1 Differential equations

A general scalar differential equation can be presented in explicit form,

y " = F(ty.y .y Y) (1)

or implicitly,
Gt,y,y,y™) =0 (2)

Here y (y) is the dependent variable and ¢ is the independent one.

An initial condition for equations such as and above are assignments
of the form y(to) = yo,0, ey D (1) = Yon—1 and a problem of the form
or with an initial condition is called an initial value problem (IVP). There
are also other forms of selecting solutions, such as boundary value problems, in
which the values of the function and a sufficient number of its derivatives are
prescribed at two points. Such are eigenvalue problems, e.g. finding the As for
which " = Az, z(0) = 0,2(1) = 0 has nonzero solutions, and the solutions
corresponding to those special As.

An explicit nth order system of equations has the generic form

y™ =F (t,yyy’,y”, : ‘-y(”_”) (3)

One can similarly define implicit systems, higher order systems and so on.

Most equations are not solvable in closed form. Even very simple equations,
such as the Abel equation 3y’ = y® + z are not solvable in closed form. A closed
form solution would be one given in terms of simple operations involving ele-
mentary or special functions. In fact, what is “special” about special functions?
One feature is that there behavior is opposite to being chaotic. There are other
important qualities they have. And what is chaos? We’ll discuss these later in
the course.

A system that received substantial attention is the Lorenz system

x':(f(y—x),
y=z(p—2)—y, (4)
Z=uxy— Bz.

where “dot” is differentiation. The system exhibits chaotic behavior (op-
posite to “integrable behavior”) and the trajectories are attracted toward a
“strange attractor”, see Fig. We will analyze this system in more detail
later. Given how well-behaved elementary and special functions are, it is “clear”
that the solutions of cannot be given by some explicit closed-form expres-
sion. Proving this is another matter. What is remarkable about this system
is of course its apparent simplicity, and also the fact that it arises naturally in
many applications, including the Rayleigh-Bénard convection in fluid dynamics.



Figure 1: The Lorenz attractor

We will learn how to handle these systems, obtain as much information as
possible using other tools than simple explicit integration. In fact, often even
when explicit formulas exist, they may be quite cumbersome, and the questions
we need might be answered in better ways than relying on the exact solution.

General questions of interest pertain to existence of solutions and uniqueness
of solutions of an IVP, the behavior of the solutions near the initial point, domain
of existence, either in R or in C, behavior for large values of = (the asymptotic
behavior) if the solution does exist for large = or near other special values of z.
It is this kind of questions that we will mostly address. The question of explicit
solvability is also one that can be addressed answered to a good extent, and
worth pursuing since, while nongeneric, integrable equations play special role in
physics and other applications.

1.1 Phase portraits

These are especially useful for 2-systems of autonomous equations, equations of
the form where n = 1 for two dimensional vectors, and where there is no
explicit dependence on z. Two dimensional systems are important, often orig-
inating in problems in mechanics. They have properties that do not generalize
to higher order, and are simpler in a number of ways. They deserve a special
place in our course.

For notational simplicity we take y; = y,y2 = x. Thus we will look at



systems of the form
o' =F(z,y); y =G(a,y) (5)

The vector field associated to (5]) is the set of all vectors which equal (F(z, y0), G(20, yo)
(or a common nonzero multiple thereof) at all points (zg, 7o) € R?. Points where
(F(z0,Y0), G(x0,y0) = 0 are called critical points of the field, and they play an
important role in the study of systems of ODEs.

Trajectories are defined as the curves (or points!) {z(t),y(t)) : t € [0,a),2(0) =
20,%(0) = yo} where a, depending on the solution is usually taken as the maxi-
mal existence time and may depend on z, 7o; it may be that a = oo.

Of course, when a solution can be written explicitly, such as in the system

o' =y =2y = a(t) = 2(0)e', y(t) = y(0)e* (6)

Here we see that y = Az% A = y(0)/2(0) (assuming z(0) # 0) and it is easy
to draw the phase portrait: just a bunch of parabolas, see Fig. except for
degenerate one when A € {0,00} when the trajectories are straight lines, and
the important exception (0,0) which is a solution in itself, a critical point of the
system.
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Figure 2: The system @: vector field and some trajectories.

The arrows represent the vector field associated to (9): at the point (z,y)
we have a vector proportional to (z,2y).
If we take now
¥ =ye¥ y = xe® (7)

we can still solve the equation by means of nonelementary integrals of nonele-
mentary functions.
An implicit solution is obtained by separation of variables,

(y—1eY =(x—1)e"+C (8)



It is not immediately clear how these curves should look like as a function of C,
and we are better off by constructing the phase portrait in a more qualitative
fashion. Trajectories do not intersect except at critical points or singular points
of the functions.

It is clear that a trajectory is tangent to this vector field. In principle, we can
draw the phase portrait by painstakingly drawing many vectors and guessing
the tangent lines, but there are better methods.

For systems with no singularities other than critical points and infinity. The
phase portrait is then topologically determined by the type of critical points,
and the behavior of the solutions for large values of = and y. Special solutions
also help.

If the critical points and singularities are not too many, or too complicated,
it is usually not so hard to draw the phase portrait based on the information
above.

Here, C' = 0,2 = y is a trajectory. * = y = 0 is a critical point, and there
are no other critical points or fixed points. Near (0,0) we have approximately
1’ =y,y = x, that is 22 — y? ~ C that is the curves are hyperbolas. (0,0) is a
saddle point. The phase portrait is symmetric w.r.t. reflection by th line y = .
Check this. For z < 0 large and y, we have |y’| small, thus the lines are nearly
horizontal. Try to determine what happens in the third quadrant, looking at
the cases x/y — —o0, etc.

The phase portrait you obtain should resemble that in Fig. [3| If we take now
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Figure 3: The system

2’ = ysin(ny),y’ = zsin(rz) (9)
we get the implicit representation

sin(my) — wy cos(mwy) = sin(nx) — wx cos(wx) + C (10)



Plotting these curves does not seem very easy. To analyze what happens near
zero is not too hard, and we leave it as an exercise. But the global behavior

Figure 4: The system @, small scale

is another question, and we would need better tools to do a good job for more
complex systems (this example is still simple enough to be analyzed by “ele-
mentary phase portrait” methods). Not to speak that most autonomous ODEs
cannot be solved in closed form, implicit or explicit!

Brush up your knowledge on phase portraits.

Exercise 1. Analyze the phase portrait of @[), and try to explain the patterns
observed in Fig. (Had the points been chosen more carefully the structure
would become more obvious!)
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Figure 5: The system @D, larger scale. The trajectories are gotten by picking
“random” initial conditions, observing the symmetry of the system.

2 Banach spaces and the contractive mapping
principle

In rigorously proving local or asymptotic results about solutions of various prob-
lems, where a closed form solution does not exist or is awkward, the contractive
mapping principle is a handy tool. Some general guidelines on how to construct
this operator are discussed in

In §2.0.1] we discuss, for completeness, a few basic facts about Banach spaces.
There is of course a vast literature on the subject; see e.g. [80].

2.0.1 A brief review of Banach spaces

Familiar examples of Banach spaces are the n-dimensional Euclidian vector
spaces R™. A norm exists in a Banach space, which has the essential properties
of a length: scaling, positivity except for the zero vector which has length zero
and the triangle inequality (the sum of the lengths of the sides of a triangle is
no less than the length of the third one). Once we have a norm, we can define
limits, by reducing the notion to that in R: z,, — « iff ||z — z,,|] — 0. A normed
vector space B is a Banach space if it is complete, that is every sequence with
the property ||z, — .|| = 0 uniformly in n, m (a Cauchy sequence) has a limit
in B.A standard example is the space of complex valued bounded measurable
functions on a set S with the norm ||f|| = supg|f|; this space is denoted by
L*>(S). Note that R™ is a special case ; it is L>({1,2,...,n}).

A function L between two Banach spaces which is linear, L(z+y) = Lz + Ly,
is bounded (or continuous) if || L] := supj =y [|Lz|| < oo.

Definition 1. Let A, B be Banach spaces. The norm ||.|| of a linear operator



L: A — B is simply defined as

L
1Ll = sup [Le] @< sup 1221
llz||=1 z#0 |17l

Assume B is a Banach space and that S is a closed subspace of 5. In the
induced topology (i.e., in the same norm), S is a complete normed space.

2.0.2 The contractive mapping theorem

Assume N : S — B is a (linear or nonlinear) operator with the property that
for any x,y € S we have

IN(y) =N (@) < Ally — | (11)

with A < 1. Such an operators is called contractive on S. Note that if NV is
linear, this just means that the norm of N is less than one.

Exercise 1. Check that contractivity implies continuity: if x,,x are in S and

T, — x, then N(z,) — N(z).

Theorem 1. Assume N : S +— S, where S is a closed subset of B is a contractive
mapping. Then the equation

x=N(x) (12)
has a unique solution in S.

Proof. Consider the sequence {z;}; € N defined recursively by

o = g € S (13)
1 = N(xo)
zj1 = N(z;)
We see that
g2 =51l = I (50) =N @)l < Alagan =51l < - < Vlar —ao| (14)
Thus,
, . J
layapse = zpsall (W 42N ) lar = ol < Tl =zl (15)

and z; is a Cauchy sequence, and it thus converges, say to . Since by N
is continuous, passing the equation for x,1 in to the limit j — oo we get

z=N(x) (16)

that is existence of a solution of . For uniqueness, note that if z and 2’ are
two solutions of , by subtracting their equations we get

lz = 2| = N (@) = N(2")[| < M|l — 2| (17)
implying || — 2'|| = 0, since A < 1. O



Note 1. As we will see, contractivity and therefore existence of a solution of a
fixed point problem depends on the norm. This is the case even for equivalent
norms. An adapted norm needs to be chosen for this approach to give
results.

Exercise 2. Show that if L is a linear operator from the Banach space B into
itself and ||L|| < 1 then I — L is invertible, that is # — Lz = y has always a
unique solution z € B. “Conversely,” assuming that I — L is not invertible, then
in whatever norm || - ||« we choose to make the same B a Banach space, we must
have ||L||« = 1 (why?).

2.1 The abstract implicit function theorem

The Fréchet derivative of a possibly nonlinear operator A in a Banach space, if
it exists, is defined to be the linear operator D, A with the property

[A(z +h) = A(z) — (Dz A)h|| = o(|[A]]) as |[R]| — O (18)

Exercise 3 (Implicit function theorem in Banach spaces). Prove the following:
“Let X,Y,Z be Banach spaces. Assume that the mapping f : X XY — Z
be continuously Fréchet differentiable. If (a,b) € X x Y is s.t. f(a,b) =0 and
Df(a,b)(0,y) is a Banach space isomorphism from Y onto Z, then there exist
neighborhoods A of a, B of b and a Fréchet differentiable function g : A — B s.t.
f(z,9(z)) =0 and f(z,y) =0 if and only if y = g(z), for all (z,y) € A x B.”

2.2 Some guidelines

For writing an ODE, PDE, etc in a contractive form, if indeed there is one,
we have to make sure that the operators we are dealing with can be contrac-
tive. This means in particular, for instance that the operator cannot be one of
differentiation-that operator is unbounded. We then transform first the equation
in an equivalent integral form. Then the norm is chosen so that it is reflective
of the regularity, rate of growth of the actual solutions (the norm should not
underestimate the rate of growth).

3 Examples

3.1 Linear differential equations in Banach spaces

Consider the equation

YI(t) = L)Y (t); Y(0)=Yo (19)

(DThis simply means that convergence in one norm implies convergence in the other (and
vice-versa...).



in a Banach space X, where L(¢) : X — X is linear, norm continuous in ¢ and
uniformly bounded,

sup || L(t)[| < L (20)

te[0,00)

Then the problem has a global solution on [0, c0), and
L
Y < Z1¥allxe " for any a > 0 (21)

Proof. We already have a norm on X, || - ||x which we simply denote by || - ||
Now we have to deal with the time dependence and we need a norm on the
space of functions of t with values in X.

By comparison with the case when X = R, the natural growth is indeed
Celt, so we rewrite as an integral equation, in a space where the norm
reflects this possible growth. Consider the space of continuous functions Y :
[0,00) = X in the norm

[Ylloo,p = sup e Ay (#)] (22)

t€[0,00)

with A < 1 and the auxiliary equation
t
V() = Yo + / L(s)Y (s)ds =: Yo + JY = NY](¢) (23)
0
which is well defined on X and is contractive there since

¢ t
oLt/ / L(s)Y (s)ds|| < LeFt/A / Y oo, s
0

0

= A1 = e )Y lloo,r S AIY oo, (24)

and therefore the operator is contractive in the whole of X. Thus it has a unique
solution which satisfies ||Y (t)||x < constel*.

Note 2. Had we chosen a different norm, say the one above but with A > 1,
then contractivity would fail. Check! This is true even on a compact set in
t,t € [0,7T] if X is too large. But on such a compact set you can check (do so!)
that all norms as above with A > 0 are equivalent!

Since the integral operator J vis linear, we could have proceeded as follows.
Once we have shown that ||J|| < A < 1 we can write

1-D)Y =Yy=Y=>01-J)"1Y, (25)

(1 is the identity operator). The inverse is simply defined by the geometric-like
series (called Neumann series)

1=t =>"Jk (26)



which converges in norm (since || J|| < A < 1, we noted this already). This
expression also shows that

1

N Y < -
10— )7 <

(27)

O

4 Local existence and uniqueness of solutions of
nonlinear systems

Consider the system of equations (or one vector equation if you prefer)

Y =F(z,y); y(zo) =wo (28)

where y € R™, z € R. The second condition, the initial value, makes an
initial value problem, I'VP. You see that by taking y = y + yo, * = Z 4+ x¢ and
13’(56, 7) = F(Z + x0,9 + yo0), we can assume, without loss of generality that our
IVP is

y'=F(z,y); y(0)=0 (29)
For existence of solutions some condition is needed on F', for the simple equation
y’" = f(x) has no solution if f is, say, not Lebesgue measurable (why?) For mere
existence of not necessarily unique solutions, continuity of F' suffices; see [31]

pp. 2-T7.
Existence and uniqueness requires stronger properties. Indeed, the equation

y' =2y"2 y(0)=0

has as solutions y = 0,y = 22 (and many more; can you find them?)

Let D =D, = {2z : |2] < ¢}. We will assume that F : D5 x D? — R" is
L' in x and Lipschitz continuous in y (for some C and all (z,y) € D we have
|F(2, 1) — F(2,y2)| < Clyr = y2l).

By taking smaller €, ¢ if needed, we can assume that F' is continuous up to
the boundary, that is continuous in D, x Wg

We consider the space of continuous functions y on D, with the sup norm,
[ylloc = sup,cp; |yl form a Banach space; call this Banach space B.

We now consider a closed subspace of B, the closed ball B ={y € B : ||y| <
0}.
Exercise. Check that the IVP is equivalent to

y = / F(s,y(s))ds (30)

Let € be small enough. How small that is, we’ll calculate in a moment. We now
consider the nonlinear operator A/ be defined on B with values in B, given by

N = [ " F(s,y(s))ds (31)

0

10



For |N(y)| to be bounded by §, we need that € maxy -, pm |F(s,y(s)] < 4. Check
that this can be arranged by taking e small enough.
For N (y) to be contractive, check that it suffices to have

Ce<axl1

This ensures contractivity and therefore existence and uniqueness of solutions
of the IVP.

4.1 Fixed points and vector valued analytic functions

A theory of analytic functions with values in a Banach space can be constructed
by almost exactly following the usual construction of analytic functions. For the
construction to work, we need the usual vector space operations and a topology
in which these operations are continuous. A typical setting is that of a Banach
algebra, see A detailed presentation is found in [62] and [72], but the basic
facts are simple enough for the reader to redo the necessary proofs.

5 Local existence and uniqueness of analytic so-
lutions: contractive mapping approach

The study of analytic systems mirrors the analysis of §4]
Consider the system of equations (or one vector equation if you prefer)

Y =F(z,y); y(zo) = o (32)

where y € C", z € C. The second condition, the initial value, makes an
initial value problem, I'VP. You see that by taking y = § + yo, * = & + x¢ and

F(z,9) = F(Z + x0,9 + y0), we can assume, without loss of generality that our
IVP is

y = F(z,y); y(0)=0 (33)

We must specify the properties of F'. Let where D, = {2z : |2] < e}. We will
assume that F' : D, x D — C" is analytic in D. x D§ for some § > 0,e > 0.
This means that F' has a convergent Taylor series in (z,y1, ..., yn) in D. x DY.

It is known (by Hartog’s theorem: google it!) that if F' is separately analytic
in each variable (thinking therefore of the others as being “frozen”), then it is
analytic in the stronger sense above.

By taking a slightly smaller ¢ if needed, we can assume that F'is continuous
up to the boundary, that is continuous in Ds x D.

Check that the functions y which are analytic in D. and continuous in D,
endowed with the sup norm, [|y[/oc = sup, 5 y[ form a Banach space; call this
Banach space B.

We now consider a closed subspace of B, the closed ball B = {y € B : ||y|| <

5.
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Ezercise. Check that the IVP is equivalent to

y= / " F(s,y(s)ds (34)

Let € be small enough. How small that is, we’ll calculate in a moment. We now
consider the nonlinear operator A/ be defined on B with values in B, given by

N(y) = / " F(s,y(s))ds (35)

For [N (y)| to be bounded by &, we need that 6maX]DTEXW |F(s,y(s)| <e. Check

that this can be arranged by taking ¢ small enough.
For N (y) to be contractive, check that it suffices to have

oF;
y;

<a<l
R’!L‘)R7l

€ sup
|z|<d;5lyl<e

where the norm of the Jacobian is the usual matrix norm. This ensures con-
tractivity and therefore existence and uniqueness of solutions of the IVP.

Exercise 1. Formulate and prove an analytic analog of the result in in the
case A is analytic in a connected, open and bounded domain in C.

5.1 Choice of the contractive map

An equation can be rewritten in a number of equivalent ways. In solving an
asymptotic problem, as a general guideline we mention:

1. The operator N appearing in the final form of the equation, which we want
to be contractive, should not contain derivatives of highest order, divided
differences with small denominators, or other operations poorly behaved
with respect to estimates and it should only depend on the sought-for
solution in a formally small way. The latter condition should be, in a first
stage, checked for consistency: those discarded terms which contain the
dependent variable, calculated using the first order approximation, should
indeed turn out to be small.

For instance, in Eq. (34) near zero, the approximation

Pl ~ F(s.0)+ (52 ) (.0

where <8F 7) (s,0) is the Jacobian matrix, leads to the approximate equa-

ay;
vio) = [ reons | [T(55) 6oy

where we see that these criteria are satisfied. Of course, in simple prob-
lems, we don’t necessarily have to write down approximate equations first.

tion
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To obtain an equation where the discarded part is manifestly small one
may need to write the sought-for solution as the sum of the first few terms
of the approximation, plus an exact remainder, say § (if it were needed
in our example, we could have Taylor-expanded to higher order in y; the
equations we dealt with so far are simple enough so that we don’t have to
worry about this). See the last item in this list though.

The equation for ¢ is usually more contractive. It also becomes, up to
smaller corrections, linear.

. The norms should reflect as well as possible the expected growth/decay
tendency of the solution itself and the spaces chosen should be spaces
where this solution lives. We have already seen this in 5]

. All freedom in the solution has been accounted for, that is, we should
make sure the final equation cannot have more than one solution.

For instance the Painlevé equation P1,
y' =6y* +x (36)

has, as we will see later in this course, meromorphic solutions of the form

1 o0
Yy = m‘i’kzﬂck(zfxo)k (37)

Trying to write y = 1/(x — x9)? and the equation for h in integral form,
we get

h:a(x—xo)—&-b—i-/;/x: (6h(s)2+(;2}L§z))2+s)dsdt

the equation will fail to be contractive in any norm. This is because there
is a hidden degree of freedom left. Calculating the ¢, we get ¢cg = ¢ =
0,c3 = —1/6,c4 = C where C is undetermined! C' does not enter our
attempted contractive equation, and will also have multiple solutions
whereas we know that contractive maps have unique solutions.

Going further in the expansion you can convince yourselves that there are

no other free constants than zg and C'. A contractive mapping approach
would work if we write instead y = 12/(x — x0)? — 1/6(z — z9)? — 15(z —

79)% + C(x — x9)* + & would succeed instead. There are however slightly
softer ways to do the analysis, and we postpone this for later.

Note 3. At the stage where the problem has been brought to a contractive
mapping setting, it usually can be recast without conceptual problems, but per-
haps complicating the algebra, to a form where the implicit function theorem
applies (and vice versa). The contraction mapping principle is often more natu-
ral, especially when the topology, suggested by the problem itself, is not one of
the common ones. But an implicit function reformulation might bring in more
global information.
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6 The exponential and the log of a matrix

A natural setting in which functions of a matrices and more generally of (say
bounded) operators are analyzed is that of a Banach algebra.

This is a Banach space endowed with multiplication which is distributive,
associative and continuous in the Banach norm.

Continuity of the addition and multiplication are spelled out as

Iz +yll < =l +[lyll; eyl < lzlllyll, v,y (38)

Note that n—dimensional matrices form a Banach space w.r.t. the usual norm,
[ Al = max)g =1 [|[Az].
We can consider the sum

(o)
eM =" MF/k! (39)
k=0
Since ||M*|| < ||M]|* and the series
>l /k! (40)
k=0

converges (to eMI) it follows that e is correctly defined, by a norm-convergent
series. You can check the usual properties of the exponential. Careful though:
AB # BA in general, and in general

eAtB # e?eP; however, if AB = BA then et8 = 4P

Assume first that M is diagonalizable, M = ADA~! where D is diagonal.
If 0 is not on the diagonal of D, then define log M to be A[log D]A~!. Here,
A is the diagonalization matrix, D is diagonal, and so is, by definition log D,
consisting of the logs of the diagonal elements of D. If the eigenvalues are
positive, then the log is the usual one, real on the real line. If an eigenvalue d;
is negative, the log is complex and not uniquely defined, but for some purposes,
this is fine.

Exercise: If M has a nontrivial Jordan normal form with no zero eigenvalue,
it is enough to define the log block by block. Each block is of the form Al — N,
A € C, I the identity matrix and N a nilpotent. Then, the sum

(log/\)Ii;(f)k—llog)\é;(f>k (41)

k=1

since N7 = (0 Vj € N for some m < dim(M) since N is nilpotent.
One can define, in a similar way, more general functions of matrices.

14



6.1 Writing an n-th order scalar ODFE as a system of first
order ODEs

These are equations of the form
y™ +ar(2)y™ Y + -+ an(2)y =0; q; analytic in D\ {0} (42)

Let vg = v, ..., v = y®*), ... and note that is equivalent to

/

Yo 0 1 0 0 Yo
P I 0 1 0 U
V1 —an(2) —an-1(2) —an—2(z) -+ —ai(2) Vp—1

Note 4. There is more than one way to transform a scalar higher order

ODE into a first order system. When studying regular singularities, we will use

a different representation, in “better correspondence” with the scalar equation.
Studying first order systems is, at least algebraically, simpler.

7 The fundamental solution of a linear system
Consider a linear system of differential equations of the form
w = A(2)w; w(xg) = wo (44)

Which we consider in two cases: A merely L' in an open interval J around zg
and A analytic in some simply connected domain D containing xg. As you will
see, the proofs are very similar in the two cases. As before can be chosen to be
zero; wo cannot be chosen to be zero, since the transformation w(z) = wg + @
would transform to a linear-nonhomogeneous form, @' = A(2)w + A(2)wp.

Proposition 2. The IVP has a unique solution in a neighborhood of z.
If A is analytic at zg then so is w.

Proof. y + [ A(2)y(z)dz is well defined in D since the integral does not depend
on the contour. By the results in §4|and all that needs to be checked is that
Y fom A(2)y(z)dz is Lipschitz in y, and which is an easy exercise. O

For linear equations we can find the domain of existence of solutions: J in
the L' case and D in the analytic case. As mentioned, we consider one of the
two cases, because the approach is the same.

Proposition 3. The IVP has a unique solution in D and is analytic there.

Proof. Since D is connected in C, it is pathwise connected. Choose L > 0,e > 0
and K, . C D be the set of points z such that d(z,0D) > ¢ that can be reached
from zero by a curve of length < L; this is a simply connected open set (check)
with a compact closure and Ur, K, . = D. It is enough to prove the result for
each K = K, ..

15



Consider B, the Banach space of functions

{f: K — C|f analytic in K, ||f|l, <oo}; |Ifl]l, = sup |f(z)e’*! (45)
zeK

where v > 0 will be chosen later. Note that this norm is equivalent to the sup
norm since K is compact. We have, with || - || without the subscript v standing
for the usual sup norm, and with Ax = ||A]],

z z
< sup 67”'2‘/ 1A(s)lle”!*![ly(s)e™ V] d]|s| < sup €7V'z'/ 1Ayl e1*! d]s|
0 zeK 0

zeEK
< AgL

X - v v 4
vl <yl (46)

= sup e /Il

v zeK

[ A

| asusias

0

if v is large enough. The equation is linear, thus the whole of B is an invariant
closed set in B if the norm of the operator is finite. Thus we only needed to
show contractivity; the result follows. O

In a neighborhood of a regular point (i.e., a point where A analytic) there
exist n linearly independent vector solutions, {w; : j = 1,...,n} of by the
existence and uniqueness theorems we have proven. We will also see shortly
that w;(t) are linearly independent at all t.

Furthermore, you can choose initial conditions so that w;(z = 0) = e;, the
unit vector in the direction j. If you construct a matrix M having as the j —th
column the vector wj, you can check immediately that

M = A(z)M; M(0) =1 (47)

Inverse matriz. Let’s now see what equation M ~! woud satisfy, assuming mo-
mentarily it has one (we will show this is the case). Since MN = I we have
M'N+ MN' =0= MN' = —-AMN = —A and thus we expect

(=N} N0~ a9

thus N gives the backward evolution z — —z.

Note 5. You can check that the matrix equation is equivalent to the
set of equations w, = Aw;, w;(0) = e;, while corresponds to the system
u, = —Atu;, u;(0) = e; where A® is the transpose of A.

