2.8.2. Affine Maps.

In this section, we discuss affine maps in the same spirit as we have discussed
nonhomogeneous linear systems in Section 2.6.

Let L be a d x d complex matrix and let { g, }3°, be a given sequence of complex
d-vectors. For each integer n > 0, we consider the map

L-l—gn:(Dd—>(Dd x+— Lx+g,.
The objective is to understand the behavior of the sequence { z,, }°2, defined by

(8.5) Tp =Lxp_1+gn_1, n>1, xgarbitrary.

Example 8.3. Consider the nonhomogeneous differential equation & = Ax + g(t),
where A is a d X d constant matrix and g is a continuous d-vector. The variation of
constants formula for this equation is

¢
x(t) = eA(t_T):z:(T) + / eA(t_S)g(s) ds = eA(t_T):z:(T) + / eA(t_T_S)g(s + 7)ds.
T 0

If we define z(n) = x,, n > 0, and take t =n, 7 =n — 1, then, for n > 1, we have
1
Ty = ez, 1+ / eA(l_S)g(s +n—1)ds=Lxp_1+ gn-1,
0

where L = e4, ¢g,,_1 = fol eA1=%) g(s+mn—1)ds. In this way, we obtain a special case
of a map (8.5). This map is called the time one map of the differential equation and
the point x( is the initial condition.

Exercise 8.3. Suppose that g is a continuous 1-periodic d-vector function, A is a
constant d x d matrix and consider the equation & = Ax + ¢(t). Show that the time
one map is given by L + go, where L = e? and gy = fol eA(l_S)g(s) ds. Recall that
fixed points of L+ gg correspond to 1-periodic solutions of the differential equation. If
the orthogonality condition in the Fredholm Alternative is satisfied, then there must
be a fixed point of L + gg. Interpret this condition in terms of the left eigenvectors of
L corresponding to the eigenvalue 1.

The analogue of the variation of constants formula for the sequence in (8.5) is to
express the value of x,, in terms of the initial condition x(, the operator L and the
sequence { g, }. It is easy to verify that this is given by

(8.6) Tn =Lz + X0 LV g5

2.8.3. Stability and Perturbations.

In this section, we give some simple results concerned with the effects that per-
turbations of a linear map on R? will have upon the stability of the origin. They are
obtained by means of the variation of constants formula and simple inequalities.
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Theorem 8.2. Suppose that L is a real d X d matrix, M,, n > 0, are real d x d
matrices satisfying

(8.7) mo = sup{ |My,|,n >0} < o0
and define the sequence
(8.8) Tp = (L+ My_1)xyn—1, n>1, xg arbitrary.

If the origin is a global attractor for the map L, then there are constants k > 0, 0 <
c <1, >0 such that, if my < 9, then

(8.9) |zn| < ke™|xo|, n > 1.

Proof. If we consider the term M, _q1x,_1 as a nonhomogeneous term, then the
formula (8.6) yields

Tp = L'og+ X1 L" 7 Mz, n>1.

Since the origin is a global attractor for L, it follows from Lemmas 8.3 and 8.2 that
there are constants k1 > 1, 0 < ¢; < 1, such that |L"| < kic} for n > 0. Thus, we
can obtain the following estimate for n > 1:

[@n] < krctlzol + Sp=g kici ™ My ]

< kyct|xo| + E;L:_()lmoklc?_l_ﬂxﬂ .

If ¢; = 0, this inequality is |x,| < moki|Tn_1|, n > 1, and so |x,| < (mok1)"™|zol. If
moky < 1, we have the conclusion in the theorem by taking any fixed § < kl_l, k=1,
¢ = dky. Let us now assume that ¢; > 0. If we let y; = ¢;”’|x;|, j > 0, then we have

Yn < k1yo + k1moc1_12?:_olyj :
If we define a sequence { z,, n > 0, } be replacing the inequality by equality and let
20 = Yo, 21 = klzo—i-klmocl_lzo, then y,, < z, for alln > 0. The sequence { z,,, n > 2}

satisfies the relation

-1 -1
Zn = ]{7120 + k1m001 2?:0 Zj

= Zn_-1+ klmocflzn_l = (1 + klmocl_l)zn_l .
This implies that
Zn < (1 + klmocl_l)”_lzl < kl(l + mocgl)(l + klmocl_l)”_lzo
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for n > 0. Since y, < z, for all n > 0 and y; = cl_ja:j for all 7 > 0 and k1 > 1, we
deduce that
Ty < kit (14 kymocey M) o

for n > 0. Since 0 < ¢; < 1, we can choose ¢ > 0 so that ¢ = ¢1(1 + kldcl_l) <1.1If
mo < 6 and k = kq, then we obtain the conclusion stated in the theorem.

