g — aq) t e,
Equating the derivatives of the majorant and minorant with respect to t to

zero, we find that they reach their maxima at ¢t = —a2_1 and t = —al_l,

respectively. Substituting these values into their arguments, we obtain the
estimates

(18)

Combining the estimates (15), (16), (17), (18), we arrive at the justification
of the statement of the theorem 1.

Proof of Theorem 2. Let us prove the left-hand side of the inequality.
Let U be the matrix whose columns form an orthogonal basis for the subspace
of dimension [ that is the image of the transformation P. Similarly, let V
be the matrix consisting of orthogonal m basis vectors of the image of the
transformation I,, — P, [ +m = n, and I,, the identity matrix of size n.
We introduce the matrix W = [U,V]. For the projection P, the following

representation holds:
_ I, 0O 1
P=W < 0 0 > W=,

where I; is the identity matrix of size [. This implies that ||P| < ||[W| |[W =Y.
It is known that

Omax(W) = Sup Wzl omin(W) = Hiﬁlfl Wz
zl|=1 Zl|=

Let us consider the norm ||[Wz|| separately and split the vector z into two
subvectors: x of size [ and y of size m. For them, the following chain of

y y

= <[Zi=1 iU + 3270 ijj]) ; <[Zi=1 iU + 3270 ijj]) =
= iy [+ Xy 12+ ey S (e + ) =
=14 (Cy,z) + (z,Cy) =1+ 2Re(Cy, )

where ¢;; denotes the scalar product (U;, V;). Further, we need to find the
supremum and infimum of the expression 2Re(Cy, ), where ||z||%+]|y||? = 1.
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We divide C,z,y into real and imaginary parts, where C' = @ 4 iQ),x =
a+if8,y =&+ in. Substitute (Cy,x) into the expression

(Cy,z) = (B¢ — Qn+i(On + Q6), e +1B) =
and we get
2Re(Cy,x) =2 [(B€ — Qn, a) + (06 + Q&, B)] .

Since (z,z) = (a,a) + (8,8), (y,y) = (&€ + (n,m), then the Lagrange
function for determining the conditional extremum has the form

L=2[(0¢=Qn,a)+ (On+ Q¢ B)]+o [(£,€) + (n,n) + (e, a) + (8, 8) — 1] .

By equating the expressions for the derivatives to zero, we obtain a system
of equalities

Lo =2(Re(Cy+o0x)) =0, Lg=2(Im(Cy+ox)) =0,
L¢ =2(Re(C*x 4+ 0y)) =0, L, =2Im(C*z+oy)) = 0.
From these it follows that the parameter ¢ is the singular value of the matrix

C, taken with the minus sign, and  and y are the corresponding singular
vectors, while

(Cy.2) + (Cy) = —o||z]|" + [|u]") = —o.
From this it follows equalities

sup  [(z,Cy) + (Cy, )] = omax(C),
|2+ 1yl1=1

inf — [(z,Cy) + (Cy, z)] = —omax(C).
=2 +lylI>=1
This means that the following estimates hold for the matrix W
(UmaXW)2 =1 + Umax(c)a (UminW)2 =1- Umax(C)-

Further, we note that if v and v are some normalized vectors spanned by
U; and V}, respectively, then

1= lul| = |Uall = llall, 1= jo] = [Vl = [|b].

Moreover, the cosine of the angle a between the subspaces satisfies the fol-
lowing representation:

|cos | = max |[(u,v)]= max [(Ca,b)|=|C|
ull,floll=1 " llall,llb]l=1 ’ ’

from which it follows that

Omax(W) = /1 + | cos al, Omin(W) = /1 —|cos a.

Using these equalities leads to an upper bound for the projector norm:
1 omax(W) V1 +cosa o
[Pl < [[WI[W= = — = —— = ctg.
Umln(W) m 2
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Let’s consider the formula for the cotangent of a double angle:

2
ctg a = %
2ctgs
and note the monotonic increase of the function (z? — 1)/z for z > 0. This
implies the inequality
IP|I” —1

2|l
Thus, the left-hand side of the inequality is proven.

The proof of the right-hand side of the inequality is as follows. Fix vectors
u ="' aU and v = > j=1b;V; such that the angle between them is
minimal. Among the vectors orthogonal to v, choose a vector z, ||z| = 1,
such that the projection of x onto the subspace spanned by the columns
of U Px = cu is a vector collinear to u. Vectors u,cv and z form a right
triangle such that one leg is vector z, the other leg is directed along vector
v, and the hypotenuse is directed along vector u. By the definition of sine,
we obtain the equality

ctga >

Next, we easily obtain

V1 —sin?a

—— <V/J|P|? -1
sin

Thus, the right-hand side of the inequality is also proven.

ctg a =

Proof of Theorem 3. Consider the circle C),. Its equation is €€ = p2.
It is easy to establish that the equation of its preimage C_ is

- 2 2 -
A= (1- 5 | A—(1— 5 | A+1=0.
L—p1 L= py

It follows that the center of this circle is at the real point O_ = —(1 +
p3)/(1 — p?), and the radius is R— = 2p;1/(1 — p?). This means that the
distance from the circle C_ to the imaginary axis is S_ = (1 — p1)/(1+ p1).
Similarly, we obtain Ry = 2p2/(1 — p3) and S = (1 — p2)/(1 + p2). Next,

we use the estimate p12 < Hg”;}

[10], which results in the inequalities

(9). The theorem is proved.

6 Conclusion

In this paper, for initial-value problems satisfying the spectral stability
criterion, a mechanism for the formation of solutions that grow over the
initial time interval is revealed. Theorem 1 shows that the initial data of
such solutions are special linear combinations of non-orthogonal eigenvectors,
with the local maximum of the solution proportional to the cotangent of the
angle between them. Theorem 1 also substantiates a two-sided estimate
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for the maximum value of the solution norm. While the upper bound is,
in a sense, a refinement of M.G. Krein’s well-known estimate, the lower
bound represents a new tool for analyzing ODE systems. The presence of
this estimate indicates that the system has a solution that, given normalized
initial data, grows beyond a given value. Theorems 2 and 3 allow us to obtain
estimates without calculating eigenvalues and eigenvectors, but by applying
the matrix spectrum dichotomy method and estimating the positions of the
eigenvalues. The angle between the eigenvectors is estimated using the angle
between the subspaces in which they lie. This fact suggests that the left-
hand side of the inequality (7) can be strengthened in this way only for 2 x 2
matrices, as shown in the example (10). To correctly strengthen the lower
bound for the maximum of solutions in the case of matrices of arbitrary size,
it is necessary to use more information about the pseudospectrum spots,
which will be the subject of the authors’ next paper.

Two algorithms were developed to obtain initial data for locally increas-
ing solutions. Using these algorithms, locally increasing solutions were con-
structed for two flutter models and a linearized Navier-Stokes system in the
neighborhood of plane-parallel Poiseuille flow. It should be noted that the
presence of locally increasing solutions in linearized problems may explain
so-called «practical» instability.
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