Proposition 4. Consider the [VPs and , with A € L' in open interval
J containing the origin, (A analytic in D, resp.). We have MN = NM = I
on J in (D, resp.), where N is differentiable on J (analytic in D, resp.) and
satisfies .
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Proof. We consider the analytic case. M N should satisfy the equation
(MN) = M'N +MN'=AMN — MNA; (MN)(0)=1 (49)
Let X be a matrix s.t.
X' =AX - XA; X(0)=1 (50)

Note that this is a linear equation for the matrix X (X — AX — X A is a linear,
bounded operator on matrices). Thus the IVP has a unique solution. But I is
a solution, thus X = I for all z.
Since is also linear and analytic, it has a solution in D and M N satisfies
(50). The result follows easily.
O

The fact that the determinant of M is nonzero at all ¢ also follows from the
following proposition, important in its own right.

Proposition 5. If M is a solution of then

det M (t) = det M (0) exp (/t TrA(s)) ds
0
Proof. Let d(t) = det(M (t)). As long as M is invertible, we have
M(t+e) = M(t)+(AM)(t)e+o(e) = (I+Ae)M(t) = d(t+e) = det(I+cA)d(t)
(51)

and now the result follows from the following lemma, which is easily proved by
induction on the size of the matrix. O

Lemma 6. For any matriz A, det(I +ecA) =1+ TrA + o(e).

Now either Proposition [4] or |5 shows that the vectors w(t) are linearly inde-
pendent at any t.
Take any z-independent vector wg, and let w = Mwy. We have

(Mwo)' = M'wy = AMwy = w' = Aw; w(0) = Twy = wp (52)

Thus, we see that the solution of the initial value problem w’' = Aw, w(0) = wq
is simply Mwy. We will often work with the fundamental matrix solution M,
as it often simplifies the calculations.

Note 6. There is a generalization in some sense of this result in the case of

PDE evolution equations. The Schrédinger equation i¢; = HYy = —Ay +
V(z)w; ¥(0) = 1pp where A is the Laplacian has the solution
P(t) = U(z,1)1(0) (53)

where U(z,t) is a unitary family of operators, and in fact U = e~ ! and
functional analysis arguments give a precise meaning to e *#! (as a unitary
operator) whenever H is a self-adjoint operator. This form of U does not hold
if V' depends on t as well.

17



Lemma 7. The matriz differential equation
W' = AW (54)

has the general solution is W = MC where M 1is the fundamental solution and
C is any matriz of constants.

Proof. Indeed, since M is invertible, we can define Q = M ~'W, which we write
in the form W = M. We then have

M'Q+MQ = AMQ & MQ' =0& Q' =0 (55)
(since M’ = AM) which indeed means that @ is a constant matrix. O

The exercise below addresses a fairly common fallacy of “ ODE beginners”.

Exercise 1. Show that the following claim is wrong for general n x n analytic
matrices and find the fallacy in its “proof”.
“If M’ = A(z)M then M = exp ([ A(s)ds) M(0).”

“proof”.

M(z) = {exp ( /0 ’ A(s)ds) M(O)]/ — A=) exp ( /0 ’ A(s)ds) M(0) = A(z)M(2)
]

Justify carefully your answer.

7.1 Domain of existence of regular solutions

As discussed, the differential system is equivalent to the matrix differential
equation which, by Exercise [T} has an analytic solution throughout the
domain of analyticity of A. Solutions of linear systems can only be singular only
at singularities of the coefficients, in this case the singularities of A.

8 Isolated singularities of linear systems

Consider the system

w' = A(z)w, weC" (56)
where A is a matrix valued analytic function, but now with an isolated singu-
larity at zy. Clearly, by translating z we can take zy = 0, and by rescaling z,
we can assume that A is analytic in D = D\ {0} where D is the open unit disk.
Though the equation is single-valued in D, since D is not simply connected, the
solutions may not be, as seen by solving the equation ' = ay/z with a ¢ Z. We
can take z = €¢ and D becomes {¢ : Re¢ € R™}, a half plane. By the standard
existence and uniqueness theorems, we find that there is a unique solution of
the system, rewritten in ¢, and thus there is a fundamental solution of 7 in
the form M (In z), which shows once more that, in principle at least, the solution
of may not be single-valued.
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9 Some general facts about solutions near iso-
lated singularities

In the generality of the singular systems in §g] all we can say now, without a
lot more theory, is the way the solution itself can be ramified. Once more, we
consider that we rescaled everything so that z = 0 is the isolated singularity,
and D =D\ {0} is the domain of analyticity of A.

Theorem 2. The general solution of s of the form
M(z) = S8(2)2zF  (2F :=e*P) (57)

where P is a constant matriz, and S(z) is analytic in D. With the price of
changing the matriz M to MT, with T a constant matriz, we can write

MT = Sz’ (58)
where J is the Jordan normal form of P.

Note 7. This implies in particular (and is implied by, as we will see) the relation
M (2e?™) = M (2)C (59)

for some invertible constant matrix C. By , a rotation by 27 generates
another solution (since MC is indeed a solution). The map M — MC is a
group, and it is the the monodromy group at the singularity (0). One also says
that is the monodromy at zero.

What this theorem says is that the solution itself is single-valued up to
multiplication by z¥ with P constant. Of course, there is no reason to expect
that S is analytic at zero-just that 0 is an isolated singularity. For the proof we
need the following result.

Lemma 8. Assume M is any matriz analytic on the universal covering of
D (that is, M(z) = F(ln(z)) whereF is analytic in the left half plane) which
satisfies

M (2e?™) = MC where C is a constant invertible matriz. (60)

Then
M(z) = S(z)2" (61)

where P is a constant matriz and S(z) is analytic in D. At the price of altering
M by a constant matriz, P can be taken to be in Jordan normal form.

Proof of the lemma. Since C is invertible, we can define P (up to 2Zmil) by
C = e Let
S=Mz"F (62)

S(ZeZM) _ MeQ'n'iPefPlnzf%riP — MefPlnz _ S(Z) (63)
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since e*” and e?” commute, if @ and b are scalars. Let now T be the change of
basis that brings P to its Jordan normal form, that is 7~ PT = —J where J is
a Jordan matrix. We then have

MT = STT *2PT = ST2’ (64)
where ST is also ingle valued, as required. O

Proof of the theorem. We only need to show that the assumptions of the lemma
above hold. Take N(z) = M (ze?™"). That is, we use the fact that M exists on
the universal covering of D, and look at its value on the second Riemann sheet.
We have

N(2) = 2™ M’ (2e*™) = A(2e*™)M (2*™) = A(2)M (2e*™) = A(z)N  (65)

where we used the fact that M is already a solution, and A is single-valued.
Thus, by Remark [}, we must have N = MC where C is a constant matrix. O

Remark 8. If S happens to be analytic, note also the emerging noninteger

powers of z and In 27 through the term z”.

Indeed, if Jy is an elementary Jordan block in J, we have
2l = AN — ANz — A1 4 Nlnz4---In2! NI (66)

where N'T' =0, and thus | < n, the degree of the system.

10 Regular singular points of differential equa-
tions, nondegenerate case

10.1 Example

Consider the hypergeometric equation
-1y " +y=0 (67)

around x = 0. The indicial equation is 7(r — 1) = 0 (a resonant case: the
roots differ by an integer). Substituting yo = Zi’;o cxz® in the equation and
identifying the powers of x yields the recurrence

K —k+1
k(k+1)
with ¢y = 0 and ¢; arbitrary. By linearity we may take ¢; = 1 and by induction
we see that 0 < ¢, < 1. Thus the power series has radius of convergence at least
1. The radius of convergence is in fact exactly one as it can be seen applying
the ratio test and using ; the series converges exactly up to the nearest

singularity of (@

Ck+1 = Ck (68)

Exercise 1. What is the asymptotic behavior of ¢k as k — oo ?
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We let yo = yo [ g(s)ds and get, after some calculations, the equation
r oY
g +2=g=0 (69)
Yo

and, by the previous discussion, 2y,/yo = 2/x + A(x) with A(x) is analytic.
The point x = 0 is a regular singular point of and in fact we can check
that g(z) = Cyz72B(x) with C; an arbitrary constant and B(z) analytic at
x =0. Thus [ g(s)ds = Ci(a/z+bln(z) + A;(z)) + C2 where Ay () is analytic
at x = 0. Undoing the substitutions we see that we have a fundamental set of
solutions in the form {yo(z), By (z) + In(x)yo(x)}}, or, as a series description,
xso(x), s1(x) + x1n(x)se(x)} where sg and s; are analytic, s¢(0) = so(1) = 1.

10.1.1 Vector/matrix valued analytic functions

The definition of an analytic vector function z +— f(z) is “the same” as the one
in complex analysis. Namely f is analytic in the domain 2 C C (connected,
open set) in C iff f/ exists in Q where (f'); = f/. Same with matrices, they can
be seen as vectors in some C™. Everything in complex analysis that does not
involve division clearly goes through in this more general context.

10.2 Singularities of the first kind; regular singularities

For the system of equations a singularity, say 0 , is of the first kind if A has a
first order pole at zero and is analytic in a punctured disk, say D. Regular versus
irregular singularities are classified according to the type of solutions the system
admits. If in S(z) is meromorphic, then the singularity is reqular, whereas
if 0 is an essential singularity of S, the singularity is irreqular. Sometimes even
in the irregular singular case we may get formal power series for S, but they
usually have zero radius of convergence. In the regular singular case therfore, the
components of the fundamental solution are finite sums of analytic functions,
each multiplied by terms of the form z*(In z)™ where A ¢ NU {0} and m € Z7.

We now show that singularities of the first kind imply that the singularity
is regular and S is meromorphic. The converse is not true, but something along
these lines holds if the system is written as an nth order equation, as we shall
see.

We then let

A(z) = 271 Ap(2)

where A is analytic in the full disk D, and for the problem to be interesting,
Ap(0) # 0. Since A is singular only at 0, we can find a fundamental matrix M
(invertible, of course) and analytic in any simply connected domain in D. We
want to show that M(z) grows at most polynomially as z — 0.

For this we want to control the norm of M and one way would be to estimate
I
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The problem is that, with the usual matrix norm sup, - [[Mul|, the func-
tion || M + ¢T'|| may not be differentiable in ¢ at z = 0 € Rl Why?
We introduce a different norm, the Euclidian norm on components:

M|l := /ZImsz (70)

We are not aiming at optimality in the estimates, because this will be otained
later from Frobenius theory. All norms in finite dimensional spaces are equiv-
alent (there are positive constants bounding any one of them in terms of any
other one). In our case, by Cauchy-Schwarz,

2
IMNIZ =SS My N | <D D (S M| [ DN
j ik J 3’

ik
= | DM ) | DoNR | = IMIZINIE - (71)
i ok

Lemma 9. If M # 0, then the function |[M(z)|, = ||M + 2T||, || is differen-
tiable at z =0, z € R and

IM(2)II, (0) < ||T,
Proof. This follows from

|M + 2T = M2+ 22 3 Re(M;;Tyj) + O(2) (72)
()

while, again by Cauchy Schwarz,

D Re(MyTy)| < Y IMyl|Tiy) < IM]le|I T (73)
2 2]
as above, and since ||M]||. # 0, we have 2| M||.|| M|, < 2||M||c|IT|e- O

We choose a direction v = €' and evolve towards the origin, taking z = tv,
t € R. Let € > 0 be small. Note that M (ty—evy) = M(ty) —eyAM (ty)+ O(?).
Using the results above, the triangle inequality and the fact that € is small, we
see that

d
= 1Mlle = —kt M| ; k= max || A(2) e (74)
and thus ,
| M]] K -
> ——=||M|l.<Ct" (75)
1 M][, t

(2 Slight simplification of a calculation by Irfan Glogic.
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Note 9. We found the bounds only when approaching the origin along straight
lines. This suffices for our purpose. Why? Is this always sufficient to show a
singularity is removable, even with no underlying ODE?

Recalling that M = S(2)z” for some matrix B, we see that ||S| < CzIBlI+~,
Thus, if m = ||&|+||Bl|e] + 1, then 2™S is analytic in D\ {0} and it is bounded
at zero; as we know this means that z™S has a removable singularity at zero
thus S has (at most) a pole at 0.

This also means that we have

M =328 (76)

where S is analytic at zero and B is a constant matrix.

These estimates are not optimal, but getting the right growth power will
follow easily from Frobenius’ theory.

We also see that, if A has a higher order pole, say double pole, then the best
estimate that we can get by the method above is || M]|. < exp(kt~!). While
this does not show that this must be the growth, it is not hard to construct
simple examples in which the growth rate is indeed exponential (e.g., the scalar
equation f’ = z72f).

10.2.1 Singularities of first kind and power series solutions

Consider the following differential equations:

ff+0+2)f=1 (77)
HL=2)f'(2)+ (1+2)°f(z) =1 (78)
2f —f==z (79)

where the analysis is done near z = 0.

Note 10. (i) Of course, these first order equations that we use for illustration
in this section can be solved in closed form, but this is not the point.

(ii) These equations can be made homogeneous (second order) by differenti-
ating them.

The first equation has no singularities and the solution is thus entire. Let’s
see how this is reflected at the level of the recurrence relation for the coefficients.
Plugging in f = Y7, cx2® we get

1
m—+1

Chk+1 = — (Ck + Ck—l) (80)

It is not hard to show inductively that ¢, < AB¥(k/2)! for some A and B
(check). For we get

k—3 1
— k—2 (81)



which, as in the hypergeometric example can be shown to lead to a series with
radius of convergence 1.
In the third example however, we get

Cp = (k — l)Ck_l = C = A(k — 1)' (82)

At the level of the series, a negative power of x shifts the coefficient ¢j to cpy1
while differentiation essentially results in multiplying ¢; by k. Depending on
the strength of the singularity relative to the order of the equation, this results
in a balance of the type cip4+1 ~ ¢ /k, ck+1 ~ ¢x or in case the pole is of higher
order than the order of the equation, cyy1 ~ kcg. The behavior of solutions
depends critically on this balance.

10.3 Detailed analysis of singularities of the first kind
Consider the system
w' = le + Ay (z)w; or, in matrix form, M’ = 1BM + Ai1(2) M (83)
z z

where B is a constant matrix and A; is analytic at zero. Let J be the Jordan
normal form of B and T-'BT = J. Then, we see that

1
T'MT = -T'BTT'MT +T A (2)TT'MT (84)
z
with M = T-'MT we see that
- 1 - -
M' = —JM + A ()M (85)

where clearly As is also analytic. In other words,

Remark 11. In we can assume, without loss of generality that B is in its
Jordan normal form, J. We will thus study equations of the form

1
y'=Jy+ Ay (86)
where A(z) is analytic.

There are three cases leading to somewhat different analytic properties of
M.

1. All eigenvalues are distinct and do not differ by integers. In this case, the
elements of the fundamental matrix have the analytic structure _ 2+ A (2)
where Ay are the eigenvalues of J and Ay are analytic.

2. Some eigenvalues can be repeated, but no two eigenvalues differ by nonzero
integers. Then, the elements of the fundamental matrix are of the form

Zk,lgn 2% In 2t Ay (2).

3. Some eigenvalues differ by nonzero integers. Then the powers of z may
differ from the eigenvalues.
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10.4 Nondegenerate case
Assumption. No two eigenvalues of B differ by a nonzero integer.

Theorem 3. Under the assumption above, has a fundamental matriz so-
lution in the form M(z) =Y (2)z7, where Y (2) is a matriz analytic in D.

Exercise 2. Check that, if we had not arranged for B to be in its Jordan
normal form, the solution of would be M(2) = Z(2)22, where Z(z) is a
matriz analytic at zero.

Proof. Clearly, it is enough to prove the theorem for . The solution of
must be of the form M =Yz for some C and Y = Y.~ Y;.z" where the sum
is convergent and Y}, are constant matrices. We try Yy = I:

Y(2) =1+ 2Y1+2*Yo + - (87)
we get
Y'2¢ + %YCZC = %JYZC + AY ¢ (88)
Multiplying by z~¢ we obtain
Y+ éyc - %JY +AY (89)
or )
Y'== (JY - YJ) +AY (90)
Using we get, to leading order,
Tl =0=>0=J (91)
Vi +22Y + 322V + o= |(JY, = ViJ) + 2(JYe — YoJ) + - -

+ A + 2zA1T + - 2AgY) 4+ 22 (AYe + ALYT) 4o (92)

The associated system of equations, after collecting the powers of z is

kY, = (JYk - YkJ) + Ap_1J + kileAk,j,U keN (93)
j=1
or
ViV = Ti({Yj}j<k: 2) (94)
k—1
Tk({Yj}j<k,z) = A1 J + ZYjAk—j—l; keN (95)
j=1
where
ViM = kM — (JM — M.J) (96)
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is a linear operator on matrices M € R™. As a linear operator on a finite
dimensional space, Vx X = Y has a unique solution for every Y iff det V}, # 0
or, which is the same, kX — JX + XJ = 0 implies X = 0 for all k > 1.

We show that this is the case, by showing that Xv = 0 for all generalized
eigenvectors of J.

Let vy := v be one of the eigenvectors of J. If V3, X = 0 we obtain, since
Jv = A,
E(Xv) = J(Xv)+ X =0 (97)
or
J(Xv) = A+ k)(Xv) (98)

Here we use our assumption: A + k is not an eigenvalue of J. This forces
Xv=0 (99)

We let vg = v and take the next generalized eigenvector, v, in the same Jordan
block as v, if any.
We remind that we have the following relations between these generalized
eigenvectors:
Jvi = >\Ui + Vi1 (100)

where vy = vjambda is the eigenvector and 1 < i < m — 1 where m is the
dimension of the Jordan block. With i = 1 we get

E(Xv1) — J(Xv1) + X(Avi +vy) =0 (101)
and, using (i.e., Xvy = A), we get the same equation (102)), now for Xvy:
J(Xv1) = A+ k)(Xvy) (102)

and thus Xv; = 0. Inductively, we see that Xv = 0 for any generalized eigen-
vector of J, and thus X = 0.

This shows that has a unique solution for each k, so the power series
expansion exists order by order and we are left with proving its convergence,
and for each Jordan block.

Now, we claim that Vk_1 < Ok~ for some C. We let C be the commutator
operator, CX = JX — XJ Now || JX — X J| < 2||J||||X]| and thus

V= kT (T—k'0) T =k (14 0(1); (k— o0) (103)

Therefore, the function kVj is bounded for k € RY.
We rewrite the system in the form

k—1
Y=V A J+ VY Yide_j; kEN (104)

Jj=1

or, in abstract form, with Y = {Y}}en, (LY) := kal 25:02 AYy_1_;, where
we regard Y as a function defined on N with matrix values, with the norm

Yl = sup l="Y (@)l p>1 (105)
ne
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we have

Y =Yy +LY (106)

Exercise 3. Show that 18 contractive for u sufficiently large, in an ap-
propriate ball that you will find.

The solution of this exercise is given in the appendix. O

Note 12. We have not seriously used the fact that J is a Jordan matriz in this
proof. It follows that if J is replaced by any B with eigenvalues not differing by
integers, we have M =Y (2)z%.

Exercise 4. We proved the convergence of the series using the contractive map-
ping principle. But did we need to prove convergence? Justify your answer
carefully!

11 General case. Lowering an eigenvalue

Clearly the above procedure fails if A + k is an eigenvalue for some k € Z™T.
We know that there must exist a solution of the form W = Y (2)2“ for some
C, where Y is analytic and Y} is invertible. So what fails in the previous
calculation?

If, by suitable transformations we can bring an equation for which roots differ
by nonzero integers to one in which they don’t, the problem is solved in general.
We show that there exists a transformation that brings to an equation of
the same form, but for which all the eigenvalues except one, say \; are the
same and A; — A; — 1. Then repeated applications of such transformations
would bring to a form in which there exist repeating eigenvalues, but none
differing by integers. (Analyze this statement!) To solve the general case, in
which eigenvalues may differ by positive integers, we find transformations which
decrease one eigenvalue by one, leaving all others the same and without changing

the structure of the ODE.
(1 0
(2 o

Write J in the form
where J; is the Jordan block we care about, dim(J;) = m > 1, while Js is a
Jordan matrix, consisting of the remaining blocks. The transformation we are
looking for would change J into J — I; where

L= (é 8) (108)

where [ is the identity matrix. That, in turn, would change the fundamental
solution to
Y2/ ~h (109)

This suggests we try this change of variables in our equation. In matrix form,

M =z2"'JM + AM (110)
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where we take M = M;z".

Without loss of generality we assume that the eigenvalue we want to lower
is A\1. Let the space V(= R™ or C") be decomposed as V = V; @& V5 where
V; is spanned by all eigenvectors and generalized eigenvectors corresponding to
A1 and V5 its orthogonal complement, I; the identity matrix on Vi and I the

identity matrix on Va.
o ZIl 0
U= ( 0 12) (111)

Let
U is clearly invertible, with inverse

-1
-1 _ [# 11 0
U ( 0 12> (112)

and commutes with J. We have

_(J1 0
J= <0 J2> (113)
where by construction J; is a Jordan form matrix with all eigenvalues equal to
Ap .

Clearly
Ul=JU=U'JUu=J (114)

Let W = UQ (or rather, define Q = WU~!). We have
UQ+UQ =2"JUQ+ AUQ =
Q =" JuQ-U"tU'Q+UtAUQ
=2"'JQ-UT'U'Q+UTAUQ (115)
If the blocks of A are

A A12>
A= 116
<A21 Ago (116)
direct calculation shows that
Q' =2"'BQ+ AQ (117)
where A is analytic and
(=5 A
B = ( 0 T (118)
Writing down the eigenvalue problem for B we get
(Jl — I — )\)Ul + Aipv9 =0 (119)
JQ’UQ = )\7)2 (120)

Thus, either \ is one of the eigenvalues of Js, by definition different from A; or
else v = 0 and the eigenvalue is obviously A = A\; — 1 which is what we wanted
to show.
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12 Scalar n—th order linear equations
These are equations of the form

y™ + a1 (2)y™ Y + -+ a,(2)y =0; q; analytic in D\ {0} (121)
Definition 10. An equation of the form has a singularity of the first kind

at zero if ‘
ai(z) = bi(2)/2" (122)

where b; are analytic at zero. We will see shortly the reason for this terminology.

12.1 Connection between systems of equations and higher
order scalar ones

There is an obvious way in which an n-th order equation can be transformed to
an n-dimensional first order system. Take for simplicity a second order equation

Y +a(2)y +b(z)y =0 (123)

and write the equivalent system

(1) = (it o) ()= () = (ot ) () 0

A natural attempt at a definition of a singularity of the first kind for n-th
order equations would be that that the associated system has a first order
singularity. But as mentioned, there is more than one way to arrive at a system,
an this is not right.

For instance, the Euler equation

y' =622y (125)
has as general solution
y=C1z272 4+ 23 (126)

and we would expect it to correspond to a system with a singularity of the
first kind, since the vector solution is bounded by a power of z near the origin.
However, the system associated via (or, here (231)) is

/
Uy . _92 0 1 0 1 Ul
() =[G o)+ @ o)) @
We can see the nature of the problem in the following way: in (125]), if y ~ z™
then 3/ ~ mz""1 y/y = ui/us = O(z). This is quite general, certainly it is
the case for equations admitting convergent series as solutions, as these can be

differentiated term by term). In a system, no component should play a special
role, but here we ended up with us > uy if solutions behave like powers. It is
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instead natural to take u; = y/z and uy = ¢/, or, equivalently, u; = y, us = 2y’
We then get ub =y’ + zy” =y + 6271y and thus the system

/
() =26 1)) a2
which is indeed a system with a singularity of first kind.
More generally, the natural substitution is
wp = 2"y =1,2,...n (129)
We then have
u)y = (k—1)2F 72y R0 k=10 — ot = (k — 1)uy, + uFHY (130)

while, as usual, u, is special, since y(™ can be written in terms of lower order
derivatives, using (121)):
zul, = (n— Duy, + 2"y"™ = (n — Duy,
— 2" (bpz Ty + b1z Y b2y Y) = (0= 1wy,
—bpy —bp_12y — ... — blznfly("fl) = (n—Duy — bpuy —bp_1ug — ... — bruy,

(131)

In matrix form, the end result is the system

u' =2 'Bu (132)
where
0 1 0 0 0
0 1 1 0 0
0 0 2 1 0
B= 0 0 0 3 0
—bn(2) —bp_1(2) —bp_2(2) —bp_3(z) -+ (n—1)=0b1(2)
(133)
or, recalling (122)),
u = 2z'B(0)u + A(2)u (134)

where A is analytic at zero.

Corollary 11. If an equation of the form has a singularity of the first
kind, then the singularity is reqular (the general solution is a convergent combi-
nation of powers and logs).

We will see that the converse is true also.
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12.2 Possible solutions to the n-th order scalar equation

Assume that there is a set of n linearly independent of solutions of (122)) in the
form

'
y; = Z Hpmj(2)2P% In'™i 2 j=1,..,n (135)
k,m=1
where the Hy,,; are analytic at zero and /,,; are integers. Since they are linearly
independent, their Wronskian does not vanish at some point. From the general
theory of systems we know then that it cannot vanish anywhere for z # 0. Thus
the system of equations for the coeflicients a;.

allows for expressing the coefficients aj as rational functions of y(-l). Thus ag
grow at most algebraically at zero. Since they are single-valued in D\ {0}, it
follows that the coefficients are meromorphic.

Note also that if y is a solution of (I2I]), then u(z) = y(ze'?) is a solution
of the equation

u™e™ P ) (2)u Ve DB L g (2)u=0 (137)

As we proceeded in §9) we can define g; to be y(ze*™) (a notation for the analytic
continuation of y on a circle around the origin). From we get that 7; are
also solutions of (which, of course, have to be linear combinations of y;).
In this way, we can eliminate the logs in the expressions , if there are any,
see below.

Note 13. (i) For one term f = Hy,(2)2P* In'™ 2 the difference between f and
and €27k times its analytic continuation along a circle around the origin is

f = Hpn(2)2P% TP (In 2 4 270) '™ — Hppp (2)€2™P% 2P% (In 2) b (138)

which is a sum of the form with the powers of the logs multiplying zP*
reduced by one. So we can transform a solution with maxl,, = M to one in
which maxl,, = M — 1. Thus, applying M operations of the type (138]) we get
a solution of with no logs. That is, there is at least one solution of the
form

Jo = Z Hj.(2)2P* (139)
k=1

Note also that if & = €2™1 and 8 = €22 are different, then we can eliminate,

say, the term H;(z)zP! by replacing o by 9o(z) — e~ 2™P1§jy(2e?™). Proceeding
in this manner, we see that there are solutions of the form
yo = H(z)z" (140)

Exercise 1. Show that if a sequence of \'s differ by integers, there is always a
solution of the form (140) for the one with the most positive integer.
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for some a, since in the process of eliminating a log we might also eliminate
other X's iff they differ from a by integers. We can always assume H(0) = 1 since
any other starting power than zero can be absorbed into a, and multiplicative
constants don’t matter since the equation is linear.