Exercise 8.4. For a sequence of real numbers a,, > 0, n > 1, show that the infinite
product [[77 (1 + a,) converges if the infinite sum %52 v, converges. Hint. The
mean value theorem shows that there exists 6,, € [0, 1] such that

On
< ay,.

log(1 + a,) =log(l + ay,) —logl = Thoa, =

Exercise 8.5. Consider the mapping
Zn=U+ Mp_1)zn—1, n>1, zy arbitrary.

Use the previous exercise to find sufficient conditions on the matrices M,,_1, n > 1,
which will ensure that there is a constant k such that |z,| < k|zo| for all n > 0 and
all 20-

Theorem 8.3. (Principle of Linearization) Suppose that f € C™(RY, R%), r > 1,
and xg is a fixed point of f. If L = 0f(x()/0x and p € (L) implies |p| < 1, then the
fixed point xq is a local attractor of f.

Proof. If we replace f(x) by f(z+xg) — xg, then we can assume that the fixed point
is 0. Let g(z) = f(z) — Lx. In this case, for any € > 0, there is a 6 > 0 such that
l9(2)| < e|z| if |z] < 8. If € € R? is given and we let zg =&, x,, = f"(€), n > 1, then

Tp=Lxn_1+9g(xn_1)=L"E+ E;L:_(}L”_l_jg(xj) .

There are constants k£ > 1, 0 < ¢ < 1, such that (8.3) is valid. If we suppose that
|zj| < d for 0 < j <n—1, then we can use (8.3) to obtain the estimate

|z, | < kc™[E] + keE;.Lz_Olc”_l_j\xj\ )

If we let y; = ¢™|xz;|, j > 0, then we have

Yn < kyo + keZiTly; .
Now we proceed exactly as in the proof of Theorem 8.2 letting e play the role of
mg. In this way, there are constants ¢g > 0,59 > 0, 0 < ¢; < 1,k > 0, such that
|z | < kic}|€| as long as |z| < dp, 5 = 0,1 ..., n— 1. If we choose §; > 0 so that
k101 < 09 and take |£| < 01, then we have the conclusion stated in the theorem.

3



2.8.4. Quadratic Liapunov functions.

For a linear autonomous ordinary differential equation for which the zero solution
was an attractor (asymptotically stable), we showed that there was a positive definite
quadratic form for which the derivative along the solutions was a negative definite
quadratic form. In this way, we had a very geometric understanding of the meaning
of the attractor in terms of the vector field crossing the level sets of the quadratic
form. We show there is an analogous interpretation for the situation of a linear map
with all eigenvalues of modulus < 1.

If A is a given d x d constant matrix, let 2/ = Az for z € R%. If V : R? — R is
a continous function, then the analogue of the above derivative along the solutions is
V(z") = V(z). If V(x) = 2* Bz is a quadratic form, then

V(z') - V(x) =2*(A*BA — B)x.

If B is positive definite and this quantity is negative definite, then A"x — 0 asn — oo
(prove this); that is, the eigenvalues of A have modulus < 1. Is it possible to show
that there is such a function V if the eigenvalues of A have modulus < 1?7 We state
the following result without proof (see, for example, LaSalle, Appl. Math. Sci. 62,
p.36).

Lemma 8.3. Suppose that A, C are given d x d matrices. The equation
(8.9) A*BA—-B=-C

has a solution if and only if A has the property that, if p # 0 is an eigenvalue of A,
then p~! is not an eigenvalue of A.

Now, suppose that the eigenvalues of A have modulus < 1. Then the conditions
of Lemma 8.3 are satisfied. If we choose C' = I, then there is a unique solution B of
(8.9). For any € > 0, by a change of coordinates, we can suppose that each Jordan
block for A has an € in the upper diagonal. Therefore, if we choose € sufficiently small,
then it is clear that B is positive definite. If we let V(x) = 2* Bz, then V serves as a
Liapunov function and V(z') — V(z) = —z*z, as we wanted.

Exercise 8.6. Give proofs of Theorem 8.2 and Theorem 8.3 using a quadratic Lia-
punov function.

Exercise 8.7. Prove the following result. Suppose that f € C"(RY, R?), r > 1, and
xo 15 a fived point of f. If L = 0f(xo)/0x and p € o(L) implies |p| # 1, and there is
at least one p € o(L) with |p| > 1, then the fixed point xo is unstable.