Exercise 2. (a) Substitute y = yog in and show that ¢’ satisfies an
equation of type of order lower by one.

(b)Show that the condition is preserved by changes of dependent vari-
able as in (a).

Note that if a first order scalar equation

Y +2"A(z)y=0 (141)
with A meromorphic admits a solution of the form
y(2) = 2"H(z)
with H analytic then
H+4a 'H+AH=0= A= —az"' - H'/H (142)

and thus —since H'/H is has a pole of order at most one whenever H is
meromorphic— A has a pole of order at most one.
(c) Use (a) and (b) to show that (121) has a complete set of solutions of the

form (|135)), then (122) is satisfied.
12.3 Frobenius’ theorem

Systematizing what we have obtained so far we have the following.

Definition 12. An equation of the form (121]) has a regular singularity at zero
if there exists a fundamental set of solutions in the form of finite combinations
of functions of the form

yi = 22 (In2)™ fi(2); (by convention, f;(0) # 0) (143)
where f; are analytic, m; € NU {0}.

Theorem 4 (Frobenius). An equation of the form (121)) has a regular singu-
larity at zero iff the singular point is of the first kind, that is iff (122)) holds.

We see one advantage of the scalar formulation of a differential system: we
have the Frobenius theorem as an “iff” statement (recall (127))).

Note 14. We could have allowed [,, to be noninteger, since, by converting
the equation into a system and noting that the coefficients of the system are
single-valued, Lemma implies that l,,, are necessarily € NU {0}.
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12.4 The indicial equation

We saw in Notethat Frobenius type solutions can be found in the form z*(1+
0(1)). We insert this into the differential equation and note that y) = \(\ —
1) (A=j+1)22"9(1+0(1)) and also that a;2*~"*7(140(1)) = b;(0)2*~")(1+
0(1)). Thus, the equation for the leading power of z is

A=D1 A=—n+1)+XA=1)---A=n—+1)b(0)+---+b,(0) =0 (144)

This is the indicial equation and it determines all possible lowest powers(“p;”)
in a Frobenius-type solution—of the form (139).

12.4.1 Eigenvalues of B(0) in (|134)

The eigenvalue equation, (B — A\I)z = 0, is easy to solve. If we expand this out
as a system, using the explicit form (176]), we get

(0 — )\)1‘0 +x1=0 (145)
(I=XNz14+22=0 (146)
(2 — )\)%2 +xz3=0 (147)
(148)
—bn(O)xo - bn_l(O)xl — = (bl — [n —-1- )\])xn_l =0 (149)
Without loss of generality we can take g = 1. Then
x1=A z2=XXA—-1), -, zp_1=AA—=1)--- (A= (n—2))
and thus (524)) is equivalent to
—bn(0) = Abp—1(0) =+ - = (by = [(n=1) = APA(A=1) - - (A= (n—2)) = 0 (150)

which is precisely (144)). We have shown

Proposition 13. The eigenvalues of B(0) are precisely the roots of the indicial
equation.

12.5 Equations of the form (121)) with regular singularities;
analysis using the system formulation

Note first that if we write (121]) as a system, we get a fundamental matrix
solution of the form . Singling out a Jordan block B , we see that we get

m—1 m
2B =elenB = A 1+N)\1nz+...+wNmfl
(m—1)!

which is a matrix of the form

In? z In™ 2
e M=
In™
Z)\ 0 1 Inz v (m72)T (151)
0 0 0 1
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and the solution matrix is

2 m
S11 Sz - Sim 1 Inz 1n2!2 (}qr@ltllz)!
el Ol I ol (ES)
Sm1 Sm2 -+ Smm 0 0 0 ... 1

By the substitution , the element 11 of the matrix product above is a
solution y. Thus there is a solution of of the form z*Si;(z) where Sy; is
single-valued. On the other hand, this also needs to be a linear combination of
the form . By the assumption on the nature of the solutions, S1; has a
convergent series thus

y=y =22"""YE(z), neN (153)

where F' is analytic. From this point on, we can proceed as in the previous
section to conclude that the singular point is regular. Combining Proposition
with Theorem [3| and (375]), we obtain the following result.

Proposition 14. If the roots of the indicial equation do not differ by nonzero
integers, then for a root A of multiplicity m, there are m linearly independent

solutions of (121)) in the form

Yyia = z’\fl(x), Yar = z’\fl(x) Inz+ fi1(x), ...,
Ymr = 22 fL (@) I 2+ frr (@) I 2+ o frm(z)  (154)

12.5.1 Writing a system of equations as one higher order equation

Take first a simple case,
' =au+bv, v'=cu+dv; (a,b,c,d analytic in some domain D)  (155)

and assume for simplicity that b does not vanish in D. Then we write v =
b=l (v — au) and get

b~ (v — au)) = cu+db~ (v — au) (156)

which expanded and normalized is an equation of the type (121]), equivalent to
(155). The same is true if d # 0. What if however this b = d = 07
Let’s look at the very simple system

w' =u; v =wv; or, in matrix form, M' = M (157)
Of course we can integrate it in closed form and the general solution is u =
Cre?,v = Cqe®. We would be tempted to say that there is no scalar equation
equivalent to this. Indeed, a genuinely second order linear ODE should have
two linear independent solution, since the existence of a solution to the IVP
must exist and be unique. But we remember that in passing from an n-th order
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equation to a system we had a number of choice, far from equivalent. Here we
can try something similar to (129). If we take v = z~!w in the second equation
we get

w =2 +tv=wtv=w+z"tw (158)

/
U = u;

and now we can find a second order system.

Exercise 3. Show that if fi,..., f, are analytic and the Wronskian does not
vanish,

A N
1 f2 N (159)
fl f2 .fn

then there is an n — th order equation of the form (121)) having f1, fo, ..., fn as
solutions. One way is to take a general equation of the form ((121) and see if its
coefficients can be determined from the fact that fi, fo, ..., f,, are solutions.

Exercise 4. Show that by transformations of the type that led to (158) if
necessary, we can find an n-th order scalar equation equivalent to a given system.

Exercise 5. Show that if a scalar equation of the form (121)) has a solution of
the form z*(log z)P?A;(z) + o(z*(log 2)P), then X satisfies the indicial equation
(T44).

Exercise 6. Show that there are directions ¢ = arg(z) so that, for some A,
|22 (In2)P| = o(|2*]) as z — 0; argz = ¢.

12.6 Examples of resonant and nonresonant second order
equations

In view of what we know already about n-th order equations, it is clear that we
can always arrange that one root of the indicial equation is zero, by a substitu-
tion of the form y = 2*y;. We look for simplicity at second order equations.
We assume that the second root, A is nonzero real part, since a double root
falls in the nondegenerate case that we looked at already.
We only need to look at the case ImA # 0 or if ImA = 0, then Re(n) > 0.
Consider then the equation

29"+ (1 —n)zy +2y=0 (160)
The equation can be solved in terms of Bessel functions,
y = C12"27,(2v/2) + 0222, (2V/2) (161)

The exact solution is not what we are looking for here; we aim at the more
modest goal of finding the behavior of solutions near singular points.
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We see that zero is the only singular point. We use it as to illustrate the
way the nature of the Frobenius solutions depend on the roots of the indicial
equation,

AA=n)=0 (162)

We look first for a power series solution starting with z°. The recurrence relation
for the coeflicients is

c1 = (n—1)co; m(m—n)ey +cm_1 =0, m>1 (163)

The coefficient ¢ is arbitrary; we can take it for definiteness to be one. It is
clear that if n ¢ N, the recurrence has a solution and the solution is entire.
There is a second solution, starting with z™ which, after division by 2", is also
entire.

If n € N we see that the equation for ¢, is 0 - ¢,, = ¢,,_1, that is, no power
series solution with ¢g = 1 exists in this case (for exceptional equations, we may
have ¢,,_1 = 0, allowing for analytic solutions).

We know that there are solutions of the form 2"Y (z) with Y (z) analytic
(in fact, entire). This is at the origin of this phenomenon: for such a solution
we have ¢,_1 = 0 and ¢, is undetermined, as it should. This also suggests
what we should try. The solution yg starting with ¢y = 1 is nonanalytic, and
thus its monodromy is nontrivial. On the other hand by linearity and the usual
arguments, yo(ze*™) — yo(z) must be a solution of which is o(z™71).
Indeed, the solution must be a combination of powers and logs, the allowed
powers are z° and 2", and all coefficients up to c,,_1 are determined uniquely.
We expect then yo(2€2™) —yo(2) = C2"Y (z) for some C which in turn suggests
that yo(z) = co+c1z2+ ... + 12" 1+ C2"Inz + ...

To keep things relatively simple, we take n = 3. If we substitute yo =
co+erz+c22+CBInz+caz* +dyz*lnz+ ... in we get

2¢1 = ¢g, 2c5 =c¢1, 3C' = —co, 4dy +1=0,4¢c4 +5Cdy +c3 =0
and so on, c3 is free and the rest of the coefficients can now can be determined
uniquely.
The general solution has thus the form
yo = C1[A(2) + 2" In2Y (2)] + Co2"Y (2)
where A is analytic and Y is the second solution (entire).

Exercise 7. Is A(z) entire?

12.7 Example

Let’s consider again the equation

z(x—1)y" +y=0 (164)
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We want to use the theory we have developed this far, to find the shape of the
generic solution at 0,1, 00 (the only singular points of the equation).
As usual, we write uy =y, us = xy'.

(=20 D) - (% () 0w

u=2z'Bu+ Au (166)

or

where B has eigenvalues 0,1 (Tr= 1, det= 0), is resonant.
If instead we had tried the naive transformation u; = y,us = 3y’ we get

P ) (0 0} . 0 1
u =127 Bu+ Au; B:= (1 0), A= <(1—x)1 0) (167)

which is now nonresonant! This shows that resonance is not invariant under
changes of variables, and that we may be able to reduce a resonant case to a
nonresonant one by suitable transformations. The matrix B is brought to the
Jordan normal form by the matrix

T = ((1) é); T7'BT = (8 é) (168)

B:= ((1) 8) A= (1/(10—@ é) (169)

It follows that the fundamental solution of this equation is
M =Y (z)z? (170)
where Y (x) is analytic near zero (in this case, analytic in the unit disk, since

x = 1 is the singular point closest to the origin (other than the origin itself).
Thus,

M= (Y Y2 (1, 0 1Y\ _ (v w2) (1 Inz
Y21 Yoo 0 0 Y21 Y22 ) \O 1
_ [y yinInz + yi2 (171)
Y21 Y2107 + Yoo

and thus, by applying M to some initial condition (a, b) we get that the general
solution of (164]) in a neighborhood of 0 is

y = Azyin + B(zyin Inz + y1) (172)
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12.8 Example:Bessel functions
The equation
3
"4 f 4+ f=0 173
Pt ] (173)
has the general solution

Crz™ V4T j4(x) + Cox™V4Y7 4 (2) (174)

where J and Y are Bessel functions.
The indicial equation is obtained by substituting f(z) = z* in (173)), and
reads

a*+a/2=0=a€{0,—1} (175)

The roots are nonresonant, and thus there
In matrix form, as in the example before, we have

£ = Mf (176)

0 1 1 0 X 1
M = 3 )=2= 3]=-B+A (177)
-1 ——= r\-z -2 T

B= <8 _‘E) A= (_01 (1)) (178)

and thus the fundamental matrix is

where

where

0 0

(fn flz)x(o 3)<f11 IB/Qfl?) (179)

Ja1 fa2 far w72 fa
This means that the general solution of the equation is of the form
f=Cufi(x) + Cox™ 2 fo(w) (180)
with f; and fy analytic.

Exercise 8. It also follows from the analysis above that fo(0) = 0. Why?

13 Some special functions and their regular sin-
gular points

Here is a good and up to date online source of information about special func-
tions: http://dlmf.nist.gov/.
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13.1 Hypergeometric functions
The general solution of the equation
z(z—1)y" +[(a+ b+ 1)z —cly +aby =0 (181)
is
y=oF (a,b;c;2)A+ Br' ¢ gFy(a —c+1,b—c+1;2 — ¢;z), (182)

With the substitution
y=u,y =v/x

we get )

(Z) = éB (Z) + A(z) (:j) (183)
where . (8 1 ) c) -
and

0 0
A= (—ab/(x— 1) —(a+1+b-o)/(z— 1)) (185)
Note that B is already in Jordan normal form. The eigenvalues of B are clearly

0 and 1 — ¢. Note that they are resonant when ¢ € Z \ {1}.

Exercise 1. (a) Find the behavior near the origin of the general solution in the
nonresonant case.

(b) In the resonant case, show that there is always a solution of the form
z17¢A(z) if 1—c > 0 and A(x) otherwise, where A is analytic. Find the behavior
of the second solution.

13.2 The exponential integral
This is defined for Rez > 0 by

e} efzt
Eij(z) =e™~ dt 186
= [ 1o (150
The function is defined by analytic continuation on the Riemann surface of the
log at zero (or simply only on C\ (—o0,0]). What is the behavior of Eij(z) as
2z — 0%? There are many ways to answer this question, but one of the simplest
is to write a differential equation for Ei;(2).

A straightforward calculation shows that

Eiy(2) = fz (187)

With the substitution Ei; (z) = g(z)e™* we get

2 —zg+1=0 (188)

39



We transform this into a second order homogeneous equation by differentiating
once more in z:

"+ (1/z—-1)g" —g/2=0 (189)

Clearly, zero is the only singular point of this equation. We write as before
g=1u,g =v/z and we get

<:f>/ = %B (:f) + A(x) (Z‘) (191)

where A is analytic at zero and
0 1
B= (0 o) (192)

where clearly the eigenvalues of B are 0,0, nonresonant. Note that

2B = ((1) hf) (193)

We get

so near zero we have(check)!
g=A1(z)Inz+ As(2) (194)

Here, it is easy enough to find the behavior of Ei;(z) directly from the integral
expression. The behavior is

Eij(2) = —y —Inz + 243(2) (195)

where v is the Euler constant and Ajs is entire. Can you show this?

13.3 Bessel functions
The Bessel functions of the first kind satisfy the equation

22y +ay + (@2 -1y =0 (196)
or, in normal form,

1 1 / V2
v +-y+|(1-—=5)y=0 (197)
x x

The general solution of this equation is

y = CiJy(x) + C2Y, (2) (198)

In this case, the system is

(Z)l - %B (L‘) + A(x) (Z) (199)



where
0 1
B = <1/2 0) (200)

with eigenvalues v, —v. In the nonresonant case there are two solutions which
behave near zero like
Ay (x) (201)

with A4 analytic.

The algorithm is clear. I attach a Maple file with the general procedure, in
which, instead of el you would insert any second order ODE. Finally, let’s make
a simple connection with equilibria. If we have a system of the form

' = ax + by (202)
Yy =cr+dy (203)

and the associated matrix is diagonalizable, then we can bring it to the form
=My, v =X (204)

Of course, this can be easily solved in closed form. But we also note that we
can write

dv v Ao
=p—: p=212
’ )\1

du U
which perhaps the simplest case we can think of within Frobenius theory. Sup-
pose first that b € R, then based on Frobenius theory, it is very easy to draw
the phase portrait. Discuss also the case when b is complex, and the case when
the Jordan form of
a b
(« 4)

(205)

is nontrivial.

13.4 Reduction of order

Let A1 be a characteristic root such that A\;+n is not a characteristic root. Then,
there is a solution of (121 of the form y; = 2 (z), where () is analytic and
we can take ¢(0) = 1.

We can assume without loss of generality that A; = 0. Indeed, otherwise we
first make the substitution y = z**w and divide the equation by z*!.

The general term of the new equation is of the form

n—1

Z—)\lblz—l(zz\l,w)n—l — Z_)\lblz_lz : <n — l) w(j)(z)\l)(n—l—j)
; J
7=0

n—l1 n—l1

— Y 1m0 g 3 n = L6) ()

=2 Mz < , )w z =b o JwYz (206)
=0~/ '
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[> with(1inalg):
> eli=zA2%difF(y(z),z,z)+2*diFF(y(z),z)+(z 2-nur2)*y(z) = 0;
a( d ) d 2 oz
el =7 Lgy[z_l}+z(¥)’lzl’|+(z —V)J’{ZJ:D ]
[ d2:=diff{y(z), z, z)=solvelel,diff(y(z), z, 2));
2 z[%y‘.zl] tyiz) A—yiz) v
I d2 = oI ylz)=- 3 2)
> sli=y(z)=u(z);
L sli=ylz) =ulz) 3
> s2:=diff(y(z),2)=v(z)/z;
] 2= —=ylz)= % )
(> diff(s2,2);
& - Ll wiz)
g)’im = e = 22' &)
B2 subs(d2,%);
d 2 d
_Z[Ey{zh] +y{szZ—yf.z}v _ Ev[zl i) o
I E z 7
> subs(s2,%);
d i
_vizl +ylz) 2 —ylz] v2 _ &z el _ vz
] Z T 2 <
(> subs(s1,%);
viz) + uiz) 22 =l v2 E 5 viz)
= = = = )
B Z z -
> solve(%,diff(v(z),z));
ulz) (—22 +v2)
ST @)
=>~ expand(%) ;
2
-uizjz+ @ (103}
=> mmz=matrix{[[0,1], [nur2,0]]);
04
mm = (n
\-"2 0
:> jordan(%);
Figure 6:

which is of the same type as (121)).
Thus we assume A\; = 0 and take y = pw. As discussed, we can assume
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©(0) = 1. The equation for w is

n n—l

-1 n—1 (), A(n—1—35) _
27 ( ) >w5 ® =0 (207)
2

Jj=0

or )
n n—yj
) —1 )
UED DERT G PR (208)
j=0 1=0 J

or also
n

j
4 N\ L
3wy oy, (” , )w—l) =0 (209)
J
=0

=0

We note that this equation, after division by ¢ (recall that 1/¢ is analytic) is
of the same form as (121)). However, now the coefficient of w is

n n

-1
Z 27y (n 0 ><p("l) = Z 27l =0 (210)

=0 =0

since this is indeed the equation ¢ is solving.
We divide the equation by ¢ (once more, remember ¢(0) = 1), and we get

n—1

Z wH=1=0p. — o (211)

where

N J — 1\ U0
=Y ="' (“ _ l> d (212)

4
has a pole of order at most j, or

n—1

> gt b =0 (213)

Jj=0

with w’ = g. This is an (n — 1)th order equation for g, and solving the equation
for w reduced to solving a lower order equation, and one integration, w = [ g.

Thus, by knowing, or assuming to know, one solution of the nth order equa-
tion, we can reduce the order of the equation by one. Clearly, the characteristic
roots for the g equation are \; — Ay — 1, ¢ # 1. We can repeat this procedure
until the equation for g becomes of first order, which can be explicitly solved.
This shows what to do in the degenerate case, other than, working in a similar
(in some sense) way with the equivalent nth order system.
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14 Nonlinear systems

A point, say z = 0 is a singular point of the first kind of a nonlinear system if
the system can be written in the form

y' =z2""h(z,y) = 27 (L(2)y + f(z,9)) (214)

where h is analytic in z,y in a neighborhood of (0,0). We will not analyze
these systems in detail, but much is known about them, [6] [2]. The problem, in
general, is nontrivial and the most general analysis to date for one singular point
is in [6], and utilizes techniques beyond the scope of our course now. We present,
without proofs, some results in [2], which are more accessible. They apply to
several singular points, but we will restrict our attention to just one, in the
setting of . In the nonlinear case, a “nonlinear nonresonance” condition
is needed, namely: if \; are the eigenvalues of L(0), we need a diophantine
condition: for some v > 0 we have

inf{(|m|+k)”\k+m~)\—>\i| m € N, |m| > 1,keNu{0};i<n} >0 (215)

Furthermore, L(0) is assumed to be diagonalizable. (In [6] a weaker nonreso-
nance condition is imposed, known as the Brjuno condition, which is known to
be optimal.)

Proposition 15. Under these assumptions, There is a change of coordinates
y = ®(2)u(z) where ® is analytic with analytic inverse, so that the system
becomes

u' =27 h(z,u) = 2 Bu+ f(z,u)) (216)

where B is a constant matrix and f is analytic.

Proposition 16. The system is analytically equivalent in a neighborhood
of (0,0), that is for small u as well as small z, to its linear part, namely to the
system

w' = 27! Bw (217)

In terms of solutions, it means that the general small solution of (214 can
be written as
y=H(z,®(2)25C) (218)

where H(u,v) is analytic as a function of two variables, C' is an arbitrary con-
stant vector. The diophantine, and more generally, Brjuno condition is gener-
ically satisfied. If the Brjuno condition fails, equivalence is still possible, but
unlikely. The structure of y in an equation of the form is

yi(z) = Z Chomz" 2™ (219)
m,k
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15 Variation of parameters

As we discussed, a linear nonhomogeneous equation can be brought to a linear
homogeneous one, of higher order. While this is useful in a theoretical quest,
in practice, it is easier to solve the associated homogeneous system and obtain
the solution to the nonhomogeneous one by integration. Indeed, if the matrix
equation

Y' = B(2)Y (220)

has the solution Y = M (z), then in the equation
Y' =B(2)Y +C(z) (221)
we seek solutions of the form Y = M (2)W (z). We get
M'W + MW’ = B(z)MW + C(z) or M(2)W' = C(z) (222)
giving
Y = M(2) / "M (5)C(s)ds (223)

16 Equilibria

We start with the simple example of the physical pendulum. It is helpful in a
number of ways, since we have a good intuitive understanding of the system.
Yet, the ideal (frictionless) pendulum has nongeneric features.

We can use conservation of energy to write

1
iva + mgl(1l — cos ) = const (224)

where 6 is the angle and v = ldf/dt = lw, so with | = m =1 we get
0" = —sin6 (225)

16.1 Exact solutions

This equation can be solved exactly, in terms of Weierstrass elliptic functions.
Integration could be based on (226)), and also by multiplication by ¢’ and inte-
gration, which leads to the same.

1
50’2 —cosf =C (226)

0
ds
— =+t 227
/0 vVC +2coss 0 (227)

With the substitution tan(6/2) = u we get

tan(0/2) du
=t+t 228
/o VIt /Or11(C -2 0 (228)
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Whenever a differential system can be reduced to mere integrations as above,
we say that the system is integrable by quadratures. On the other hand, by
definition the elliptic integral of the first kind, F(z, k) is defined as

8 ds
F(z,k) = 9229
(2, k) /0 V1 —52y1—Ek2s2 (229)
and we get, with K = v/2/y/1+ C,
0
iKF (cos(z/2),K)’ —t+to (230)
0

Inverting, we see that 6 is a Weierstrass elliptic function of ¢. At this point,
we should study elliptic functions to proceed. They are in fact very interesting
and worthwhile studying, but we’ll leave that for later. For now, it is easier to
gain insight on the system from the equation than from the properties of elliptic
functions.

16.2 Discussion and qualitative analysis

Written as a system, we have

0 =w
w' = —sinf (231)
The point (0,0) is an equilibrium, and 6§ = 0,w = 0 is a solution. So are the
points ¢ = nm,w = 0, n € N. In general, a point 6 is an equilibrium of the
equation § = F(0) if F(6y) = 0, implying that 6y is a solution. The physical
interpretation here is clear, if # = 0,w = 0 the system is in equilibrium.

Note that (231) is a Hamiltonian system, i.e., it is of the form

_ 0H(0,w)
 Ow

OH (0,w)
—

0/

!

(232)

where H(f,w) = sw? + 1 — cosf. For Hamiltonian systems, we see that H
is a conserved quantity, that is H(0(t),w(t)) = const along a given trajectory
{(0(t),w(t)) : t € R} (just calculate % H). The trajectories are thus the level
lines of H, that is

1
H,w) = §w2+1—0059:E (233)

(we artificially added 1 to make H > 0, since H is defined by the differential
system up to an additive constant). Of course, not every 2-dimensional system
y' = F(y) is Hamiltonian; one obvious condition is VF = 0. We will return to
this later.

Drawing the phase portrait of the system (say two-dimensional) means plot-
ting the vector field F, its special points, trajectories of interest and so on. A
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trajectory is a set {(0(t),w(t)) : t € A C R; 0(to) = o, w(to) = wo} where A is
typically taken to be the domain of existence of the solution.

In our example each trajectory is associated with a given value of £ = H
and the shape depends on F.

The trajectories are level sets of H; at all points where VH # 0, that
is where the right side of is nonzero, by the implicit function theorem,
the trajectories are analytic (more generally if H is smooth, so will be the
trajectories); otherwise they are typically singular.

Let first 0 < E < 2. We have 1 — cosf = 2sin?(0/2) = E — w?/2 < 2
and thus 0 € (—a,a), a < 7/2). Also, w?/2 = F — 2sin?(§/2) < 2 and thus
{(0(t),w(t)) : t € R} are compact sets; in fact the curves are closed (why?) and
non-intersecting (since VH # 0), smooth boundaries of the domains H < E.
Since VH = 0 only at (0,0) and H > 0 otherwise, the maximum of H occurs
on the boundary of {(f,w) : H(f,w) < E}.

Physically, for initial conditions close to zero, the pendulum would periodi-
cally swing around the origin, with amplitude limited by the total energy.

Figure 7: Contour plot of w?/2 — cos @

Fig. represents a numerical contour plot of w?/2 — cos . If we zoom in,
we see that the program had difficulties at the critical points +7, showing once
more that there is something singular there.

47



16.3 Linearization of the phase portrait

Let’s first analyze the system approximately for small E. Along any such tra-
jectory, 0 is small too and we have E = H(0,w) ~ 2w? + 262. The trajectories
are approximately circles (this needs a more serious discussion, coming shortly).
The flow for this approximate Hamiltonian is 6/ = w,w’ = —0 or §” = —0, the
harmonic oscillator.

This suggests changing variables to u,w with u?/2 = (1 — cos 6):

(1—u?/2) =cosl; wu€[-2,2] oru® = 4sin(0/2)* (234)
which defines two holomorphic changes of coordinates
u = +2sin(6/2) (235)

These are indeed biholomorphic changes of variables until sin(6/2)" = 0 that is,
0 = +m. With either of these changes of coordinates we get from (231

u' = +cos(0/2)w = £sin(0/2)u' = uu' = %(2 sin(0/2) cos(6/2)w

uu' = wsin (236)
W' = —sin@ (237)
Since the trajectories are graphs of curves F(u,w) determined by du/dw or

dw /du whichever of the two exists, this system would give the same trajectories
family as

U =w (238)

W =—u (239)

for which the exact solution, Asint, A cost gives rise to circles. This is consistent

of course with what we would get by making the same substitution, in

(576]). We note again that in we have u? € [0,4], so the equivalence does

not hold beyond u = 2. The level sets H < E < 2 are analytically conjugated

to circles.

What about the other equilibria, § = (2k + 1)7? It is clear, by periodicity

and symmetry that it suffices to look at # = 7. If we make the change of variable
0 =7 — s we get

s =—w (240)
w' = —sin(r —s) = —sins (241)

In this case, the same change of variable, u = 2sin(s/2) gives a set of orbits
equivalent to

W = w (242)
W =u (243)



implying w? —u? = E as long as the change of variable is meaningful, that is, for
u < 2, or |s| < 7. So the curves associated to are analytically conjugated
to the hyperbolas w? — u? = E. The equilibrium is unstable, points starting
nearby necessarily moving far away. The point 7,0 is a saddle point.

The trajectories starting at m are heteroclinic: they link different saddles
of the system. Omnly “exceptional” systems have heteroclinic trajectories (or
homoclinic ones, connecting a fixed point to itself.

In our case, heteroclinic trajectories correspond to E = 2 and this gives

w? = 2(1 4 cos(h)) (244)

or
w? = 4cos(6/2)? (245)

that is, the trajectories are given explicitly by
w = 12cos(6/2) (246)

This is a case where the elliptic function solution reduces to elementary func-
tions: The equation

% = 2cos(60/2) (247)
has the solution
6 = 2arctan(sinh(t + C)) (248)

We see that the time needed to move from one saddle point to the next one is
infinite.

Note that we can fully describe the trajectories —in terms of elementary func-
tions. In the process however, the time dependence, which was the parametriza-
tion, is lost. It is a different matter to solve .

16.4 Connection to regular singularities

Note that at the equilibrium point (7, 0) the system of equations is analytically
equivalent, insofar as trajectories go, to the system

() =G o) () o

The eigenvalues of the matrix are +1 with (unnormalized) eigenvectors (1, 1)
and (—1,1). Thus, the change of variables to bring the system to a diagonal
formis x =€ +n,v =& —n. We get

E+n'=E6-n (250)
§—n'=&+n (251)
By adding and subtracting these equations we get the diagonal form
g=¢ (252)
n'=-n (253)
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or

j—f]:—%; or §n+%§=0 (254)
a standard equation with a regular singularity. Clearly the solutions of
are £ = C/n with C € (—o00,00), and insofar as the phase portrait goes, we
could have written ne + %n = 0, which means that the trajectories are the
curves ¢ = C/n with C € [—o0, 00|, hyperbolas and the coordinate axes. In the
original variables, the whole picture is rotated by 45°.

16.5 Completing the phase portrait

We see that, for £ > 2 we have
w=+V2E + 2cosf (255)

With one choice of branch of the square root (the solutions are analytic, after
all), we see that |w| is bounded, and it is an open curve, defined on the whole
of R. Note that the explicit form of the trajectories, given by does not,
in general, mean that we can solve the second order differential equation. The
way the pendulum position depends on time, or the way the point moves along
these trajectories, is still transcendental.

i

oA

N

Figure 8: Contour plot of y%/2 — cos x

16.6 Local and asymptotic analysis

Near the origin, for E = €2 small, we have

0 = w (256)
W o= —0+60°/6+.. (257)
implying
0 = w (258)
w0 (259)



which means

0 ~ esint (260)
w R~ ecost (261)

For E very large, we have

do
VE + cost

— dO(E + cos0) "2 = dOE"V2(1 + cos0/E)*

= do(E~Y? — %COSH/E_S/Q +--0) (262)

which means 1
E~Y%0 + 5sme/E—3/2+--- =t+tg (263)
or

1
0 =EY2(t+to) — 3 sin(BY2t)/E3/2 4 ... = (264)

The solutions near the critical point (7,0) can be analyzed similarly.

Local and asymptotic analysis often give sufficient qualitative, and some-
times quantitative information about all solutions of the equation. Of course
we will justify these approximations.

17 Equilibria

In [7], Chapter 1.3 about nonlinear systems starts with the words:

“We must start by admitting that almost nothing beyond general statements
can be made about most nonlinear systems. In the remainder of this book we
will meet some of the delights and horrors about such systems, but the reader
must bear in mind that the line of attack we develop in this text is only one and
that any other tool in the workshop of applied mathematics, including numerical
integration, perturbation methods, and asymptotic analysis, can and should be
brought to bear on a specific problem”. Since the book was written, there has
been substantial progress, especially in using tools of asymptotic analysis, to
find the behavior of nonlinear systems. We will see about these later but for
now, we start with classical results and tools.

17.1 Flows

Consider the system

dx
i F(x) (265)

where F' is smooth enough. Such equations can be considered in R™ or, more
generally, in Banach spaces.

As we know by now, if ¢ is a regular point for F', then there exists a unique
local solution of (265)) with x(0) = xq.
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Remark 15. (a) Note that equilibria, defined as points where F(x.) = 0 are
singular points of the field. Trajectories can intersect there. But this does not
mean that flows are singular there. Indeed, if we write

x(t) = xo + /0 F(z(s))ds (266)

and the field is smooth at x¢, the map above is contractive for |t| < e for small
enough £ > 0, and thus there is a unique solution for [t| < e. In particular, if
xg = X, then z(t) = z.. See also Remark [18| below.

The initial condition zq is mapped by the solution of the differential equation
(265)) into x(t) where t € (—a,b) for some a > 0,b > 0 depending on the domain
of existence of a solution to (266) and one or both a,b may be infinity.

Definition 17. The map x(0) — z(t) written as f'(x¢) is the flow associated
to F'.

Note 16 (Semigroup property). We note the (commutative) semigroup prop-
erty fO = I, ft* = f*f* as long as the flow makes sense. This follows from
uniqueness of solutions, giving z(t + s;x0) = x(s; x(¢; zp)).

17.1.1 Fixed points, hyperbolic fixed points in R"

Example. If F(z) = Bz where B does not depend on z, then the general
solution is

z = eBla (267)
where z is the initial condition at t = 0. (Note again that a simple exponential
formula does not exist, in general, if B depended on t.) Note that (D, f)(0) = B
and the flow f is given by the linear map

Fi(wo) = ePF Oy (268)

Note 17. Remember that the eigenvalues of e are eti®

eigenvalues of B.

where \; are the

Definition 18. The point xq is a fized point of f if f'(xo) = xo for all t.

Proposition 19. Let f be the flow associated to the smooth field F. Then xq
is a fixed point of f iff F(x¢) = 0.

Proof. Since z is differentiable in any domain where F' is smooth, we have
x(t+ At) = z(t) + F(zo) At + o(At) for small At. Then z(t + At) = z(t) implies
x(t) = xo = x(t+At). We get F(xg) = F(xo)At+o(At) as At — 0. In the limit
At — 0 we get F(z9) = 0. Conversely, it is obvious that F(zg) = 0 implies that
x(t) = xo is a solution of , and this solution is unique, by Remark O
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Remark 18. This also shows that if closures of trajectories intersect (as sets)
at an equilibrium, then along any nontrivial trajectory ending at z( (that is, a
trajectory other that x(t) = x¢ we must have x(t) # xo for all ¢ € R. Indeed,
we showed that there is a ¢ > 0 s.t. solutions of exist and are unique.
If 2(t) = xo then z(t £ ¢/2) = 0 and it follows that z(¢) = xo for all t. Thus,
the only possibility for the closure of a nontrivial trajectory to be zq is zg =
lims_, oo 2(t) (possibly along a subsequence).

Assume 0 is a fixed point of f, F(0) = 0. The flow f depends on two
variables, zo and t. Since z(t;z0) = f!(z0), we clearly have

of _

5 = L @(tizo)) = F(f't(x0)) (269)

This shows that f* acts as a nonlinear analog of the fundamental matrix of a
linear system.

0
To see what —f is near 0, we write
3:00

' = F(z) = F(0) 4+ (DF)(0)z + o(z) = (DF)(0)z + o(x) (270)

We thus expect to leading order

0
¢’ = (DF)(0)z = z = ! PO = a—xfo = (PO (271)

This is indeed the case, and it is shown below.

Proposition 20. If f is associated to the C' field F and g is a fized point of
f, then Dy ft|pep, = ePF@o)t,

That is, the flow is tangent to the linear flow.

Proof. Without loss of generality we take x¢o = 0. Take the initial condition
z(t = 0) = zo small enough. Let DF(0) = B. We have F(x) = Bx + g(x)
where g(x) = o(z) for small z. Note that we also have for z1,z2 close to 0 and
close to each other

F(xg) — F(x1) = DF(22)(x2 — 1) + o(x2 — 1) (272)
and thus
F(z2) = F(z1) — B(zz — 1) = g(22) — g(21) = o(1) (22 — 21) (273)
We have 2’ = Bx + g(z). Taking = eP'u we get
eP/ + BePlu = BePlu + g(ePlu) (274)

Thus

t
u =z + / e Bg(ePou(s))ds (275)
0
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or
¢
z = ePlx +/ B g(x(s))ds (276)
0

Take initial the initial condition in O = {x : ||z||cc < §}. Let B be the Banach
space of functions defined on [0, T'] with the sup norm, and the ball By of radius
2elBIT | z¢].

We claim that is contractive in By, if § is small. Indeed, you can easily
check that By is preserved since g(z) = o(x).

To show contractivity, we note that

z1(t) — z2(1) =/0 P g(w1(s)) — g(wa(s))]ds (277)
where we know that

lg(z1(5)) = g(z2(s))[| = o(D)[|z1(s) — z2(s) (278)

The rest of the contractivity proof is straightforward. We have by the definition
of Bo

t
/ P9 g(z)dz| < |wolo(1)elPIT|| B = o(xo) (279)

0

and thus

x = eBlag + o(x)

proving the statement. O

17.2 Linearizations. The Hartman-Grobman theorem

Definition 21. e (For a flow f) The fixed point x = 0 is hyperbolic if the matriz
D, flz=0 has no eigenvalue on the unit circle.

e (for a field F) Equivalently, if [ is associated with F, the fized point 0 is
hyperbolic if the matrix DF(0) has no purely imaginary eigenvalues.

The following result generalizes to Banach space settings.

Let U and V be open subsets of R™. Let f be a diffeomorphism between
U and V with a hyperbolic fixed point, that is there is zg € U NV so that
f(zo) = zp and Df(zo) has no spectrum on the unit circle. Without loss of
generality, we may assume that x = 0.

The following result shows that there is a continuous change of coordinates
which transforms f into its linear part.

Theorem 5 (Hartman-Grobman for maps). Under these assumptions, [ and
Df(0) are topologically conjugate, that is, there are neighborhoods Uy, V1 of zero,
and a homeomorphism h from Uy to Vi such that

h™'ofoh=Df(0) & f(h(z)) = h(Df(0)x) (280)
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Note that in the process, D(f)(0) can be brought to Jordan normal form,
but any transformation of the form of the form preserves the eigenvalues
of D(f)(0). The theorem states that, in new coordinates, the flow becomes
linear.

Finally, note the loss of reqularity. We start with C' and end up in C°.

The proof is long but not very difficult; it is preferable to leave it for later;
we however illustrate it on some simple cases.

-1-

Figure 9: Phase portrait of v’ = v,v' = —u

17.3 Conjugation of maps, a simple case: one-dimensional
analytic maps
We note that the higher dimensional version of the analytic linearization result
below is not a simple extension of the one-dimensional case.
A quadratic map, f(z) = ax + B2? contains the core of the problem, while

being algebraically easier to handle. Note that by the substitution f(x) =
a~!f(ax) we get

fy=at+a B2 =at +t* ifa=p (281)

and we can assume without loss of generality that § = 1. We are looking
for conjugation map, “tangent to the identity” (h’'(0) = 1, to ensure that the
existence of h means that the maps are close to each-other) with the property

h™'o foh=al, where I is the identity (282)
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= l -
Figure 10: Phase portrait of v/ = v,v' = —u — yz?
In our example, it means
h(ay) = ah(y) + h(y)® (283)

Let’s first see why hyperbolicity is important. First of all, obviously with o = 1
implies h = 0 which is not a valid solution. Neither can we find such a map if
a = —1. Indeed, in this case

h(—y) = —h(y) + h(y)> = h(y) = —h(—y) + h(—y)
= —[~h(y) + h(y)*] + [-h(y) + h(y)*]* = h(—y) — 2h(—y)® + h(—y)* (284)

and then h(y) = 0 or h(y) = 2, both unacceptable. You can show that if w is an
n-th root of unity, we also get a contradiction. Now, for one-dimensional maps,
it is not necessary that f be hyperbolic for h to exist. The Brjuno condition
measuring how far an irrational angle is from the rationals is in fact necessary
and sufficient for the existence of an analytic h.

Let’s now take |a| # 1. We are looking for h(x) = x + O(2?) and then it is
natural to substitute i(z) = z + z2§(z) in the conjugation equation ([284).

We get

ax + o?2x?5(ax) = ax + ax®d(x) + 2% + 2230 (x) + 216 (x)? (285)
If |a] > 1 we isolate (),

S(ax) =a 2 +a t5(z) + 2 2w (z) + 2%a%5(x)? (286)
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One reason to attempt to place d(z) on the left side is that, if there is any chance
at contractivity, there must be an invariant domain in z. If, for calculating
0(x) we needed §(ax) with || > 1, only C would be invariant, and then the
conjugation map would need to be entire, which is a priori quite unlikely. We

can rewrite as
§(z) =a 2 +at(z/a) 4+ 203z (z/a) + 22a"2(x/a)? = N(6)  (287)

Let’s see if A is contractive as presented. In choosing an invariant ball of radius
R in the sup norm for §, R, as we know already, must be at least as large as the
d-independent term, |o| ™2, meaning

% + R <R=R> _r
! a ala—1)
which, if a is close to 1 would force x to be very large, which we don’t want
either, because of the same reason: we expect § to be well behaved for small z
and not necessarily for any z.

We can attempt to pull out more terms, as usual. Unfortunately, 1/a is not
a small parameter, and this would be hard work. If we write d(z) = a=2+d;(x)
we get

(288)

01 (x) = a3+ (2) a '+ 22078 + 2225, (g) a6

e (51 (f))Q a2 4204, (f) a? (289)
@ @ «a
For any a > 1, we will eventually succeed with this procedure, because for some
large k a~* will be sufficiently small.

Since however a~! is not small enough, there is no compelling reason to
“discard” in a first approximation, a~16(z/a) (this is what it would amount to,
if we expect contractivity).

So a better way would be to keep it on the left, if we can still invert the
resulting operator:

§(z) —a t(x/a) = a? + 203z (x/a) + x2at(x/a)? = N(6)  (290)

Now every term on the right side containing ¢ is “guarded” by a power of x and
we can hope to show that it will be <« a~2.

On the left side, we denote (L(0))(z) = a~16(z/a) and note that L is a linear
operator of norm < 1. We then have

§(z)=(I - L) " (o ?+2a %20(z/a) + 2°a"*5(z/a)?) (291)

From here on, contractivity in a ball of radius ||6]|so||(/ — L) *a72||(1 +¢) <
|a=2(1 — a~1)], if z is small enough, is immediate. For o < 1 we can similarly
write

§(x) — adlar) = —a~t — a7 (226(2)? + 226(x)) (292)
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and we now define (L(9))(z) = ad(ax), again an operator of norm < 1 and we
proceed as before.

We can work in a space of analytic functions §; then we also obtain analyt-
icity of h, in this case.

Let’s see, in terms of a power series, what we would get. With h = z +
> e, e we get

—_— m(%m + terms of lower index) (293)

It is apparent that any root of the unity, or any a of the form 2™/ would
prevent the series from existing, unless some “miraculous cancellation” occurs.
It is also clear that we would have some difficulty proving analytic equivalence
for any a = €% since we will get small denominators every time k/m is close

to @.

17.4 General case

As noted we can assume without loss of generality, that D(0) = J is a Jordan
matrix.
We have to solve
flx+d6(x)=Jx+(Jz) (294)

An expansion at zero, noting that f(0) = 0, gives

Jx + Jé(x) +o(Jx + §(z)) = Jx + §(Jx)
< Jé(x) —6(Jx) = o(Jx +6(z)) (295)

assuming both x and () are small. We also have, since f is C*

o(01(x) — da(x)) = o(1) (01 (z) — d2(x))

The one-dimensional example shows us what to do. We split the space as
X ® X, where in X, the Jordan blocks J. have eigenvalues |A| > 1 and J,. with
|A| <1, resp.; we also write J = J, @ J,.

We define an operator L(§)(x) = d(Jx). We write z = z. @z, and write the
system as

Jebe(Te D xe) — be(Jee @ Jee) = 0c(Jx + ()
Jebe(e D ) — 0c(Jee ® Jox) = 0c(Jx + 6(2)) (296)

and it remains to show that this can be arranged as a contractive mapping,
which we leave as a (not so easy) exercise!
To apply this to flows, we would linearize the flow. A toy model is to take
a discrete evolution
z(t+ 1) = ax(t) + z(t)? (297)
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and substitute x = h(v):
h(v(t +1)) = ah(v(t)) + h(v(t)?* = hlav(t)) = v(t + 1) = av(t) (298)

Consider
' = F(x) (299)

over a Banach space, where F is a C'! vector field defined in a neighborhood of
the origin 0 and F(0) = 0. As before,

DF(0)=1B
Remember that, by Lemma the flow f! associated with F satisfies
D, f'lo = €5 (300)

Note that the flow f? is hyperbolic iff o(B) NiR = (). In this case we naturally
say that F' is hyperbolic.

Theorem 6 (Hartman-Grobman for flows, [10]). Suppose that 0 is a hyperbolic
fixed point of the flow described by F in . Then there is a homeomor-
phism between the flows of F and DF(0), that is a homeomorphism between a
neighborhood of zero into itself so that

ff=hoeP'on™'; B=DF(0) (301)

In fact, Theorem [f] follows from Theorem Indeed, then we take first
f(x) :== fY(z), the flow at time 1 which by the given assumptions has a hyper-
bolic fixed point at zero. Then, recalling (271)), there is an h s.t.

f1(h(2)) = h(e"2) (302)

We claim that this conjugation extends for all ¢, that is

(b)) = h(ePa) | (303)

as long as eP*z is in the domain of h.

For the proof note that, assuming we would have
h(z) = f'(h(e™"Px)) (304)
and this is what we will check. Fix ¢ =T and let
h(w) = T [p(e " )]

and the goal is to show h = h. Using ([302) we get

Fh@) = PP = £ (e P )]
— fTIh(Pe P 2)] = fTh(e BT ePa)] = h(ePx) (305)
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That is (302) holds with h instead of h. By uniqueness h(z) = h(z) and thus
(303]) follows. See also [§].

Smoother linearizations The more regularity is needed, the more conditions
are required. Let us now consider a two by two system,

U= /\1u + Ao’l)2 + Al’lﬂ) + A2U2 + - (306)
0 = Aau + Bou® + Biuv + Bav® + - - (307)

We assumed without loss of generality that the linear part is diagonal (more
generally, we should take a Jordan normal form), since this can be arranged by
linear changes of variables.

We try, by a change of variables, to eliminate the quadratic correction (at
the expense of course of introducing higher order terms).

u=U+aoV?+ a,VU + apU? (308)
v=V +bU? + b, VU + by V2 (309)

Substituting (308)) in (306) we get

U =\U+ (—)\1a2 + A2)U2 + (-CL1>\2 + Al)UV + ()\1@0 — 2apAs + AO)V2 + -
(310)
V =XV + (Aabo + By — 2 A\1bo)U? + (=by Ay + B1)UV + (—Aaby 4+ Bo)V2 + - -
(311)

and require that the quadratic monomials in U,V vanish; we get a system of
equations which we solve for a;, b;. The result is

AO A1 A2 BO &

L a="Fas == by = _ b
VI VA s VL s WL Vs S WA W

by = =2 (312)

ao = =
A2

we see that for more regularity, we need nonresonance conditions: so far, we
need

)\7; 75 07 )\1 7£ 2)\2; )\2 7& 2)\1
Let i = et and p* = pf* - pg? - - ko

Theorem 7 (Sternberg-Siegel, see [I0]). Assume F' is differentiable, with a
hyperbolic fixed point at zero, and DF' is Holder continuous near zero. Assume
further that A = DF(0) satisfies

Nijk € 0(A) = Re\; # Redj + Re)y (313)

when Re); < 0 < ReXg (for maps p; # pjpe if |p;] < 1 < |ukl). Then the
functions h in Theorems[5] and [6] can be taken to be diffeomorphisms.

Note 19. In one or two dimensions, there is obviously no further restriction
besides |\;| # 1.

Smooth linearizations
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Theorem 8 (Sternberg-Siegel, see [I0]). Assume F € C* and the eigenvalues
of DF(0) are nonresonant, that is

Ai —KA#0 (314)

for any k € (NU{0})"™ with |k| > 1. (For maps, u; # puX.) Then the functions
h in Theorems[5 and [6 can be taken to be C°° diffeomorphisms.

17.4.1 Linearization proofs
Consider a nonlinear system in a neighborhood of 0 taken to be a fixed point:
%x = Ax + F(x), F(x) = O(x?) (315)
Assume first that A is diagonalizable, and let S~1AS = A; with x = Sy we get
Sy = ASy + F(Sy) =y = Ay + F(Sy); F(Sy) =O0(y*) (316

(similarly for a more general Jordan form). Thus, without loss of generality we
can assume A = A. Then, the problem is equivalent to

%X = Ax + F(x); where F is at least quadratic (317)

where x is a vector in R?, A is diagonal (or more generally a Jordan matrix; we
will not yet deal with this extra layer of complication.) We want to find an h
which conjugates (317)) with the linear equation

W = Aw (318)

We also h(0) = 0 to preserve the fixed point, and that h be locally invertible.
That means Dh(0) is invertible. As we’ll see first, without loss of generality we
can assume that B = Dh(0) = I. We have

. 0Oh oh

(because we want (318)) to hold), and on the other hand,
%X = Ax + F(x) = Ah(w) + F(w + h(w)) (320)
and finally, we get the nonlinear PDE

%AW = Ah(w) + F(w + h(w)) (321)

Or, equivalently
Lh =F(w +h) (322)
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where
oh

Lh := a—wAw — Ah (323)
An equation of the form

oh

a—wAw —Ah(w) =v (324)

is called a homological equation. On the other hand
h(w) = Bw + Ha(w) (325)

where Hj is at least quadratic. Substituting (325)) into (324)), we get

oH
(B +Hy(w))Aw = A(B + aw2 Yw + F(w + h(w) (326)

in the limit w — 0 we have
BA = AB +0(1) (327)

which means B (which by choice is invertible) is in the commutative C*-algebra
generated by A. Let w = Bw; We have

oh oOw 1 . B ) .
Dwy Owy AB™'wy; — Ah(B™"w;) = F(B™wy) = F(wy) (328)
or _
oh - . -
w, W1 — Ah(w) = F(w + h(w)) (329)
8W1

an equation of the same form, but where fl(wl) = w; + o(wy). So we can
assume without loss of generality that h(w) was already f this form.

Now we Taylor expand h for small w. The key to avoid very complicated
algebra is to decompose the equations by homogeneous polynomials. A homo-
geneous polynomial h,, of degree n is one in which any monomial in h,, is of the
form w* where |k| = ki + ... + kg = n:

h(w) = w + i > hyew® (330)

n=2 \k\:n

Using homogeneous polynomial decompositions, an equation of the form
splits into an infinite set of algebraic equations.

Let us, for simplicity, first look at a two-dimensional model. The generaliza-
tion will be quite straightforward. It is simple to generalize this if we see it in
a2 by 2 case, h=M,e, = wlflwgzel, ki + ko =n.

([ d d dMper _ (nyw;' nawy !
Van—<dwan dszn>;» T _( 0 o) ) Mao (331)
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1

1
oM, Aw = M, nla anil ()\111}1 0 > - M, ()\17@1 + )\277/2)
ow 0 0 0 )\211)2 0

(332)
Likewise also,
AM,Lel = Aanel (333)

17.4.2 Preservation of monomials

Let L be as defined in (323). Note that the monomials Mye; = w¥e; where
e; is the j-th unit vector form a basis in the space of all vector polynomials of
degree < n.

Lemma 22.
kaej (k- X —)\;) whe; (334)
Proof. We note that 2

Awk e =w k), ej, and thus the jth component of 2 ef AwX e; is nonzero, and
it equals w* Zi:l Aik; and the result follows. O

is a matrix with only one nonzero row, the jth, and

17.4.3 Homogeneous polynomial decomposition

=w+ Y > Wwk=> h"(w) (335)

n=2 k|=n n>2

We write

where h!” are homogeneous polynomials of degree n. Similarly, in the equation
for = we write
w)=> > Fuwk=) Fll(w) (336)
n2>2 |k|=n nz=2
with F[")(w) homogeneous polynomials of degree 7.

Definition 23 (Nonresonance). the eigenvalues A1, ..., \q are nonoresonant if

Aj# (k- X) forj=1,..,d and k with k| > 2.
We assume from now on that A1, ..., Ay are nonoresonant.
Exercise 1. Show that \; = i, A\, = —i are resonant.

Lemma 24. The equation

d
LPM = Fi; Fl(x) =" fiuxe;
j=1k,|k|=n
where P is a homogeneous polynomial, has the solution

Pl (x Z Z f“‘ xke, (337)

j=1k, |k\—n Aj
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Proof. This follows from (334)). O

Now we start by eliminating the quadratic terms in F.
We substitute x = w + hl?(w) 4+ §(w) in (B19), where hl?(w), is a ho-
mogeneous polynomial of degree 2, where we want §(w) = o(x?. We write

Fa(x) = FI(x) 4 o(x?). We get

x = Ax + Fy(x) = Ax + FP(x) + o(x?)

= Aw+Ah (w)+FB (w+Ah? (w))+o(w?) = Aw+AhP (w)+F 2 (w)+o(w?)
(338)

and on the other hand, combining the substitution with (338) we get

h2l h2l
o= O = Awk S Awro(w?) = AweARE (w) +FE () +o(w?)
(339)
and thus
Ohl?!
A — AhPl(w) = Lhl? = FBl(w) + o(w?) (340)
W
The equation
ohl?]
T A Ah(w) = Lh? = FI2(w) (341)
W

(under the nonresonance condition) has a solution, c.f. ([337).

Theorem 9 (Poincaré). If the eigenvalues are monresonant, then there is a
formal series transformation linearizing the system.

Proof. We let x = w+h[ (w) +hBl(w)+§(w). After eliminating the quadratic
terms the equation becomes

ohl¥l(w)

g A wAhP(w) = LhP® (w) = FB + o(w?) (342)
Now, the equation
WAW — AP (w) = LhBl(w) = FBI (343)
has a unique solution by Lemma Inductively we get at step n the equation
ohl"(w)

T AW - AhM(w) = Lh"(w) = FIY(w) + o(w™) (344)

Definition 25. A sequence of formal power series
S e
k;|k>0|

converges to zero in the topology of formal series if for any k there is an ng
s.t. for all n > ng an] =0. In general S — S if SI"l —§ — 0.
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Theorem 10 (Poincaré-Dulac). An equation of the form
x = Ax + Fao(x)

s formally equivalent to
w = Aw + Ry (x)

where Ro(x) is a series (possibly finite) containing the resonant monomials in
Fs5 and only those.

Proof. If there are resonances, we follow the same procedure as in the nonres-
onant case, while keeping the monomials that cannot be eliminated because of
resonannce. We leave the details as an exercise. O

O

Note 20 ([14]). (i) Even without having convergence, the nonlinear terms can
be made arbitrarily small in a neighborhood of the fixed point by performing
finitely many transformations as above. The equation becomes

W = Aw + o(w")

(ii) If the right side of the homological equation has degree r, then by letting
w = w; +h and solving the homological equation Lh = v, the new right side
will have degree 2r — 1. This is very important to control the convergence of
the expansion; see next subsection.

(iil) Multiple eigenvalues are allowed, provided they do not lead to resonance.

17.4.4 Improved convergence rate

Also, in the proof of convergence, a much more rapid scheme can be used,
namely, instead of writing x = w + h["(w) (where as the notation indicates
h!" is a homogeneous polynomial of degree n, one takes a general h,, of degree
at least n and solve for all the monomials present in the nonlinearity up to a
higher order nonlinearity, namely by solving

aah—‘fv]/\w — Ah = Lhi" = F (w) (345)
where F,, contains all monomials of degree € [n,2n — 1]. Then, the error terms
generated come from taking F,,(w) instead of F(w + h,,) which only introduces
terms of order at least 2n — 1.

By following this procedure we have at step j a least power satisfying p; =
2pj—1 — 1, p1 = 2, that is p, = 41

Note 21. Alternatively, if we do not aim for computational simplicity but
rather for the simplicity of the result, we can solve (345) to all orders, to avoid
introducing additional error terms at the next stage.

*
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17.5 Types of resonances

The resonances are classified according to their degree. This relates to the
number of “partial linearizations” h,, can be performed. Clearly, if some A
is zero, this corresponds to \; = 2);; it is also a resonance at higher orders,
Aj =nA;, for any j > 2. If A\, Ay are s.t.

niA1 = —NagXg; ni,ng €N
then this constitutes a resonance since it implies
)\2 = Tll/\l + (712 + 1))\2

Taking the opposite sign,
)\1 = m)\g

with m > 2 is a resonance since it is the same as
A1 =0A1 +mAg
but it entails no higher order resonance since
A1 =111 +n2da = m(l —n1)Ae = nedy = (n; = 0 and ny = m)
Furthermore, if p; and po are relatively prime, then

D1AL = P22

is not a resonance since, together with Ay = ni A1 + noAg it implies
P1A1 = p1naAr + pingde = pada — panid2 = pinada (346)

and thus ny; = 0 implying ps = p1ne = ny = 1 = p; = p2, contradiction.

If NyA\1 = Naodg, M, N € Z, a more systematic way to look for the degree
of resonance, their number, etc is, once we saw what happens in the case of 0
eigenvalues, is of course to write the systems

)\1(1 — ’I’Ll) — )\2712 =0
= Ning = Ng(l — nl) (347)
NiA — Nody =0

and similarly
Nl(ng — 1) == nlNQ (348)

17.5.1 Poincaré domains and Siegel domains

Definition 26. The eigenvalues Aq, ..., A,, belong to the Poincaré domain (a
subset of C") if the convex hull of Ay, ..., A,, in C does not contain zero inside.
Otherwise it is said that they belong to the Siegel domain.
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Theorem 11 (The convex separation theorem). A convex domain not contain-
ing the origin is contained in some half-plane.

This is a special Hahn-Banach separation theorem. A direct proof goes as
follows. The convex hull C' is a convex set which contains, by definition, all the
A and by assumption 0 ¢ C. Then dist(0, C') = inf e dist(xz,C) = a > 0. Since
dist is a continuous function and C' is compact, there is a point in C' (it must be
one of the lambdas) s.t. dist(A,0) = a. Any line ¢ perpendicular to the segment
[0, A\] passing through its interior does not cross C. For if € £ N C, then the
segment [z, A\] would be in C and elementary geometry shows that there would
be a point y on this segment s.t. dist(y,0) < a.

Theorem 12. If the eigenvalues are in a Poincaré domain, then there are only
finitely many (possibly zero) resonances.

Proof. Indeed, without loss of generality, we can assume that Aq,..., A\, are all
in the open right half plane. Then ReA; > 0 for all i. This easily implies

lim Re(k-A) =00 (349)

|k|—o0
O

Lemma 27. For general DF(0), there is a basis in which L is triangular, with
the same eigenvalues as in the diagonal case.

Theorem 13. If X\ is in the Siegel domain then either
(i) There are infinitely many resonances
(#i) There exist sequences s.t.

Aj—k-A =0 withkeN as |k| = o0 (350)

Proof. The convex hull C' is evidently a polygon. In case 0 is on side of the
polygon [A;, Ai11] then there exist a1 2 > 0,01 + a2 =18t a1 A +are =0
(why?). Otherwise, any triangle with vertices A;, A\;+1,0 is contained in C.
Then, there is a triangle with vertices A, X', \ containing 0 inside (why?) By
relabeling the lambda’s, for some a; 23 € RT. with @y + as + a3 =1 and

Q1A + agdo +agA3 =0 (351)

(why?) Evidently, both conditions (i) and (ii) are invariant under linear changes
of coordinates. We have in mind linear invertible transformations from R? into
R2, not only conformal ones.

There are two cases: (i) there are two linearly independent As (over R); (ii)
the three As are collinear.

If the points are collinear, then 0 is between, say A\; and As. By a rotation
we make both \’s real; one is positive and the other one is negative. If A\; and A,
are linearly dependent over Q then clearly there are infinitely many resonances.
If not, it is known that the set of ki|A1| + k2| A2| with (k1,k2) € Z is dense in R
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Figure 11: “Small denominators”. Black is for k = 1,2, blue for k = 3,4, green
for 5, 6.

from which the property follows trivially. We could use the Poincaré recurrence
theorem, or simple results about continued fractions but here is a direct simple
proof. We can assume without loss of generality, that |\; /A2| = r is an irrational
number in [0, 1]. Take all rational numbers m/n with p < g both positive. There
are n? of them. The rest is an exercise.

Case (ii). Through a linear invertible matrix we can make A\; = 1 and Ay = .
By assumption, 0 is inside the triangle A(1,4, \). There is a convex combination

satisfying (351)), or

—agA3 = a1 + agi (352)
or
— A3 = P11+ Pai (353)
where 31, 82 are positive, or, A = —\3 is in the first quadrant. Now we are
looking at approximations
A=k+mi—nre h-1DA=k+mi (354)

Then, considering all linear combinations of —n3A3, n; and noi is the same as
looking at —n3As for all ng € N on a square lattice in the first quadrant, and
determining whether —n3A3 goes through, or passes near, a node. This in turn
is equivalent to the question of the evolution X +— X — A3 mod the unit square,
a discrete rotation on the torus T. Thus, either the rotation is rational in which
case there are infinitely many resonances, or else the trajectory is dense. This
follows from the Poincaré recurrence theorem.
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Exercise 2. Find an elementary proof based on Fig. counting the number
of loops on the torus etc. The whole proof illustrates 3 strategies: using the
invariance of the question under linear transformation, and using this freedom
to convert it into a square lattice one; modding out irrelevant features and lifting
the dimension (to 2, that of a torus) to decouple a system.

If the rotation is irrational (in both directions on the torus, that is the point
never returns to the same horizontal or vertical line in the square) what is the
minimum n, for large n s.t. there is a point on the trajectory of the point (shown
as a colored ball) within € of the center of the patch?

O

17.6 Analytic equivalence
17.6.1 The Poincaré-Dulac theorem

Theorem 14 (Poincaré). Assume the eigenvalues of A are in the Poincaré
domain and are nonresonant and in the system

x=Ax+F(x); F=0(x% (355)

the function F is analytic in a polydisk of radius R containing the origin. Then
the system (355)) is analytically equivalent to

w = Aw (356)
for small enough w.

Theorem 15 (Poincaré-Dulac). Under the same assumptions as in Theorem
except nonresonance, the system (355)) is analytically equivalent to

w = Aw + R(w) (357)
where R contains only resonant monomials.

Note 22. The proof of Theorem[15 is very similar to that of Theorem[I]] so we
focus on Theorem[I]} The C* and C" cases are similar and in fact simpler.

17.7 Proof of Theorem [14]

Proof. We look for an equivalence map
x =w+h(w); h=0(w?) (358)

where h is analytic, reducing (355)) to (356]). The equation that h satisfies is

then, see (329),

%Aw — Ah = F(w + h(w)) (359)
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17.7.1 Spaces of vector valued analytic functions

Note 23 (Reminder: Hartog’s theorem). If f : C™ — C is an analytic function
in each variable w;, 1 < ¢ < n, while the other variables are held constant, then
f is analytic function in the n—variable sense (i.e. that locally it has a Taylor
expansion).

Corollary 28 (Cauchy’s formula in n variables). Let D = []""_; D; be a polydisk
(each D, is a disk in C). Then,

_ 1 f(Z17..-’Zn) ya Z.
S = e | //aa (1= wn) o (m — ) 2o o (360)

Proof. This follows from Fubini, by starting with all variables but the first
one frozen and applying the usual Cauchy formula, then moving to the second
variable, etc. O

For the proof of the theorem, we consider the space of vector valued functions
f

)

d

f(w) => > frjwe; (361)

j=0k>0
analytic in a polydisk Dr = {w : |w;| < R,i = 1,...,d} and continuous on Dg
with the norm
Il = €l = 1 fics
Jk
Definition 29. We denote by C¥(Dg) the space of functions with finite norm
(1362)).

Note 24. Associate to a function f € C¥(Dg) the function f,ps by

RIx| (362)

f:kaWk éfabs :fabs :Z|fk,j|wk (363)
k k,j

(faps is in fact a scalar). The operator f — f,,¢ is unbounded in the usual sup
norm. Note also that
€Nl = [lfabs lloo (364)

where the sup norm is taken over . This is clear because the coefficients of
f.bs are all positive.

Proposition 30. (i) If fu4, is analytic in Dr and supyp,, [fas| < 00, then f is
analytic in Dr and continuous in Dg.

(i) If £ is analytic D and R’ < R, then the sup norms of |f((£s)| over D/
are finite for all n. (Note that £ = (7)) 4ps.)

abs
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Proof. (i) Both analyticity and continuity follow by dominated convergence.
(i) Cauchy’s formula implies immediately that

fabs oo, R
”fabs”oo,R’ < (:|l|—R//I%)d (365)

One can differentiate under the integral sign in Cauchy’s formula, by dominated
convergence. Thus, similar bounds hold for the derivative (estimate them!). O

Proposition 31. C“(Dg) is a Banach space of analytic functions in Dg con-
tinuous in Dg. If £ € C¥(Dg), then ||f|| = supyep,, [fabs|-

Proof. Analyticity is clear. Continuity follows from the uniform convergence of
the power series in Dg. The fact that this is a Banach space can be seen either
directly or as follows: the space C¥(Dg) is isomorphic to a weighted ¢! space
(with weight R¥!). The last part is clear since faps is an analytic function with
positive coefficients whose sup, if finite, is reached at w; = R,i =1, ..., d. O

Proposition 32. In the scalar case, d = 1, the space C¥(Dg) is a Banach
algebra.

Note 25 (Reminder). A Banach algebra is a normed algebra in which the prod-
uct “«” is continuous: ||f * gl < || flllgll-

Proof. 1t is straightforward to check that

I £glll = sup [(fg)abs| < sup(| fabs| |gabs|) < sup | fans| sup [gavs| = I £ gl
O
Definition 33. If H = (Hy, Ho, ..., H;), we naturally write
HY(w) = H{* (w)Hy?* (w) - Hy* (w) (366)

Corollary 34.
I < lE - Hal)

Proposition 35. If £ H are in C¥(Dg) and if H(0) = 0 then for R’ small
enough f(H) € C¥(Dg/) and we have

FH(W)) =) fi;H"e; (367)
k,j
and
IEE)]| < sup [faps(Flaps)] (368)
|w|<R'
Proof. This follows immediately from Corollary [34] O
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17.8 The analytic equation

Recall that the eigenvalues of A are assumed nonresonant and that this implies
[Ak — \;j| — oo as |k| = co. Then there is a lower bound

IA-k—Xj|>(1/a) >0= < a; Vk,j (369)

-
|Ak — A
Proposition 36. If A is nonresonant and a is as in (369), then the operator
oH
L:=H— —Aw - AH (370)
ow
is invertible from C¥(Dgr) into and C*(Dgr) and the norm of the inverse is
L= < a.

Proof. The inverse of L (say densely defined on a dense set, on polynomials) is,
see Lemma
e Jij k.
J,[k[>2

and by (369) the norm is less than a. L~! extends thus by continuity to the
whole of C¥ with the same norm (check the details: polynomials are dense in
C¥(Dg), the equation LL~! holds on polynomials, etc.) O

We write (359) in the equivalent form
h(w) — L™'F(w +h(w)) =0 (372)

Proposition 37. For small enough ¢ there exists a unique solution h of (372)
in C*(D.).

Proof 1. Tt is easily checked that h —= L~!F(w + h(w)) is well defined in a
small ball ||h|| < e. The Fréchet derivative at h =w =0 is

Dy [h(w) = L'F(w + h(w))] \(O)O) == DL F(wh(w))]|

=TI - L 'F,(0)I =1 (373)
and the implicit function theorem applies. O

One could have alternatively applied the contractive mapping principle, but
in this case the fixed point theorem leads to a shorter proof. However, note that
if we have a concrete equation, the implicit function theorem, as applied abowve,
does not give us any explicit . O
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17.8.1 The case when the Jordan form of A is not diagonal

Note: the result is stated incorrectly in Arnold [I4]. It is however stated accu-
rately and proved in [9]. The proofs are similar to those in the diagonalizable
case. See [9] for details.

Theorem 16 (Formal Poincaré-Dulac theorem). A formal vector field is for-
mally equivalent to a vector field with the linear part in the Jordan normal form
and only resonant monomials in the nonlinear part.

Theorem 17. A holomorphic vector field polynomial with the linear part of
Poincaré type is holomorphically equivalent to its PoincaréDulac formal normal
form.

In particular, if the field is non-resonant, then it can be linearized by a
holomorphic transformation.

17.9 The Poincaré domain resonant case and the extended
system

In this case the Poincaré Dulac theorem shows that we are generically left with
resonant monomials, cf. (357). Ideas going back to Dulac [3] and developed
by Kazhdan, Kostant and Sternberg [5], Walcher [I1] and Gaeta [4], show that
the system can be extended so that it becomes linear. The idea is essentially to
take each resonant monomial as a new dependent variable. We illustrate this
on a number of examples, following relatively closely [4] (modulo notation and
small typos in [4]).

We recall that, by (334))
Lwke; = (k- — ;) wke;

and thus a resonant monomial corresponding to A; can only appear in the jth

equation.
1 0
=0 %)

Take d =2, w = (x,y) and
with k a positive integer; here A = (1, k) is in the Poincaré domain. There is only
one resonance k = (k,0) (with j = 2,n =k (that is, Ao = kA1 + 0)\g, k1 + ko =
n = 2 and the only resonant monomial is w® = z*, possibly appearing in the
equation for y. The Poincaré-Dulac normal form is

r= x
y= ky+ Ba*

with g € C. If 8 = 0 of course there are no resonant monomials left. Otherwise,
let ¢ = 2%, ¢ = k(2*~1)3 = kq. The extended system is

r= x
y= ky+Bq (374)
q= kq
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The matrix of the system has a nontrivial block corresponding to the resonant

k:
1 0 0
0 k (375)
0 0 k

This can be of course brought to its jordan normal form simply by taking

y = By

but there is no need for this small step, as we can solve (374]) as presented. The
solution is

w(t) = zoe’ , y(t) = (yo +y1t)e™ , q(t) = qoe™; y1 = Bkao
and of course, at the end we don’t need ¢(¢). Thus,
a(t) = zoe'; y(t) = (yo + txg)e™

Example 2.
Take d =3, w = (z,y, 2),

1 0 0
A= 10 20
0 0 5
and A = (1,2,5) in the Poincaré domain. There are four resonances: [k; =
2,n=2], ko = (1,2,0),5 =3,n=3|, ks = (3,1,0),j = 3,n = 4]
5,0,0),j = 3,n = 5]. and correspondingly we have, with ¢; = w*?,
=2, =y, 3=2", =21

The normal form is

= x
y= 2y+ca?
z= bz+ CQny + CSmSy + cqxd

with ¢; arbitrary real coefficients.

Gr = 2xi = 222 = 2¢4, (376)
G2 = iy® + 2xyy = 2y® + 22y (2y + c1”) = 5q2 + 2143 (377)
g3 = 32%yi + 2%y = 323y + 2°(2y + c12?) = 5g3 + c1qu (378)
Ga = 52° = 5qq (379)
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We take ¢1 = 22, g2 = zy?, ¢3 = 3y, ¢4 = 2° and the system extends to a linear
system in R7,

K -

1 000 0 0 0O T
Y 02 01 0 0 O Y
z 0 0 5 0 ¢ ¢33 ¢ z
|=]1]0 0 0 2 0 O O qn (380)
Q2 0 0 00O 5 2¢¢ O Q2
qs3 00 0 0 0 5 ¢ q3
q4 00 0 0 0O 0 5 q4
with Jordan normal form
1 0 000 0 O
0 21 0000
0 020000
0 00 510 0l=D+N (381)
0 00 0O 5 10
0 000 0 5 1
0 00 OO O b

where N is a nilpotent, N* = 0. The general solution to the system (retaining
only z,y, 2) is

z(t) = zoe’, y(t) = (yo + ty1)62t, 2(t) = (20 + 21t + 2pt? + 23t3)65t (382)

(Note. There seem to be typos in the solution in [4].)

17.10 Connection with regular singular points and Frobe-
nius theory

A system of the form

w=B0)u+ zA(z)u; 3=z (f = ;l];) (383)
implying
du dudt 1
. — = ——— = —
=== (B(O)u + zA(2)u) (384)

which is the same as (134]). In the form (383)) the system is nonlinear (in z only)

but free of “explicit” singularities while (|134)) is linear but singular.

What resonances can we have? Note that we don’t have monomials of total
degree larger than 1 in u, only possibly in z; “left-over” monomials can only be
of the form ulzPe;. Thus, the resonant ones that cannot be eliminated are of
the form

=X +p (385)

which is exactly the Frobenius resonance condition, of which we can only have
finitely many (regardless of whether we are in a Poincaré or Siegel domain)!
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Of course, if there are only finitely many resonances, then the proof of the
Poincaré-Dulac theorem also applies to a Siegel case, as the surviving denomi-
nators are bounded below. The space of functions whose all Taylor monomials
are of the type u;2Pe; forms a Banach space preserved by the right side of
(383) (which is linear in u;). Thus the Poincaré-Dulac proof applies with mi-
nor changes, and Frobenius theory is subsumed by Poincaré-Dulac linearization
theory. Note also that after linearization and possibly extension of the system,
Poincaré-Dulac reduces the study of a regular singularity, analytically, to a sys-
tem with constant coeflicients, analyzed at t = oo, or to an Euler system by
taking ¢ = In s to analyze it at s = 0!

For simplicity let’s assume B is diagonalizable, let’s place Z = z in first
place, that is Ay = 1 and assume there is only one Frobenius resonance which
we place last, A\, = A\ + p, and we assume to get something nontrivial, that the
coefficient of the resonance is 8 # 0 which, as in the previous section can be
chosen to be one by rescaling w,,. Then the system is analytically equivalent

=z (386)
(387)
Wy = AWy + Wy 2P (388)
We take ¢ = w, 2P and get
Z=z (389)
(390)

and the matrix of the extended system has one just one nontrivial Jordan block,
An 1
0 A

z=Crel, ., wj = Cje)‘jt, ey Wy, = Wy 0(1 4+ wnozgt)e)‘"t, q= Cane)‘”t (392)

which yields

which we solve as before. There is only one log in this case, when we write the
solution in terms of z.

Note also that the imaginary line plays no role. However, if the singularity
is irregular, say # = 22, then we do have infinitely many resonances. But this is
a case which cannot be analytically linearized in general, as we shall see.

18 Newton’s method

Consider a simple contractive mapping setting, a linear one,

X =Xo+LX (393)
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where ||L|| = X < 1. If we iterate X, 11 = Xo + LX,, we have
[ X1 = Xall S AXn = Xnall = [ X1 — Xall < OA (394)

and this is all that is guaranteed in full generality; indeed we can look at the
one-dimensional case Z,4+1 = a + A\xy,, |A| < 1 to see that this is optimal.

The actual convergence rate, depending on L may however may be faster.
An example is the equation for the exponential f' = f; f(0) = 1 written in
integral form, and iterated,

D=1+ [ f6ds fua=1+ [ fods om0 G95)

A simple induction argument shows that
R=Y % (396)

and since fr41 — frn = O(x™/n!) and f,, approaches f factorially rather than
geometrically.

Note 26. If we are in a Hilbert space setting and the contractive operator is self-

adjoint (or normal), then the convergence of the iterates is necessarily geometric
since, then, ||A™| = ||A]|™.

In some cases, the convergence rate can be improved by Newton’s method.
We'll illustrate it first in one dimension. Assume f is smooth and we want
to solve the fixed point equation f(xg) = o, f'(x9) # 0 and we have a close
enough starting point, z1. We write 1 = 20 + ¢, f(z) — 2 = g. Then,

0=g(xo) =g(xo+¢)+ g (w0 +¢e)e+... (397)
g(wn)
Ep = —t + ... 398
7 (o) (398)
We iterate ()
_ _ g x'll
Tn4+1 = Tn g,(xn) (399)

Assuming x, = xg + £, we have

g(a) = o oo+ 29" (20)ed ++ - & g'(@n) = o (x0) + g (@o)ew+ -+ (400)

2
while
g(zr) g (zo)er + 39" (xo)er
€ =¢crtT — X =€k — =¢
RRTERTER TR T T ) Y g(wo) + ¢ (wo)er
9”(550 2 (xO) 2
I U = 401

(s



hence we expect (to be proved, of course)
Eni1 —en=0(e2) =, = 0(2") () (402)
In an infinite dimensional space, we would use the iteration
Xps1 = —L N X)G(X); L= (DG)(X,) (403)

and DG is assumed to be invertible. A similar argument would show that
| Xn+1 — Xnl = O(X2). The iteration

Zpi1 = Zp — [DG(Z,)]1G(X,) (404)

is known as the Newton-Kantorovich iteration. This is useful in at number of
cases. For “practical purposes” in “actual calculations”: at times we can ex-
plicitly write the inverse operator, and then the convergence is improved. An
example is calculating the square root (the method was known to the Babylo-
nians!): G = 2% — \, G’ = 2z,

2 -\ 1 A
i m g =T (A 1
Tpy1 =T o 2(5(} + n) (405)

It is easy to check that the error satisfies e,.1 < €2/2, &, = 2(0/2)%". Tt
turns out that the solution of the recurrence can be written in closed for. The
recurrence is equivalent to

2 2'77/
Tt = VA _ [z =V :xk—ﬁ: zo — VA
Tra1 + VA zr + VA Tp + VA T+ VA

which, with zo = 1, always converges, and quadratically so.

(406)

Exercise 1. Let A = —1, xp = 2, 7 = arctan(4/3) /7 and t,, = 7(2"7 mod 1).
Show that x,, in (406|) is given by

tn

VE2+1-1

Ty =

Is the sequence x,, periodic?
**Can you show that arctan(z), x € Q, cannot be a rational multiple of 7 ,
except if ¢ € {—1,0,1}7

In a theoretical setting, this is useful when in a fixed point problem when
the underlying operator in not contractive but has bounded norm when acting
from a ball into a smaller ball, and the radius of the ball risks to shrink to zero if
we straightforwardly iterate the operator. This is the case in the Siegel domain,
due to small denominators.
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18.1 The Siegel and Brjuno conditions

Definition 38. (a) A point A € C™ is of Siegel type (C,v) where C and v are
positive constants, if for all j =1,2,...,d and k with k; +1 € N, |k| > 2 we have

|Aj —kA[ = Clk[™” (407)

(b) The optimal condition, beyond which convergence is not expected in general,
is the Brjuno condition. Let

wp, =1Inf{|A\; —kA| 1 k; e Nyi,j =1, ..., 4d, [k| € [2,2"]} (408)
The condition is
> 1nwk
-3 o <0 (409)
k=0

Note 27. It can be shown quite straightforwardly that the Brjuno condition
implies the Siegel condition. It can also be shown that the Siegel condition holds
on a set of full measure if v > (d — 2)/2.

In our problem, for a Newton iteration, the straightforward approach is to
write

Lh,,; =F(w+hy, 1) = F(w+h,)+DF(w + hy)(h, 11 —h,)+O0((h,;1—h,)?)

(410)
and discard at each stage O((h,4+1 — h,)?). The precision of the iteration
becomes quadratic, as it should in a Newton method, provided of course we
invert the linear operator and write

hyi1 = (L — DF(w + hy)) ™! [F(w 4 hy) — DF(w + hn)hn] (411)

This is certainly a possible approach, but a quite awkward one, because
L — DF(w + hy,) is not diagonal anymore, and the coefficient of the monomial
w¥ depends now on the set of coefficients of lower order monomials in a rather
messy way. A better way is to use the procedure described in which
produces a convergence with rate o only using L and already calculated h,,s,
seen below.

Proposition 39. If F has a zero of order n, then h has a zero of order n and
F(w +h(w)) — F(w) has a zero of order 2n — 1.

Proof. The order of the zero of h is obvious from (414]). We have
F(w + h(w)) — F(w) = DF(w)h(w)(1 + o(1)) (412)

where DF has a zero of order n — 1 and h(w) has a zero of order n, and the
statement follows. O

This suggests that the conjugation map, iterated in this way, has a conver-
gence comparable to Newton’s method.
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18.1.1 The iteration under the Siegel condition

We could work with a condition closer to Brjuno’s, essentially in the same way,
but at the price of complicating the algebra quite a bit. We assume instead that
A is of Siegel (C,v) type.

Note 28. In the following, as usual, the symbol < means less equal, up to a
multiplicative constant the value of which is irrelevant.

Proposition 40. If
%X =Ax +F,(x); and x =w + hy(w) (413)

where
Lh, =F,(w) (414)

then, the equation for w is

W= Aw +F, i1 i= Aw + [ + (Dhy)(w)] ' [Fu(w + hy(w)) — Fu(w)] (415)
Proof. Straightforward verification. O
Lemma 41. Assume f € C¥(Dg) and |Kfiw*e;| < |k*||few™|(u > 0). Then,

if 0, is small enough (smaller than a constant depending on u, R,C) and R'/R =

e~ we have

Il 7 S 6, MIElms b= p+d+1 (416)

Proof. We can check by induction that 7 ,_, 1 < dn. If ||f|| = M, then, in
particular, |fi| < M/R¥. Then,

/N K [e]
> | el e R < My |k (Z) <dM ) ke ko

k>0 k>0 k=0

< dM/ kPtde=kon gl = A M T (4 d 4 1) 6, HHa+D < 50 (417)
0

O
Corollary 42. We have
Ihallz < 65 1w (w)ll (418)
Proposition 43.
pillz < 657 a7 v=v+d+3 (419)
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Proof. Recall the definition (415)). On a disk of radius < R we write
|Fn(w +hy(w)) — Fo(w)| < sup |DF,|sup |h,| <sup|DLh,|sup |h,| (420)

here we used Lh,, = F,, and the sup is taken on any disk of radius < R. On
the other hand F,, = Lh,, and we use h,,,; = L™'F, ;1. On the disk of radius
R’ we have, using Lemma

Il S NI DLl ([Bnlllz S 657 nll: (421)

if, say, sup ‘ [I+ (Dhn)(w)]_l’ < 3/2. O
Let R, = Ro[[_,(1 — exp(—4,)).
Corollary 44. For some C1 we have

sl rre-sn < (€3 T 627 ) ol (422)

We choose a decreasing sequence of ds s.t. [[ - (1 — d,) > 0, for instance
0, = n~2. Then, in view of the telescopic nature of the product,

[[a-n")=1/2 (423)
n=2
implying
I llz, < C™(n)*|Iholl%, (424)
Corollary 45. If ||hol| is small then R, > Ro/const. (see Note[29) and for
large n,
|Hh’ﬂH|Ro/const 5 2_2 (425)
The composition
(I+hy))o(I+hy)o---o(I+hy)--- (426)

18 convergent and maps the equation
x=Ax+F(x) (427)

to
w = Aw (428)

Note 29. It is now a matter of algebra to show that one can consistently
choose ||hgl|| small enough s.t. all the inequalities above hold inductively, for
all n ;“const” above is not necessarily 2 since in the first few iterations, we may
have to shrink the ball by more than what is suggested by .

Note 30. We could cast this in a contractive mapping setting by rescaling w
at every iteration.
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18.1.2 Simple model planar system

Consider the system
&= ax; §=by+ ay? (429)

Exercise 2. For which a,b is the pair (a,b) in the Poincaré domain? For which
a,b is the pair (a,b) in the Siegel domain? In each case, for which a,b is the
monomial xy? above resonant?

The substitution y = 1/z linearizes the system and it can be solved in closed
form.
Question: Is this an acceptable linearization transformation in the sense of the
transformation we studied after

If a # —b, then

a+b
430
Cy (a+b)eb — Crent (430)

while if a = —b
t e 431
t) = Cre®; y(t) =

2(0) = Cre®s y(t) = 5oy (131)

To find the linearization transformation explicitly, we solve for e, e’ in terms
of z(t) and y(t). Indeed, in this case the equations in the new variables should
be x| = az1,y] = by;. We take C; = C5 =1 and get

y(t)(a +b)

et =x(t); b= 432
®) z(t)y(t) +a+b (432)
if a + b # 0; the linearizing transformation is then

T =1 Y1 S — (433)

T 1+ (a+b)~lzy

which is analytic at zero if a + b # 0. If b = —a the system is resonant (A =
nA1 + (n + 1)A2) and zy? is a resonant monomial. The general solution is

efat

x(t) = O™ y(t) = 5y (434)

The system is hyperbolic, unless a € iR. The linearizing transformation is
1 =1x; y1 = exp(—a W (—ay te™®)) (435)

where W is the Lambert function, with the convergent expansion at the origin

. (17 In(lnz) In(lnz) (In(lnz))? _ (In(Inz) 2 ~In(lnz) (In(ln 2))3 o )
In(z)  (Inz)?2  2(In(2))?2 2(In(z))> (Inz)3  6(lnz)3
(436)

where z = —ay~le~?. Note that the transformation is not defined in a neigh-

borhood of the origin, but on a Riemann surface.
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Exercise 3. Examine the connection with the Hartman-Grobman theorem.

Note 31. In nonresonant cases, this system can be linearized by lifting the
order, in some cases. Indeed let ¢ = xy%. Then, ¢ = azy? + 2bzy? = (a+ 2b)xy?
and we get

t=uaz; y=by+q; ¢ = (a+2b)g+2zyq (437)

0 0
b 1
0 a+2b

If 1,1,1 is not a resonance, that is

a # a+b+(a+2b); b # a+b+(a+2b); a+2b # a+b+(a+2b) =< (a # —b&a # —3b)

with matrix

SO =

this is linearizable once more and this allows for a convenient study of the
equilibrium, in these cases.

Exercise 4. Show that if a = —b, then the system is not linearizable.

Of course then, the substitution preserved the resonance a = —b.

Figure 12: Contour plot of 2’ = 2z; 3 = —2y + 23>
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Figure 13: Contour plot of ' = 2z; v = —2y — xy?>

A real valued system with eigenvalues +i and with the resonant monomial
xy? after diagonalization is

o=y = —a -2 +aty+ayt -y (438)
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Figure 14: Contour plot of 2’ = y; v/
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Figure 16: Contour plot of 2/ = —2%; ¢/ =y — =z

18.1.3 A 0 eigenvalue resonant example

The Euler system

&= —x? (439)
y=y—x (440)
with linearized part
0 0
(o) -
and \; = 1,A2 = 0. Note that a zero eigenvalue produces infinitely many
resonances: 0 = On + nAq. This cannot be linearized by extending the system

to higher dimensions. If we take ¢ = —22, we run into another system with zero

eigenvalue and so on. This in itself is not a proof that it cannot be linearized,
but based on the exact solution, we can make this assessment. The equation for
the trajectories near x = 0,y = 0 is

Y+ ?y—2 =0 (442)
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which we have seen before: the singularity at 0 is irregular. The general solution

of (439 is
1

T=iren Y

If the system were linearizable, then the general solution would be some analytic
function of finitely many variables of the form z; = e®t/. This is clearly not
the case, given the divergence of the series of y, or even the fact that © = 1/t
is a special solution; we shouldn’t get non-analytic solutions if the system were
linearizable.

while the solution of is

(t) = e [e'Ei(1,C1 + 1) + O] (443)

y(z) = e'/"Ei(—1/z) 4+ Cel/® (444)

The Hamiltonian
H(z,y) = ye/* — Bi(~1/x) (445)

has the same trajectories, as can be checked by writing the associated system
(578]). The trajectories near zero have exponential behavior and divergent se-
ries. We can linearize the system, but not in a very useful way: we can write
Ei(—1/z) = £2;y = n%e/*©) | but this is not close to the identity, neither does
it help very much (except that here we have an explicit solution).

19 Planar systems

Assuming now we are studying a hyperbolic system in a neighborhood of an
equilibrium. In a small neighborhood of the equilibrium, the system is equivalent
by changes of coordinates to a linear system. So the local behavior is dictated
by the types of flows associated to linear systems.
Let
' = Bz (446)

where B is a 2 x 2 matrix with constant coefficients.

19.1 Distinct eigenvalues

In this case, the system can be diagonalized, and it is equivalent to a pair of
trivial first order ODEs

¥ =\ (447)
¥ =Xy (448)

19.1.1 Real eigenvalues

The change of variables that diagonalizes the system has the effect of rotating
and rescaling the phase portrait of (447). The phase portrait of (447) can be
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Figure 17: All types of linear equilibria in 2d, modulo euclidian transformations
and rescalings: sink, source, spiral sink, saddle, nontrivial Jordan form, center
resp. In the last two cases, the arrows point according to the sign of A or w,
resp.



fully described, since we can solve the system in closed form, in terms of simple
functions:

x = xoe?t (449)
y = yoe™*' (450)

On the other hand, we have

dy Xy y
ay _ Ay _ Y — a 451
dr Mz a_ =y Clz| (451)

where we also have as trajectories the coordinate axes: y =0 (C =0) and z =0
(”C = ”). These trajectories are generalized parabolas. If a > 0 then the
system is either (i) a sink, when both \’s are negative, in which case, clearly,
the solutions converge to zero. See Fig. or (ii) a source, when both \’s are
positive, in which case, the solutions go to infinity.

The other case is that when a < 0; then the eigenvalues have opposite
sign. Then, we are dealing with a saddle. The trajectories are generalized
hyperbolas,

y = Cla| 1 (452)

Say A1 > 0. In this case there is a line, the z axis, along which solutions converge
to zero. This is the stable manifold. The y axis is an unstable manifold,
which would become stable if the direction of time is reversed. Other trajectories
go to infinity both forward and backward in time. In the other case, \; < 0,
the figure is essentially rotated by 7 /2.
19.1.2 Complex eigenvalues
In this case we just keep the system as is,
' =az+by (453)
y =cx+dy (454)

We solve for y, assuming b # 0 (check the case b = 0!), introduce in the second
equation and we obtain a second order, constant coefficient, differential equation
for x:

2" —(a+d)z’ + (ad —be)r =0 or (455)
2" —tr(B)z' + det(B)x =0 (456)

If we substitute x = e in (455) we obtain
A2 —tr(B)A + det(B) =0 (457)

and, evidently, since A} + A2 = tr(B) and A\ A = det(B), this is the same
equation as the one for the eigenvalues of B. The eigenvalues of B have been
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assumed complex, and since the coefficients we are working with are real, the
roots are complex conjugate:
Ai = atiw (458)

The real valued solutions are
r = Ae® sin(wt + ) (459)
where A and ¢ are free constants. Substituting in
y=b"la' —ab 'z (460)
we get
y(t) = Ae®b (o — 1) cos(wt + ) — wsin(wt + @) (461)

which can be written, as usual,
y(t) = Aje™ sin(wt + ¢1) (462)

If @ < 0, then we get a spiral sink. If o > 0 then we get a spiral source, where
the arrows are reverted.

A special case is that when « = 0. This is the only non-hyperbolic fixed
point with distinct eigenvalues. In this case, show that for some ¢ we have
22 + cy?> = A2?, and thus the trajectories are ellipses. In this case, we are
dealing with a center. We need more information about a nonlinear system to
determine the nonlinear behavior.

19.2 Repeated eigenvalues

In 2d this case there is exactly one eigenvalue, and it must be real, since it
coincides with its complex conjugate. Then the system can be brought to a
Jordan normal form; this is either a diagonal matrix, in which case it is easy to
see that we are dealing with a sink or a source, or else we have

0)-6 N0 109

In this case, we obtain

de = 1
B 464
R (464)
with solution
r=ay+ A 'yln|y| (465)

As a function of time, we can write

Al

O-b Voo i)
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z(t) = (At + B)eM (467)
y(t) = AeM (468)

We see that, in this case, only the x axis is a special solution (the y axis is not),
and thus, all solutions approach (as t — oo or t — —oo for A < 0 or A > 0
respectively) the z axis.

Note 32. The eigenvalues of a matrix depend continuously on the coefficients of
the matrix. In two dimensions you can see this by directly solving A2 — Tr(A) A+
det(A) = 0. Thus, if a linear or nonlinear system depends on a parameter «
(scalar or not) and the equilibrium is hyperbolic when o = ag, then the real
parts of the eigenvalues will preserve their sign in a neighborhood of a = a. The
type of equilibrium is the same and the local phase portrait changes smoothly
unless the real part of an eigenvalue goes through zero.

Note 33. When conditions are met for a diffeomorphic local linearization at

an equilibrium, then we have
x U
)=+ () )
where the equation in (u, v) is linear and the matrix ¢ is a diffeomorphism. We

then have
(x> = (Dy) (Z) + o(u,v) (470)

Y

which implies, in particular that the phase portrait very near the equilibrium is
changed through a linear transformation.

19.3 Stable and unstable manifolds in 2d
Assume that g is differentiable, and that the system

() =+C) an)

has an equilibrium at zero, which is a saddle, that is, the eigenvalues of (Dg)(0)
are —p and A, where A and p are positive. We can make a linear change of
variables so that (Dg)(0) = diag(—u, ). Consider a linearization tangent to
the identity, that is, with Dg(0) = I. We call the linearized variables (u,v).

Theorem 18. Under these assumptions, in a disk of radius € > 0 near the
origin there exist two functions y = fi(x) and x = f_(y) passing through the
origin, tangent to the axes at the origin and so that all solutions with initial
conditions (xo, f+(xg)) converge to zero as t — oo, while the initial conditions
(f—(y0),y0) converge to zero as t — —oo. The graphs of these functions are
called the stable and unstable manifolds, resp. All other initial conditions
necessarily leave this disk as time increases, and also if time decreases.
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Proof. We show the existence of the curve f,, the proof for f_ being the same,
by reverting the signs. We have

y(t) = @2 (u(t), v(t)) (472)

where (u,v) satisfy v’ = —pu and v' = Av.

Consider a point (¢1(ug,0), p2(ug,0)). There is a unique solution passing
through this point, namely (@1 (u+(t),0), p2(u+(t),0)) where u4 (0) = ug, v4(0) =
0. Since u4(t) — 0 as t — oo and ¢ is continuous, we have

(p1(ug(8),0), p2(ur(t),0)) = 0

as t — oco. We now write (u,v) = ®(z,y). Along the decaying solution, we
have v = 0. Since ® = I + 0o(1), we have 0®5/9y = 1 at (0,0), and the implicit
function theorem shows that ®3(z,y) = 0 defines a differentiable function y =
f(z) near zero, and y'(0) = 0 (by implicit differentiation, check). Note that
y = f4+(z) is equivalent to v = 0 and initial conditions with vy = 0 evolve to
the origin, implying the conclusion for (zg, f+(2o)). The proof for (f—(yo),%o)
is similar. For other solutions we have, from , that =,y exits any small
enough disk (check). O

19.4 Further examples, [8],[14]
19.4.1 Stable and unstable manifolds in an exactly solvable model
Consider the system

x' =z +y? (473)
y =y (474)

¥ =x (475)
y' =y (476)

The associated matrix is simply

(é _01) (477)

with eigenvalues 1 and —1. They are resonant with the lowest degree of reso-
nance 3. Then, the conditions of a differentiable homeomorphism, Theorem [7]
are satisfied (but not, of course, those of analytic equivalence. Nonetheless, it
will turn out that the system can be analytically linearized.)

Locally, near zero, the phase portrait of the system is thus the proto-
typical saddle.

93



Insofar as the field lines go, we have

dx x

i ” y (478)
a linear inhomogeneous equation that can be solved by variation of parameters,
or more easily noting that, by homogeneity, £ = ay® must be a particular
solution for some a, and we check that a = —1/3. The general solution of the

homogeneous equation is clearly xy = C. It is interesting to make it into a
homogeneous second order equation by the usual method. We write

1dx T
e 479
ydy g (479)
and differentiate once more to get
d?z T
— =—-2— 480

which is an Euler equation, with indicial equation (A — 2)(A 4 1) = 0, and thus
the general solution is

z(y) = ay® + s (481)

where the constants are not arbitrary yet, since we have to solve the more

stringent equation (478]). Inserting (481]) into (478) we get a = —1/3. Thus, the
general solution of (479) is
3zy +y? =C (482)

which can be, of course, solved for z.
To linearize the system we note that

1 1
y(t) = Cre™", z(t) = —ce 2 + Oge’ = ———y(t)* + Cae’ (483)
3 3C1
where we solve, as in the previous sections, for ¢! and e~! in terms of z and y:
1 1
et =y/Ci; ' = —ax(t) + ;y(t) (484)
4 3
and thus we expect that the transformation
1
m=r4gy’ =y (485)

linearizes the system. Indeed, we have
Ty =1, Y = - (486)

Note 34 (Global linearization). The linearizing change of coordinates is thus

(ii) =1 <f§) + (y20/ 3> (487)

and in particular we see that the transformation is, to leading order, the identity.

The unstable manifold is y; = 0 = y and the stable one is ;1 = 0, the parabola
2

x=—y*/3.
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Figure 18: Phase portrait of (473)

Without using this explicit solution, the phase portrait can be obtained in
the following way: we note that near the origin, the system is diffeomorphic to
the linear part, thus we have a saddle there. There is a particular solution with
x = —1/3y? and the field can be completed by analyzing the field for large
and y. This separates the initial conditions for which the solution ends up in
the right half plane from those confined to the left half plane.

19.5 A limit cycle

Up to now we looked at equilibria, fixed points of the flow, which, along some
direction(s), attract solutions as ¢ — oo or ¢ — —oo. Fixed points are of
course special, degenerate, trajectories. In nonlinear systems, solutions may be
attracted by more structured trajectories: limit cycles.

As we will see, written in x,y the system is not resonant. This allows us to
linearize the system near zero; zero is a spiral source.

This, of course, is not the complete story. What happens for larger (z,y)
We follow again [§], but with a different starting point. Let’s look at the simple
system

' =r(l—r?)/2 (488)
o —1 (489)

where, later, we will think of (r,0) as polar coordinates.

Obviously, we can solve in closed form. The flow clearly has no fixed
point, since 6’ =1 # 0.

To solve the first equation, note that if we multiply by 2r we get

2rr’ = r%(1 —r?) (490)
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or, with u = r2,

u =u(l—u) (491)

The exact solution is

r==+(1+ C’e_t)_l/2; and also r = 0; %1, as special constant solutions

(492)

0=1t-+to (493)

We see that all solutions that start away from zero converge to one as t — oc.
We now interpret r and 6 as polar coordinates and write the equations for =

and y. We get
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portrait of (488)

1
2’ =1"cosh —rsinff = 57“(1 —71%)cosf —rsinf

1 1
=cx—y— (2 +ay®) (494)
2 2
1
y =1r'sinf +rcosff = 57“(1 —1%)sing +r cosf
1 1,5, 3
w4 5y—5@y+y’) (495
thus the system
, 1 1, 4 2
x:§x—y—§(x + zy”) (496)
1 1
Y =+ 5y - 5@y +y°) (497)

2

2
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Figure 20: Phase portrait of (496)), (497]).

which looks rather hopeless, but we know that it can be solved in closed form.
To analyze this system, we see first that at the origin the matrix is

.y

with eigenvalues 1/2 + 4. Thus the origin is a spiral source.

-1
1

2

1
2

2 (498)

Exercise 1. (a) Show that the only equilibrium of ([496), (497) is (0,0).

(b) Although solvable in polar coordinates, show that there is no regular
enough expression for the solutions of ([496)), (497), say as an implicit representa-
tion F(z,y) = C with F € C(R?). (Note however that the system ¢ = 2y, = x
does not have a continuous implicit representation, but it has a meromorphic
one, y/x? = C.)

Now we know the solution globally, by looking at the solution of and/or
its phase portrait.

We note that r = 1 is a solution of , thus the unit circle is a trajectory of
the system . It is a closed curve, all trajectories tend to it asymptotically.
This is a limit cycle.
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19.6 Application: constant real part, imaginary part of
analytic functions

Assume for simplicity that f is entire. The transformation z — f(z) is associ-
ated with the planar transformation (z,y) — (u(z,y),v(x,y)) where f = u+iv.
The grid x = const, y = const is transformed into the grid u = const, v = const.
We can first look at what this latter grid is transformed back into, by the trans-
formation.

We take first v(z(t), y(t)) = const. We have

ov ov ,
e - = 4
52?0+ gv'(H) =0 (499)

which we can write, for instance, as the system

,  Ov
ov
/S 7
v = (501)

which, in particular, is a Hamiltonian system. We have a similar system for
u. We can draw the curves u = const,v = const either by solving this implicit
equation, or by analyzing , or even better, by combining the information
from both. Let’s take, for example f(z) = 2% —322. Then, v = 322y — y> — 62y.
It would be rather awkward to solve v = ¢ for either z or y. The system of
equations reads

r' = —6x + 322 — 3y? (502)
y = 6y — 6y (503)

Note that Vu = 0 is equivalent to 2z’ = 0 and so is Vv = 0. For equilibria, we
thus solve 322 — 6z = 0 which gives z = 0; z = 2. Near z = 0 we have

' = —6x + o(x,y) (504)
y' =6y + o(z,y) (505)

which is clearly a saddle point, with x the stable direction and y the unstable
one. At x = 2,y = 0 we have, denoting = = 2 + s,

s' = 6s+ o(s,y) (506)
y' = —6y+o(s,y) (507)

another saddle, where now y = 0 is the stable direction. We note that y = 0
is, in fact, a special trajectory, and it belongs to the nonlinear unstable/stable
manifold at the equilibrium points. Note also that the nonlinear stable manifold
at zero is the same as th unstable one at 2: this is a heteroclinic orbit, or a
heteroclinic connection.
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99

We draw the phase portraits near x = 0 or near x = 2, we mark the special
trajectory, and look at the behavior of the phase portrait at infinity. Then we
“link” smoothly the phase portraits at the special points, and this should suffice
for having the phase portrait of the whole system.



For the behavior at infinity, we note that if we write

dy y(1 —62)
= = 508
dr  —6x + 322 — 3y? (508)

we have the special solution y = 0, and if |z| > 1,|y| > 1, then the nonlinear
terms dominate and we have

dy —6yx
— " 509
dr 32 — 32 (509)

By homogeneity, we look for special solutions of the form y = az (which would
be asymptotes for the various branches of y(z). We get, to leading order,

—6a
= — 1
T3 342 (510)
We obtain
a=0,a=1%V3 (511)

We also see that, if x = o(y), then ¢y = o(1) as well. This would give us
information about the whole phase portrait, at least qualitatively.

N N NN I

Figure 23: Phase portrait of (502), v = const.

Exercise 2. Analyze the phase portrait of u(z,y) = const.

The two phase portraits, plotted together give Note how the fields intersect
at right angles, except at the saddle points. The reason, of course, is that f(z)
is a conformal mapping wherever f’ # 0.
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Exercise 3. Draw the global phase portrait of the approximations of the pen-
dulum, 2” +x — 23/6 = 0, 2"’ + 2 — 23 /3 + 2° /5 = 0. Find the equilibria, local
and global behavior. Find out if there are limit cycles. Discuss the conection
sith the physical pendulum, z” + sin(z) =

0.

Exercise 4. Draw the global phase portrait of the damped pendulum, z” +



az’ +sinx = 0, where a > 0 is the air friction coefficient. Discuss what happens
as a — 0 and how this relates to the undamped pendulum, a = 0. Discuss
also the bifurcation that occurs at @ = 0 and z = 0 (for a < 0, the physical
interpretation could be that we are looking backwards in time. Also, note any
global bifurcations, that is changes in the global topology.

20 Bifurcations

Bifurcations occur when a change in a parameter induces topological changes
in the phase portrait. These can be local, global (or both). There are many
physical systems that are modeled by bifurcating dynamical systems, including
reaction-diffusion equations, pattern formation, laser dynamics and so on.

Local bifurcations refer to the situations when a parameter crosses a value
where the stability of in a neighborhood of a local equilibrium (or coalescing
ones) changes. Global bifurcations affect higher (than zero...) dimensional
attractors, such as limit cycles.

As we know, the phase portrait of a system depending on a parameter
changes its topological structure near an equilibrium only if at least one eigen-
value becomes purely imaginary. This may happen if one eigenvalue (or both,
but generically one) becomes zero, or else they pass through a point where
they are nonzero, imaginary and complex conjugate to each other (since we are
dealing with real-valued equations).

The classification is made by looking at the normal form. We keep all terms
that cannot be eliminated topologically (using Hartman-Grobman) when the
parameter changes in a neighborhood of the bifurcation point.

For instance, near a = 0,

o =+ oy =y

will represent a general system of the form

o' =a+ba?+0@%); ¢ =-y+ 0@y

20.1 Some types of bifurcations

We study the normal forms that are quadratic, or when the quadratic term i
missing due, say, to a symmetry, cubic. They are classified according to this
degree, and also according to the position of the “external” parameter.

¢ =247, y =—y; saddle-node bifurcation

Here, for r < 0 there are two equilibria (a saddle and a node) that coalesce when
r = 0 (when we have a “saddle-node”), while there is no equilibrium when r > 0.

¢ =rz—2? 4 =—y; transcritical bifurcation
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When r goes through zero, two equilibria coalesce, and after the coalescence we
still have two equilibria.

@' =rx—ax 1y =—y; supercritical pitchfork bifurcation

One unstable equilibrium (r < 0) bifurcates into an unstable one and two stable
ones.

¥ =rx+ 2% y = —y; subcritical pitchfork bifurcation
We see that in the pitchfork bifurcation, the quadratic term is absent (this is
not so rare in applications due to symmetries of the system).
Of course, in the systems above, much of the information is contained in
the x part, and we may in some sense ignore the y one, since the equations are
decoupled.

t' = Br —y+ I x(2® +9?%); v =2+ By + \y(z? + y*) Hopf bifurcation

where 8 = 0 is the bifurcation point. Here, eigenvalues become imaginary, but
nonzero.

20.2 Normal form of the saddle-node bifurcation

Consider a simple system which illustrates the first case, an eigenvalue going
through zero, prototypical for saddle-node bifurcations,

o =2+ (512)
y'=-y (513)

Of course, we can solve this explicitly, but we choose not to, because solvable
equations are infrequent. We first note that the only possible equilibria are
(&4/—7,0). Clearly, there are two of them if » < 0, one if » = 0 and none if
r > 0. For r = 0, the equilibrium is non-hyperbolic and needs to be studied
separately. For r < 0, at x = £r, we see that the linearized system is

Gy -0 %)) o

Thus the point (—/—r,0) is a node, while (y/—r,0) is a saddle.

Let’s draw the complete phase portrait in the three regimes, r < 0, r = 0
and r > 0. Again, the portrait is determined by the set of equilibria, limit
cycles, and by the behavior at infinity. The three lines z = +/—r and y = 0
are special solutions of the system. We see that there are no limit cycles, since
trajectories do not cross except at the equilibria, and the lines x = 4+/—r, never
crossed, delimit regions where the sign of z’ is constant.

Behavior at infinity: for x very large, we have 2’ ~ 22 and y' = —v, and
thus p
Y Y
-~ 2 515
dv 22 (515)



with the solution y = Ce!/*. Thus in the far z field, the trajectories are expected
to approach horizontal lines. How do we prove this rigorously? One way is to
note that for any a > 1 (22 — )71 < az~?2 if x is large enough.

Thus, we can write

y'(z) o
—— 516
y(x) a? (316)
where we can integrate both sides and get
y(x) = Cupyoe™’™ (517)

where Cy, 4, is a constant depending on the initial condition (z¢, yo). Similarly,
y(@) < Crg o™ " (518)

If instead x is bounded and y — oo, the direction field points straight to
the origin, so there the trajectories essentially vertical lines. Piecing all this
together, we get the phase portrait depicted below.
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v

Figure 26: Phase portrait of (519) for r = —1

For r = 0 the system simply becomes
z = 22 (519)
y'=-y (520)

Clearly, the line x = 0, a special solution, is attracting, while the line y = 0 is
repelling for x > 0 and attracting (since the field points towards the origin) for
x < 0. So we see that, in some sense, the origin is now half-node, half saddle.
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Figure 27: Phase portrait of (519) for r =0

All nearby trajectories are attracted to zero if they start in the closed left half
plane, and repelled otherwise.

The far-field picture is clearly the same as in the case r < 0, so we can piece
together these informations to draw the phase portrait. We note that in this
case, of course, the explicit solutions y = Ce'/*, C' € R and = 0, can be easily
used to draw the phase portrait. This type of behavior as a function of r, at
least in this example, explains the choice of name, saddle-node bifurcation.

Stable and center manifold

For hyperbolic systems, say near a saddle point, we have defined stable and
unstable manifolds; these are manifolds invariant under the flow and tangent to
the positive/negative eigenvectors.

Here one eigenvalue is zero. What manifolds are invariant under the flow and
tangent to the eigenvectors? We have the y axis as a stable manifold, tangent
to the direction (0, 1), the eigenvector corresponding to the eigenvalue 1. The
eigenvalue zero has (1,0) as eigenvector. Cel'/* are exact trajectories. All of
them are tangent to Ox if x < 0, and one, with C' = 0, that is Oz itself is
tangent for x > 0. There is a continuum of invariant manifolds for = < 0, and
thus in general since they can all be continued by = = 0 in the right half plane.
These are called center manifolds, and in general none is privileged, except in
an analytic setting like this one we could pick the analytic manifold y = 0.
However, from the point of view of solution behavior, it is not distinguished.

105



“Linearization”

Note that the exact solution is © = 1/(A — t),y = Be™t. Solving y = e~¢ for ¢,
inserting in the first equation and solving for 1/A we get

T
€1

= — 521
1—zlny (521)

with the property j = 0. In the coordinates x1,y the system is linear. The

transformation from (x, y) to (x1,y) has to be done separately in each quadrant,

]

x (522)

1= fz[In]y]

and is quite singular, however.
*

Finally, for r > 0 there are no equilibria. We see that 2’ > 0 for all x.
Trajectories extend from —oo to +oo in x. The behavior in the far field is
the same as in the previous examples. The trajectories have horizontal lines as
asymptotes for x — oo and, in the upper half plane, the asymptote for x < 0
lies above the one for x > 0, since 3y’ < 0 there. We can now draw the phase
portrait.

As we see, the node in the left half plane approaches the saddle, touches it
at which time we have a half-node half-saddle picture, and then the equilibrium
vanishes and the curves in the left half plane “spill over” in the right half plane.
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Figure 28: Phase portrait of (519) for r > 0
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20.3 Transcritical bifurcation

In this type of bifurcation, there are two equilibria for all values of r # 0, a
saddle and a node and one for 7 = 0. The node and saddle are interchanged
when r changes sign.

Typically, for this and some other bifurcations, the y part is ignored, and
for a good reason, as we mentioned there is effectively no y participation. The
reason for which this type of bifurcation is called transcritical is from the way
things look as a function of the parameter for the z-only system. To have
however a unified picture in mind, and to recall that we are after all dealing
with two dimensional systems for which it does happen that the normal form
makes y “idle” we will look at the two dimensional system,

' =rz— 2 (523)
y=-Yy

For r # 0 there are two equilibria, and for » = 0 only one; the two equilibria
collide as before, but the outcome is different.

Take r < 0. Clearly, the origin, marked in blue, is a node. The other
equilibrium, = r,y = 0 is a saddle (r — 2r = —r > 0).

The global picture is obtained as before: the rays: {(—¢,0) : ¢t <r}, {(¢,0) :
t € (r,00}1,{(t,0) : t > 0}, {(0,4¢?) : t > 0} are special trajectories; in the far
field, the trajectories are almost horizontal.
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Figure 29: Transcritical phase portrait, 7 < 0
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Figure 31: Transcritical phase portrait, » > 0

Here, we see that a saddle-node becomes a “half saddle-half node” and then
it becomes a node-saddle and the types of equilibria are interchanged.
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20.4 Normal form of the pitchfork bifurcation

Here we are dealing with a system with symmetries, the quadratic term is
missing. The normal form of the supercritical pitchfork bifurcation is

¥ =rx—a3 (524)
Y =y
whereas the subcritical one has the normal form

¥ =rx+ a3 (525)
Y =y
We look only at the supercritical case, the subcritical one being analyzed simi-
larly.

20.4.1 Supercritical case

The field is an odd function of z and y, and stays odd for all (or only small,
maybe) values of r. The name “pitchfork” will become clear in a moment.
In case 1) r > 0, we have three equilibria, z = 0 and z = +/r.

Figure 32: Pitchfork phase portrait, » > 0
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Figure 33: Pitchfork phase portrait, r =0

e Tasa a N Yy JY b F K H e e e
S N | R A=t
=N\ VA A
>—>—b—a—5s"aa )\ \ ]XJ-J f o ama—a—a—=
b2 DN WN] /&<
> —b—B——b—ba ‘\ e a—e——e—
e e NG e T
>—p—a—a——ob_v_7 7 /MIN\R R S x—e—e—e—e
F— e v 7 JFJf ;_ﬁ ‘\ R " ~—
> /V/ f ‘f ‘T "\V\ ——<——
= /1 ] AN
T _Z AN f’?"f & ANt
= S AN
- ”)iﬁ}’ﬁ‘ﬁ_f_@Qkk\v\s\ -

Figure 34: Pitchfork phase portrait, r < 0

It is clear that the origin is a saddle whereas the other two equilibria, sym-
metric, are nodes (sinks).

If, 2), r = 0, clearly we only have one equilibrium, and it is a node because
—2? always points towards the origin.

By explicit solution, we see that the trajectories are given by y = Ce1/(

which explains the fact that the phase portrait almost seems to have a continuum

22%)
)
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of nodes near zero.

Finally, in case 1) » < 0, we have only one equilibrium and it is a node. the
number of equilibria changes.

Note that we can extend artificially the number of variables, to transform
the two dimensional parameter-dependent problem into a three-dimensional
parameter-free one,

¥ =rz—a3 (526)

Yy =—y (527)
=0

Clearly now the change in behavior is seen as a chenge in the 3d phase portrait,
as a function of the initial condition in r.

Figure 35: Pitchfork 3d phase portrait.

20.5 Normal form of the Hopf bifurcation

In this case, we are looking at a system for which passage through the critical
value of the parameter (§) implies nonzero, purely imaginary eigenvalues. Take
first 0 = —1:

v = pr —y—x(2® +y?) (528)
y =z + By —y(a® +y?) (529)

The origin is an equilibrium for all 3, and it is the only one (this is best seen
in polar coordinates, (531) below) where 6’ > 0. At the origin, the linearized
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system is

JrCyo-G )

where the equation for the eigenvalues of the matrix B is (3 —\)?2+1 =0, and
thus A = f£1i. At 8 # 0 the equilibrium is hyperbolic, a spiral sink if 5 < 0
and a spiral source for 5 > 0. A change of phase portrait, a bifurcation, should
occur at 8 = 0.

For a simple analysis of the phase portrait, we rewrite the system in polar
coordinates.

= pr—r3 (531)
0 =1 (532)
For 8 < 0, Br — 73 = 0 has only one solution, r = 0. In (z,y), all solutions

converge to (0,0) (since ' < 0) while spiraling.
In the far field, we have

r o —r? (533)
=1 (534)

with solution
r=(2042C)"1/? (535)

For r to be very large, we must have 6 very close to —C'. That is, asymptotically
the curves in the far field (x,y) plane have radial lines as asymptotes. The
spiraling ceases there.

Figure 36: Phase portrait of (530) for § = —1
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When B = 0, 7 = 0 is still the only solution of 8r — 3 = 0. Since again
r’ < 0, all trajectories go to the origin. The origin is approached at a very
slow rate, O(r3) , there is a lot of spiraling going on in that region. We see a
tendency of a limit cycle being born.

Figure 37: Phase portrait of (530) for 8 =0
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For 3 > 0, we have three solutions of Br — r® = 0, 0 and £+/B (the minus
solution is “unphysical” for us). r = 0 is repelling and r = /3 is attracting.
This means, in (z,y) that 22 +y? = 3 is limit cycle. We note that it approaches
the origin as f§ — 0. The spiral sink changes into a spiral source plus a limit
cycle. Tt is probably worth looking at the exact solution, which can be obtained

Figure 38: Phase portrait of (530) for 5 =1

from the polar representation. For 5 > 0 we have

~ /Beos(t) _ +/Bsin (1)
0= Ao "= itoem (536)

For 8 < 0 the solution is

iy VPleos(t) | Blsn(0 .

Jemoro T Jemo o
while for § = 0 we get
cost sint
W=e "= e (538)

21 Bifurcations in more general systems. The
central manifold theorem

Here we follow [7]. The setting is that of differential systems depending on a
parameter,
x' =f,(z), zeR", peR™ (539)
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where we assume sufficient smoothness of f,. To simplify the notation we will
drop the boldface fonts wherever this is not confusing. Equilibrium solutions
are given by the (constant) solutions of the equation

£,(x) =0 (540)

The equilibrium points depend smoothly on u, by the implicit function theorem,
as long as D, f, is invertible, that is, as long as it has no zero eigenvalue.
If (det D f,.)(xo, o) = 0, several branches of equilibria may form/disappear.
These points (xg, o) are bifurcation points. For example, in the pitchfork
bifurcation example, = r and (0, 0) is the only bifurcation point. In that case,
the equilibria coalesce.

A crucial notion here is that of transversality. In one dimension, y = f(x)
crosses the x axis transversally at xq if f(zo) =0 and f'(x¢) # 0. In d dimen-
sions, two manifolds intersect transversally if the tangent spaces at the intersec-
tion point span R? (there is no loss in dimension). It is clear that transversal
intersections are generic. In particular, two manifolds 31 and Yo of dimensions
dy and dy intersect transversally along a manifold of dimension dy + do — d.
Equivalently, the codimension of ¥ NXq is (d — dy1) + (d — dz2). Two surfaces in
3d intersect generically along a line, two generic curves do not intersect, and a
curve and a manifold generically intersect at a point, etc.

For the vector field u + 22 thought of as a family of curves in R, the curve
for ;1 = 0 intersects the x axis non-transversally at = = 0.

However, if we lift the number of dimensions to include p in the picture, we
have a transversal intersection of the surface F(z,u) = 2% + p with the (x, p)
coordinate plane.

Also, it is clear that transversal intersections are stable in the following
sense. If two manifolds intersect transversally, then any small perturbation
of the manifolds will also have a transversal intersection. On the contrary, if
two manifolds intersect non-transversally, then their generic perturbations will
intersect transversally. Let f be a C" vector field on R™ vanishing at the origin
(f(0) =0) and let A = (DF)(0). We denote as usual by o, s the parts of the
spectrum (eigenvalues) for which ReX > 0, = 0, < 0 respectively.

Denote the generalized eigenspaces of o, . s by E*““* respectively. By defi-
nition, the stable manifold is a set invariant under the flow which is tangent to
FE? the unstable one is tangent E" whereas the center manifold also invariant
under the flow is tangent to E°.

We remember that, in hyperbolic systems (for which therefore the center
manifold is absent) the stable/unstable manifolds are unique.

We see that center manifolds need not be unique (typically they are not) on

the simple example (519)),
a' = a? (541)
y' =y (542)

Clearly (0, 0) is a non-hyperbolic fixed point, with 0 eigenvalue in the x direction.
We have a unique stable manifold at (0,0): here we look for an invariant set
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tangent to the vertical axis, and in this case it is the vertical axis itself. How
about sets tangent to the center direction, z = 0?7 See Figure[20.2] We can solve
for the trajectories
dy _ Y
dr 22
i.e, y = Ce'/®. We see that there is no such trajectory for x > 0, but for all C,

the trajectories in the left half plane are tangent to the real line. Any of these
would be a center manifold.

(543)

1/z

Theorem 19 (Center manifold theorem for flows). There exist C” stable and
unstable manifolds (invariant under the flow and tangent to E* E*) W* and

W respectively, and these are unique. There is a (generally nonunique) center
manifold W¢, and it is O™ 1.

Corollary 46. We can take a set of local coordinates, Z,y, z, corresponding to
the local splitting R = W x W* x WU, so that, topologically, the general system
18 equivalent to

¥ = f(@) (544)
j =y (545)
=% (546)

Let us take the special case when W? is empty. We bring the linear part at
the equilibrium of our general system to the block diagonal form

' =Cx+ f(x,y) (547)
Yy =Hy+g(z,y) (548)

where C'is the part of the matrix whose eigenvalues have zero real part while H
is the rest of the matrix, the “hyperbolic” part. The center manifold is tangent
to ¢, and we can thus write it in locally in the form of the graph of a function,
y = h(z). Indeed, at the equilibrium Hy + g(x,y) = 0 and H has no zero
eigenvalue, thus the implicit function theorem applies. Substituting into
we get

2 = Cx+ f(z,h(z)) (549)

Q: Does this give us the center manifold?

On the other hand, h(z) = o(x) for small z, since it Dh = 0 there. Thus,
we expect, and shall prove later, that the flow provided by ) is a good
approximation of & = f (), which would evolve inside the center manifold.
The following holds.

Theorem 20 (Henry, Carr). If the origin x = 0 of (549)) is locally asymp-
totically stable/unstable, then the origin of (547)) is also locally asymptotically
stable /unstable.
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21.1 The saddle-node bifurcation: general case

We follow [7]. We remember that the normal form we were aiming at was
a + 22, or, of course, more generally u — po = (z — x9)%. Consider now the
system , and assume that at g = pg,x = x¢ there is an equilibrium in
which one eigenvalue is zero and nondegenerate. The center manifold theorem
would then allow us to reduce the study to the case where the system is one-
dimensional. More precisely, there is a 2d center manifold ¥ in R™ x R through
(20, y0) so that (1) X is tangent to the plane spanned by the 0 eigenvector and
the direction of p,

(2) For any r, ¥ is C” in a neighborhood of (z¢, yo),

(3) The vector field of is tangent to 3,

and

(4) There is a neighborhood U of (xg, o) in ¥ which is invariant under the
flow.

If we restrict to X, we get a one-parameter family of equations on the
one dimensional curves ¥, := {z € ¥ : y = const =: p}. This is the reduction
of the bifurcation problem. We now need to impose conditions that imply that
the bifurcation type of this one-dimensional syas]‘csem is the same as that for the

2

normal form p — po + ( — x0)*. These are: 77 (o, o) # 0 (transversality in

the p direction), and %(mo, o) # 0, that is the equilibrium is quadratic.
More precisely, the following theorem holds.

Theorem 21. Consider the setting above, under the following assumptions:

(SN1) M = D, f(xo, po) has a simple eigenvalue 0 with right eigenvector
v and left eigenvector w (WM = 0 <> MTw = 0). M has k eigenvalues with
negative real parts and (n — k — 1) with positive real parts.

(SN2) w- Dyuf (20, 10) 0.

(SN3) w-(v- D2 f(xq, po)v) # 0. (Note that v- D2 f(xq, po)v is a vector since
f is a vector.)

Then there is a smooth curve of equilibria in R™ X R passing through (xq, po)
and tangent to the hyperplane R™ x {uo}. Depending on the signs in (SN1),
(SN2) there are no equilibria near (zo, po) for p < po (1 > po resp.). The two
equilibria near (xo, 1) are hyperbolic, and have stable manifolds of dimension
k and k + 1, resp. The conditions (SN1) and (SN2) are generic, in the sense
of forming an open dense set in the family of vector fields with an equilibrium
with zero eigenvalue at (g, 1o).

21.2 Transcritical and pitchfork bifurcations

We need appropriate changes in the assumptions. They are natural, if you think
of the shape of the normal form:

(A) Transcritical bifurcation. Here we must have f,(0) = 0 for all p, and
thus D, f cannot be nonzero anymore. This condition is replaced by (SN2’)

w- (02f/0pdx)v # 0 at u = po.
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(B) Pitchfork bifurcation (one dimension). Here we are dealing with systems
with symmetry in which f is odd. Thus, now we cannot have D2 f # 0. Then,
(SN3) is replaced by (SN3’), D3f # 0

Under these assumptions a theorem similar to the one in the previous section
holds.

21.3 Hopf bifurcations

Consider now a system of the form for which, at some (z9,yo) D, f has
exactly one pair of nonzero imaginary eigenvalues, and the systems is hyperbolic
otherwise, near (g, yo). Then, by the implicit function theorem, the equilibrium
position varies smoothly with p, unlike in most other bifurcations. We expect
however, by looking at what we called the normal form, a qualitative change in
the structure of the equilibrium to occur at pg: a spiral sink is transformed into
a spiral source plus a limit cycle.

By changes of variables (straightforward but rather lengthy [7]), the block
affected by the bifurcation can be brought to the form

2’ = (dp+ a(z? + y*)x — (w + cp + b(2? + y?))y + higher order terms (550)
Y = (w+cp+b(2® +y*)x) + (du + a(2® + y*))y + higher order terms (551)

(essentially, the quadratic terms can be eliminated). If we momentarily discard
the higher order terms, this takes the following form in polar coordinates

' = (du+ ar?)r (552)
0 = (w+cp+ br?) (553)

The phase portrait of does not differ substantially from the one we used
before, where br? was missing. If a, d are nonzero, then there are periodic orbits
of the (x, %) system lying along the parabola y = —ar?/d; the surface of periodic
orbits has quadratic tangency with the plane x = 0 in R? x R.

The Hopf bifurcation theorem essentially says that the higher order terms
do not change this picture locally.

Theorem 22 (Hopf, 1942). Suppose that the system x’' = f,(z), (z,pn) € R™ X
R, has an equilibrium at (zo, uo) and

—(H1) D, f(po, o) has a unique pair of purely imaginary nonzero eigenval-
ues.

Then, there exists a smooth curve of equilibria (z(u), n) with x(po) = xo.
The two eigenvalues which are imaginary at (zo, po), A(p) and M) vary smoothly
with .

Assume furthermore that

d
7, (Re(A(w) =d#0 (554)
1% H=p0
Then, there exists a unique three dimensional center manifold passing through
(2o, o) in R™ X R, and a smooth change of coordinates preserving the planes
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i = const. for which the Taylor expansion on the center manifold is given by
(635). If a # 0, then there is a surface of periodic solutions in the center
manifold which has quadratic tangency with the eigenspace of A(uo) and ()
agreeing to second order with the paraboloid p = —(a/d)(x® +y?). If a <0, the
periodic solutions are repelling.

22 Appendix

22.1 Solution to Exercise [3]
The equation for Yy is

k—1
KYi + (Yid = JYi) = R+ > YjAr_j 13 Rip=Ag_1J (555)

j=1
We consider the family of Banach spaces indexed by p > 0,

B ={Y = (View : IVl := sggu‘jHY}ll < oo}
J

Note that, since A(z) is analytic, the series Y,y Aiz! converges, implying that,
for some C > 0,

sup | 4,C 7| < oo (556)
JeEN

Thus the vector R := (R})jen is in B, for all p > C.

The function C given by CX = XJ — JX is evidently a linear function on
C™*, thus given by a matrix; since [|CX|| < 2||J || X|| by the triangle inequality,
its norm is bounded by

el < 211 (557)

The function M}, given by
MpX = kX +CX

is a linear function on (C"z, and thus it is also given by a matrix. We have shown
that Mj is invertible, since M X = 0 < X = 0. Thus, for every k, Mk_1 exists
(and evidently has finite norm).

We now also note that, if & > 2||J|| we have

1

M| ' < ———

(558)

Indeed,
M=kt -ktC)! (559)
Thus the series

i cl/k (560)
=0
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converges for all k > 2||.J||. This is called a Neumann series, and you can check
that it converges to (1 — k~1C)~!

Thus,
- I = 561
- I < Z eI = =g (561)
and ([558)) follows.
Therefore,

sup | M, Y =max{ max |[M ], su 1—2k~YJ|)~t
o M| = max{, g 1041 sup | 171

=max{ max |[M;',1/2} =a; <oo (562)

k<2 J)|+1
Then the operator T defined by
(TY); = M;'Y; (563)
is bounded in B,,, and
1T = a1 (564)
We define the (linear) operator L on B, u> C, by
R k—1
(LY); =) YjApj1; j>1 (565)
j=1
This is well defined on B,, and
N 1
L| < —— 566
I < —5 (566)
Indeed, since ||Y]|; < p@/|||Y||| =t Np?, we have
k—1 k k
1% Np
YA,c <N ,uCk71<NCk1 = 567
Novv, the system (555) can be written compactly as
Y = TA+TLY (568)

This is a linear nonhomogeneous equation for Y. For it to be contractive, we
need || TL[ < [IT] [IL]| < 1.

This is the case if
ai

uw—=C
i.e., if > py = C 4 ay. Thus Y € B,,, implying that ||Y;|| < Ny for some N
and all j, and therefore the series

<1 (569)

R (570)
=1

converges (obviously to an analytic function) for |z| < 1/u1, and therefore Y(z)
is analytic at zero as required.
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23 Gradient and Hamiltonian systems

23.1 Gradient systems

These are quite special systems of ODEs, Hamiltonian ones arising in conserva-
tive classical mechanics, and gradient systems, in some ways related to them,
arise in a number of applications. They are certainly nongeneric, but in view of
their origin, they are common.

A system of the form

X' =-VV(X) (571)

where V : R™ — R is, say, C*°, is called, for obvious reasons, a gradient system.
A critical point of V' is a point where VV = 0.

These systems have special properties, easy to derive.

Theorem 23. For the system , if V is smooth, we have (i) If ¢ is a regular
point of V, then the vector field is perpendicular to the level hypersurface V=1 (c)
along V=1(c).

(it) A point is critical for V iff it is critical for (571)).

(iti) At any equilibrium, the eigenvalues of the linearized system are real.

More properties, related to stability, will be discussed in that context.

Proof. O

(i) It is known that the gradient is orthogonal to level surface.

(ii) This is clear essentially by definition.

(iii) The linearization matrix elements are a;; = —V, ., (the subscript no-
tation of differentiation is used). Since V' is smooth, we have a;; = a;;, and all
eigenvalues are real.

23.2 Hamiltonian systems

If F is a conservative field, then F = —VV and the Newtonian equations of
motion (the mass is normalized to one) are

¢ =p (572)
p=-VV (573)

where g € R™ is the position and p € R™ is the momentum. That is

oOH
=== 574
=%, (574)
oOH
= 575
p 94 (575)
where
p?
H= 5 + V() (576)
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is the Hamiltonian. In general, the motion can take place on a manifold, and
then, by coordinate changes, H becomes a more general function of ¢ and p. The
coordinates ¢ are called generalized positions, and g are the called generalized
momenta; they are canonical coordinates on the phase on the cotangent manifold
of the given manifold.

An equation of the form is called a Hamiltonian system.

Exercise 1. Show that a system ' = F(x) is at the same time a Hamiltonian
system and a gradient system iff the Hamiltonian H is a harmonic function.

Proposition 47. (i) The Hamiltonian is a constant of motion, that is, for any
solution X (t) = (p(t),q(t)) we have

H(p(t),q(t)) = const (577)

where the constant depends on the solution.
(1) The constant level surfaces of a smooth function F(p,q) are solutions of
a Hamiltonian system

, _OF

= — 978
=%, (578)
oF
= 579
p 94 (579)
Proof. (i) We have

dH dp dq
S =V H 4V, = Y, HV, + VY, =0 (580)
(ii) This is obtained very similarly. O

23.2.1 Integrability: a few first remarks

Hamiltonian systems (with time-independent Hamiltonian) in one dimension are
integrable: the solution can be written in closed form, implicitly, as H (y(x), x) =
¢; in terms of ¢, once we have y(z) of course we can integrate 2’ = G(y(z),z) :=
f(z) by quadratures (using separation of variables). Note that for an equation
of the form 3’ = G(y, ), this is equivalent to the system having a constant of
motion. The latter is defined as a function K (x,y) defined globally in the phase
space, (perhaps with the exception of some isolated points where it may have
“simple” singularities, such as poles), and with the property that K(y(z),z) =
const for any given trajectory (the constant can depend on the trajectory, but
not on z). Indeed, in this case we have

d oK , 0K
%K(y(x),x)—a—yy +%—0
or
,_ _OK 0K
v= oz ' Oy
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and the trajectories are the same as those of

. 0K oK
x_(?iy’ y——% (581)

which is a Hamiltonian system.

23.2.2 Dependence on initial conditions

Consider the system
y' = F(y,x); y(0) = yo; yo € R" (582)

Proposition 48. If F is smooth, then in a neighborhood of (0,yo0), y(x;yo) is
smooth in both x and yg.

Proof. We can prove this by extending the system to include yg. Maybe
more transparently we can use the contraction mapping principle as follows.
The proof is standard, so we only sketch it.

We write in integral form,

Y=o+ / " F(y(s), s)ds = Ny, z: 7o) (583)

and check that for small ¢ it is a contraction in the sup norm in a ball in
C(D. x B), the functions continuous in = and gy, where B is a ball of radius
2{[yol-

Thus y is continuous in yy. Now we differentiate formally w.r.t. yo. Denoting
by M the matrix D,y we get the matrix equation

M’ = (D, Py s MO) =14 M) =1+ [ "D, Fy(si o)) M(s)ds

(584)
where y(x;y0) is taken as a known function, which is continuous in x, yo. This
equation is also contractive in the space of matrix valued continuous functions
in the sup norm is ¢ is small. We can continue in this way and see that the
derivatives of all order exist and are continuous. It is straightforward to check
that y = [ %dr where 7 is one of the components of yy3. The existence and
continuity of higher order derivatives is checked similarly. O

With lower regularity we can for instance prove the following. Write the
differential equation in integral form,

t
T =x0+ / F(z(s))ds = N(z, xg) (585)

0
Theorem 24. Assume F' is uniformly Lipschitz in z in an open set O and let
K be a compact set contained in O. Then there exists a T = T(K) s.t. for

any zp € K the solution z(t,xg) exists and is in O for all ¢,[t| < T and z is
continuous (thus uniformly continuous) in (xg,t) € K x [-T,T].
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Proof. Consider the integral equation with initial conditions in a neighborhood
of Zo-

t
r=x0+ &+ / F(z(s))ds = N (x, x0) (586)
0
Let x be the Lipschitz constant of F' in O, that is,
|F(x) — F(2')| < 5|z — 2’|, V2,2’ € O (587)

Note first that, by the compact covering theorem there is a § s.t. Vo € K and
' st d(z,2’) < § we have 2’ € O. Define K' = {z € O|d(z,K) < ¢} and
let M = max,ex |F|. Finally, choose T s.t. MT < /3 and kT < 1/2 and
el < 3/3.

Consider the integral equation in the Banach space B of functions
continuous in [t| < T and in &, {4+ x¢ € K, |§] < §/3, in the sup norm. Take the
closed ball B = {z € B|||z — x¢|| < /3}. The conditions above ensure that

(z,t,m0+ &) € Bx[-T,T] x K = N(z;19) € B and N is contractive in B
(588)
and the result follows. O
23.3 Example

As an example for both systems, we study the following problem: draw the
contour plot (constant level curves) of

F(z,y) = y* + 2%(z — 1)? (589)

and draw the lines of steepest descent of F.
For the first part we use Proposition [£7] above and we write

,  OF
== 2y (590)
;. or B B
y=—g-= 2z(x —1)(2x — 1) (591)

The critical points are (0,0),(1/2,0),(1,0). It is easier to analyze them using
the Hamiltonian. Near (0,0) H is essentially x? + y?, that is the origin is a
center, and the trajectories are near-circles. We can also note the symmetry
x — (1 — z) so the same conclusion holds for z = 1, and the phase portrait is
symmetric about 1/2.

Near x = 1/2 we write # = 1/2 + s, H = y? + (1/4 — s?)? and the leading
Taylor approximation gives H ~ y? —1/2s%. Then, 1/2 is a saddle (check). Now
we can draw the phase portrait easily, noting that for large x the curves essen-
tially become z* + y? = C “flattened circles”. Clearly, from the interpretation
of the problem and the expression of H we see that all trajectories are closed.
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Figure 40:

The perpendicular lines solve the equations



We note that this equation is separated. In any case, the two equation obviously
share the critical points, and the sign diagram can be found immediately from
the first figure.

Exercise 2. Find the phase portrait for this system, and justify rigorously its
qualitative features. Find the expression of the trajectories of . I found

y:(’((ac—ll/zv“‘)

24 Flows, revisited

Often in nonlinear systems, equilibria are of higher order (the linearization has
zero eigenvalues). Clearly such points are not hyperbolic and the methods we
have seen so far do not apply.

There are no general methods to deal with all cases, but an important one
is based on Lyapunov (or Liapunov, or Lyapounov,...) functions.
Definition. A flow is a smooth map

(X, 1) = (X))
A differential system
i=F(z); FEeR? (594)
generates a flow
(X, 1) = a(t; X)
where z(¢; X) is the solution at time ¢ with initial condition X.
The derivative of a function G along a vector field F' is, as usual,
Dp(G)=VG-F
Clearly
d
2G(a(t) = Dren G = VG((D) - Fla(t)

24.1 Lyapunov stability

Consider the system (594]) and assume x = 0 is an equilibrium.
Then

1. z. = 0 is Lyapunov stable (or simply stable) if starting with initial condi-
tions near 0 the flow remains in a neighborhood of zero. More precisely,
the condition is: for every ¢ > 0 there is a § > 0 so that if |xg| < ¢ then
|z(t)| < e for all t > 0.

2. z. = 0 is asymptotically stable if furthermore, trajectories that start close
to the equilibrium converge to the equilibrium. That is, the equilibrium
x. is asymptotically stable if it is Lyapunov stable and if there exists § > 0
so that if |z¢| < 0, then lim;_, z(¢) = 0.
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24.2 Lyapunov functions

Let X* be a fixed point of . A Lyapunov function for is a function
defined in a neighborhood O of X* with the following properties

(1) L is differentiable in O.

(2) L(X™*) = 0 (this can be arranged by subtracting a constant).

(3) L(xz) > 0in O\ {X*}.

(4) DFL <0in O.

A strict Lyapunov function is a Lyapunov function for which

(4) DpL < 01in O.

Finding a Lyapunov function is often nontrivial. In systems coming from
physics, the energy is a good candidate. In general systems, one may try to find
an exactly integrable equation which is a good approximation for the actual one
in a neighborhood of X* and look at the various constants of motion of the
approximation as candidates for Lyapunov functions.

Theorem 25 (Lyapunov stability). Assume X* is a fized point for which there
exists a Lyapunov function L. Then

(i) X* is stable.

(i) If L is a strict Lyapunov function then X* is asymptotically stable.

Proof. (i) Consider a small ball B 5 X* contained in O. Let « be the minimum
of L on dB. By the definition of a Lyapunov function, (3), a > 0. Consider the
following subset:

U={x € B: Lx) < a} (595)
From the continuity of L, we see that U/ is an open set. Of course, the set
U={x € B: Lx) > a} (596)

is also open in the relative topology of B , and disjoint from U. Clearly, X* € U.
Let X € U. The function t — z(t; X) is continuous, thus the forward image of
[0,t0] is connected (and compact). Thus for any to, x([0,t]; X) is completely
contained in U, completely contained in &¢ (impossible) or it intersects OU. But
an intersection is impossible since by monotonicity, L(x(t)) < L(X) < « for all
t. This proves stability.

(i)

1. Note first that X* is the only critical point in O since 4 L(z(t; X7)) =0

for any fixed point.

2. Note that if X € U then z([0,to]; X) C U, by the above, and the trajec-
tories exist for any top € RT. Thus the closure of the trajectories z(R; X)
with X € U are contained in B, a compact set, and thus therefore contain
limit points, i.e., points z* s.t. x(t,, X) — «* for some sequence t,, T co.
Any limit point «* is strictly inside U since L(z*) < L(z(t); X) < «a.

3. Let z* be a limit point of a trajectory z(t; X) where X € U. Then, by
and 2] if 2* € U # X*, then z* is a regular point of the field.
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4. We want to show that z* = X*. We will do so by contradiction. Assuming
x* # X* we have L(z*) =: A > 0, again by (3) of the definition of L.

5. By[3|the trajectory {z(t;z*) : t > 0} is well defined and is contained in B.
6. We then have L(x(t;z*)) < AVt > 0.

7. We look at the increasing sequence t,, in |2l For any n, the set
V={X:Lx(tyt1 —tn; X))} <A (597)
contains z* and is open, so
L(z(tni1 —tn; X1)) < A (598)
for all X; close enough to x*.

8. Let n be large enough so that z(t,,; X) € V for all m > n.

9. Note that, by existence and uniqueness of solutions at regular points we
have
(tnt1; X) = (tpy1 — tn; 2(tn; X)) (599)

10. On the one hand L(x(ty+1)) 4 A and on the other hand we got L(x(tp+1)) <
A. This is a contradiction.

O

24.3 Examples

Hamiltonian systems, in Cartesian coordinates often assume the form

H(q,p) =p*/2+ V(q) (600)

where p is the collection of spatial coordinates and p are the momenta. If this
ideal system is subject to external dissipative forces, then the energy cannot
increase with time. H is thus a Lyapunov function for the system. If the
external force is F(p, q), the new system is generally not Hamiltonian anymore,
and the equations of motion become

qg=p (601)

p=-VV+F (602)
and thus il

dat = pF(p, Q) (603)

which, in a dissipative system should be nonpositive, and typically negative.
But, as we see, dH/dt = 0 along the curve p = 0.
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For instance, in the ideal pendulum case with Hamiltonian
Ly
H= Sw (1 —cosb) (604)

The associated Hamiltonian flow is

6 =w (605)
W' = —sind (606)

Then H is a global Lyapunov function at (0,0) for (in fact, this is true
for any system with nonnegative Hamiltonian). This is clear from the way
Hamiltonian systems are defined.

Then (0,0) is a stable equilibrium. But, clearly, it is not asymptotically
stable since H = const > 0 on any trajectory not starting at (0,0).

If we add air friction to the system , then the equations become

0 =w (607)
W = —sinf — kw (608)

where x > 0 is the drag coefficient. Note that this time, if we take L = H, the
same H defined in (604]), then

dH ,

The function H is a Lyapunov function, but it is not strict, since H' = 0if w = 0.
Thus the system is stable. It is however intuitively clear that furthermore the
energy still decreases to zero in the limit, since w = 0 are isolated points on
any trajectory and we expect (0,0) to still be asymptotically stable. In fact,
we could adjust the proof of Theorem [25| to show this. However, as we see in
(603)), this degeneracy is typical and then it is worth having a systematic way
to deal with it. This is one application of Lasalle’s invariance principle that we
will prove next.

25 Some important concepts

We start by introducing some important concepts.

Definition 49. 1. An entire solution z(¢; X) is a solution which is defined
for all t € R.

2. A positively invariant set P is a set such that z(¢,X) € P for all ¢t >
0. Solutions that start in P stay in P. Similarly one defines negatively
invariant sets, and invariant sets.

3. The basin of attraction of a fixed point X* is the set of all X such that
z(t; X) — X* when ¢t — co.
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4. Given a solution z(t; X ), the set of all points 2* such that solution z(t,; X) —
z* for some sequence t, — oo is called the set of w-limit points of
x(t; X). At the opposite end, the set of all points x* such that solution
z(—t,; X) — 2* for some sequence t,, — oo is called the set of a-limit
points. These may of course be empty.

That is,

w(X):={z: lim x(t,, X) = « for some sequence t, — 400}  (610)

n—oo

and, similarly, the a-limit set is defined as

a(X) :={z: lim z(t,,X) = z for some sequence ¢, — —oo}. (611)
n—oo
Proposition 50. Assume X belongs to a closed, positively invariant set P s.t.,
with K = P, the hypotheses of Theorem are satisfied. Then, the w-limit
set w(X) is a closed invariant set: solutions with initial condition in w(X) are
entire. A similar statement holds for the a-set.

Proof. 1. (Closure) We show the complement of w(X) is open. Let b €
w(X)c. Then for some ¢ > 0, d(z(¢,X),b) > € for all ¢t. If |b/ —b| < £/2,
then by the triangle inequality, liminf; . d(x(¢, X),b') > ¢/2 > 0 for all
t.

2. By Theorem [24] the function z(t, zo) exists for any zg € P, [t| < T and is
uniformly continuous for all 29 € P and [¢| < T'. Since P is a compact set
in O and positively invariant, for any 7 > 0 the function x(7, o) exists for
any xg € P and is uniformly continuous in zg € P. This is by definition,
and the fact that = is continuous in xy € P.

3. Note that for any 7 the limit lim,_, o (¢, + 7, X) exists and thus belongs
to w(X). This is the case because x(t, + 7,X) = x(r;z(t,)) and by
uniform continuity of z in the initial condition.

4. As a consequence, note now that for any |t| < T and z* € w(X) we
have z(t,z*) € w(X). Then z(t,x*) exists for all ¢ since the set {7 :
x(r,2*)3& € w(X)} is open and closed.

O

26 Lasalle’s invariance principle

Theorem 26. Let X* be an equilibrium point for 2’ = F(z) and let L : U - R
(U open) be a Lyapunov function at X*. Let P C U be compact, positively
invariant containing X*. Assume there is no entire trajectory in P —{X*} along
which L is constant. Then X* is asymptotically stable, and P is contained in
the basin of attraction of X*.
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Proof. Since P is compact and positively invariant, then X € P = w(X) C P.
If w(X) = {X*}, VX, the assumption follows easily (check!). So, we may
assume there is an z* # X* which is also an w-limit point of some z(t; X). By
Proposition the trajectory x(t; 2*) is entire. Since L is nondecreasing along
trajectories, we have L(z(t; X)) — a = L(z*) as t — oo. (This is clear for the
subsequence t,, and the rest follows by inequalities: check!) Since z(¢,z*) =
lim 2(t,, + t, X), by continuity, L(z(t,2*)) = «, contradiction. O
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Figure 41:

26.1 Example: analysis of the pendulum with drag

Of course this is a simple example, but the way Lasalle’s invariance principle is
applied is representative of many other problems.

Intuitively, it is clear that any trajectory that starts with w = 0 and 6 €
(—m, ) should asymptotically end up at the equilibrium point (0,0) (other
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trajectories, which for the frictionless system would rotate forever, may end up
in a different equilibrium, (2nm,0). For zero initial w, the basin of attraction
of (0,0) should exactly be (—m, 7). In general, the energy should be less than
precisely the one in this marginal case, H = 1 — cos(w) = 2. Then, the region
0o € (—m,m), H < 1— cos(w) = 2 should be the basin of attraction of (0, 0).

So let ¢ € (0,2), and let

P.={(0,w) : H(A,w) < ¢, and |0] < arccos(1l —¢) € (—m,m)} (612)

In H,0 coordinates, this is simply a closed rectangle and since (H,#9) is a
continuous map, its preimage in the (w, d) plane is closed too.

Now we show that P, is closed and forward invariant. If a trajectory were
to exit P, it would mean, by continuity, that for some ¢ we have H = ¢+ ¢ for
asmall § > 0 (ruled out by H < 0 along trajectories) or that |f] > arccos(1 — ¢)
for some ¢ which implies, from the formula for H the same thing: H > c.

Now there is no nontrivial entire solution (that is, other than X* = (0,0))
along which H = const. Indeed, H = const implies, from that w = 0
identically along the trajectory. But then, from we see that sinf = 0
identically, which, within P, simply means # = 0 identically. Lasalle’s theorem
applies, and all solutions starting in P, approach (0,0) as ¢t — co.

The phase portrait of the damped pendulum is depicted in Fig. (1]

27 Gradient systems and Lyapunov functions
Recall that a gradient system is of the form (571)), that is
X' = —VV(X) (613)

where V' : R® — R is, say, C*° and a critical point of V' is a point where VV = 0.
We have the following result:

Theorem 27. For the system : (i) If ¢ is a regular value of V', then the
vector field is orthogonal to the level set of V=1(c).

(#) If a critical point X* is an isolated minimum of V, V(X) - V(X™*) is a
strict Lyapunov function at X*, and then X* is asymptotically stable.

(#ii) Any a— limit point of a solution of , and any w— limit point is
an equilibrium.

Note 35. (a) By (iii), any solution of a gradient system tends to a limit point
or to infinity.

(b) Thus, descent lines of any smooth manifold have the same property: they
link critical points, or they tend to infinity.

(c) We can use some of these properties to determine for instance that a
system is not integrable. We write the associated gradient system and determine
that it fails one of the properties above, for instance the linearized system at
a critical point has an eigenvalue which is not real. Then there cannot exist a
smooth H so that H(z,y(x)) is constant along trajectories.
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Figure 42: The Lorenz attractor

Proof. (i) is straightforward.

(ii) If an equilibrium point is isolated, then VV # 0 in a set of the form
|X — X*| € (0,a). Then —|VV|? < 0 in this set. Furthermore, V(X)—V (X*) >
0 for all X with |X — X*| € (0,a). Then, in this neighborhood, V is a strict
Lyapunov function.

(iii) Note that if = is a point where VV = 0, then z is an equilibrium. If
is an orbit along which V is constant, then dV/dt = 0 = —|VV|? at any point
along the trajectory, so all points are equilibria. There are no nontrivial limit

sets.
O

28 Sections; the flowbox theorem

Consider first a planar system 2’ = f(x) with f smooth, and a point zy such
that f(zg) # 0. A section through z( is a curve which is transversal to the
flow, and passes through xy. To be specific, take a unit vector n at xy which is
orthogonal to f(xo), say (—Fa(zo), F1(x0))/|f(z0)]- We draw a line segment in
the direction of n,

S ={h(u) := zo +unlu € (—e,¢)} (614)
Once more, since f is continuous, for small § there is a small € so that we have

n- (—Fy(h(w)), Fi(h(w))/|f(h(u))] 21 —10 if u € (—e,e). That is, the field is
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transversal to the section in a small neighborhood of zy. By the same estimate,
n-(—Fy(h(w)), F1(h(u)))/|f(h(w))] has constant sign along S, which means that
the field and the flow cross S in the same direction throughout S. See the left

side of fig. [45]

Definition 51. The segment S defined above is called local section at xg.

28.0.1 The flowbox theorem for planar system; geometric approach

There is a diffeomorphic change of coordinates in some neighborhood of x,
x 4> z so that in coordinates z the field is simply Z = e; := (1,0).

W
=

Figure 43: Flowbox and transformation

To straighten the field, we construct the following map, from a neighborhood
of zg of the form

N ={U(t,u) :==z(t; h(u)) : |t| < d,u € (—e,8)}

where € and ¢ are sufficiently small. Then, (t,u) — z(¢; h(u)) is a diffeomor-
phism since the Jacobian of the transformation at (0,0) is

ov, oV,
o o
det Cl —det (B ™) 2 P(w) £ 0 (615)
Fy n
ou, O, > o
ot ou

Clearly, the inverse image of trajectories through ¥ are straight lines, (¢, ug), as
depicted. The associated flow in the set U—(N) is

dt du
=1 ==0 616
dt Todt (616)

28.0.2 The flowbox theorem, in general

Consider a vector field F' at a regular point, say 0, with £'(0) # 0. Without loss
of generality we can assume that F(0) = ae; where e is the first unit vector
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and by rescaling time we can assume o = 1. We seek a local diffeomorphism
x=w+ h(w),h =o(w) s.t.

W= ey (617)
This is the case if
. Oh . oh .
w+%w:el+%61:x:F(w+h(w)) (618)

and thus, since F'(0) = e, we have

Z—Zel = F(w+ h(w)) — F(0) = g(w + h(w)) (619)

which is equivalent to the system

S = 95w+ h(w) (620)

which we write in integral form

hj(wl, veey wn) =
w1y
/ 95 (s + hi(s,wa, ..., wp ), o, Wy + Ay (s, we, ..., wy)))ds  (621)
0

which is contractive for small w. We see that h;(0,ws,...,w,) = 0. This is
built into the initial conditions in the integral equation, and also natural, since
wy = w1 (0) + t; w; = w;(0).

28.0.3 Local versus global

Given the linearization theorem above, any system would be Hamiltonian, lo-
cally, near a regular point of the field. A system is a properly Hamiltonian one
if the Hamiltonian is defined in a wide enough region of the phase space.

29 Limit sets, Poincaré maps, the Poincaré Bendix-
son theorem

In two dimensions, there are typically two types of limit sets: equilibria and
periodic orbits (which are thereby limit cycles). Exceptions occur when a limit
set contains a number of equilibria, as we will see in examples.

The Poincaré-Bendixson theorem states that if w(X) is a nonempty compact
limit set of a planar system of ODEs containing no equilibria, then w(X) is a
closed orbit. We will return to this important theorem and prove it.

Beyond two dimensions however, the possibilities are far vaster and limit
sets can be quite complicated. Fig. depicts a limit set for the Lorenz system,
in three dimensions. Note how the trajectories seem to spiral erratically around
two points. The limit set here has a fractal structure.
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We begin the analysis with the two dimensional case, which plays an impor-
tant role in applications.

We have already studied the system r’ = 1/2(r—7r3) in Cartesian coordinates.
There the circle of radius one was a periodic orbit, and a limit cycle. All
trajectories, except for the trivial one (0,0) tended to it as ¢ — co.

We have also analyzed many cases of nodes, saddle points etc, where trajec-
tories have equilibria as limit sets, or else they go to infinity.

A rather exceptional situation is that where the limit sets contain equilibria.
Here is one example

29.1 Example: equilibria on the limit set
Consider the system

2’ =sinz(— cosx — cosy) (622)

y' = siny(cosx — cosy) (623)
The phase portrait is depicted in Fig. [44]

Exercise 1. Find the equilibria of this field and their type. Justify the qualita-
tive elements in Fig. [[4)

In the example above, we see that the limit set is a collection of fixed points
and orbits, none of which periodic.

29.1.1 Closed orbits

A closed orbit is a solution whose trajectory is a closed curve with no equilibria
on it. Let C be such a trajectory.
Note that the trajectory x(t, X) is differentiable, the flow is always in the
direction of the field, since
#(t) = F(z(t))

and furthermore, the speed is, as we see from the above

[2(8)] = [F(x(®))]

Since trajectories and f are smooth and there are no equilibria along C,
|#(t)| = |F(z)| is bounded below, and C is traversed in finite time. That is,
starting at a point x1 € C, after a (finite) time 7', then, the solution returns to
x1. From that time on, the solution must repeat itself identically, by uniqueness
of solutions. It then means that the solution is periodic, and there is a smallest
7 so that @4, -(x1) = ®(x1). This 7 is called the period of the orbit.

Proposition 52. (i) If z; and x5 lie on the same solution curve, then w(x;) =
w(z2) and a(z1) = a(xs).

(ii) If P is a closed, positively invariant set and xzo € P, then w(xzs) C P;
similarly for negatively invariant sets and a(xs).

(iii) A closed invariant set, and in particular a limit set, contains the a—limit
and the w—limit of every point in it.
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Figure 44: Phase portrait for (622]).
Proof. Exercise. O

Exercise 2. Show that T is the same for any two points x1, xo on C.

29.2 Time of arrival

We consider all solutions in the domain O where the field is defined and a section
S. Some of the trajectories intersect S. Since the trajectories are continuous, if
x(t, z9) intersects S, then there is a first time of arrival, the smallest ¢ so that
x(t,z9) € S.

This time of arrival is continuous in zy, as shown in the next proposition.

Proposition 53. Let S be a local section at xy and assume x(to; z0) = xg. Let
W be a neighborhood of zy. Then there is an open set containing zo, U C W
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Figure 45: Time of arrival function

and a differentiable function 7 : U — R such that 7(z9) = to and
z(17(X),X) eS8 (624)
for each X € U.

Note 36. In some sense, a small subsegment of the section S is carried back-
wards smoothly through the field arbitrarily far, assuming that the backward flow
exist for a sufficiently long time, and that the subsegment is small enough.

Proof. A point z; belongs to the line ¢ containing S iff 1 = x¢ + un for some
u. Since n is orthogonal to F(zg) we see that x1 € £ iff (21 — o) - F((zo) = 0.
We look now at the more general function
G(z,t) = (x(t; 2) — x0) - Fx0) (625)

We have, by assumption
G(Zo,to) =0 (626)

We want to see whether we can apply the implicit function theorem to
G(z,t) =0 (627)
For this we need to check %G|(207t0). But this equals
o' (t;20) - F(xo)‘(toyzo) = |F(20)|> #0 (628)
Then, there is a neighborhood of ¢y and a differentiable function 7(z) so that
G(z,7(x)) =0 (629)

O
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X_{n+1}=P(X_n)

Figure 46: A Poincaré map.

29.3 The Poincaré map

The Poincaré map is a useful tool in determining whether closed trajectories
(that is, periodic orbits) are stable or not. This means that taking an initial
close enough to the periodic orbit, the trajectory thus obtained would approach
the periodic orbit or not.

The basic idea is simple, we look at a section containing a point on the
periodic orbit, and then follow the successive re-intersections of the perturbed
orbit with the section. Now we are dealing with a discrete map x,+1 = P(z,).
If P(xz,) — xo, the point on the closed orbit, then the orbit is asymptotically
stable. See Figure

It is often not easy to calculate the Poincaré map; in general it can’t quite be
easier than calculating the trajectories, but it is a very useful concept, and it has
many theoretical applications; furthermore, we often don’t need fully explicit
knowledge of P.

Let’s define the map P rigorously.

Consider a periodic orbit C and a point zg € C. We have

(3 20) = To (630)

where 7 is the period of the orbit. Consider a section S through zy. Then
according to Proposition there is a neighborhood of U of xy and a continuous
function 7(x) close to the period 7 such that x(7(X),X) € S for all X € U.
Then certainly S; = U4 N'S is an open set in S in the induced topology. The
return map is thus defined on S;. It means that for each point in X € &; there
is a point P(X) € S, so that z(7(X); X) = P(X) and 7(X) is the smallest time
with this property. Note that now 7(x) is not a period, though it is “very close
to one”: the trajectory does not return to the same point.
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This is the Poincaré map associated to C and to its section S.

This can be defined for planar systems as well as for higher dimensional ones,
if we now take as a section a subset of a hyperplane through a point x¢ € C. The
statement and proof of Proposition [53] generalize easily to higher dimensions.

In two dimensions, we can identify the segments S and S; with intervals on
the real line, u € (—a,a), and u € (—¢,¢€) respectively, see also Definition
Then P defines an analogous transformation of the interval (—g, ), which we
still denote by P though this is technically a different function, and we have

P(0)=0
P(u) € (—a,a), Yué€ (—¢,¢)
We have the following easy result, the proof of which we leave as an exercise.

Proposition 54. Assume that 2’ = F(x) is a planar system with a closed orbit
C, let g € C and S a section at xg. Define the Poincaré map P on an interval
(—&,€) as above, by identifying the section with a real interval centered at zero.
If |P'(xz0)| < 1 then the orbit C is asymptotically stable.

Example 37. Consider the planar system
r=r(l-r) (631)
=1 (632)

In Cartesian coordinates it has a fixed point, z = y = 0 and a closed orbit,
x = cost,y = sint; 22 + y? = 1. Any ray originating at (0,0) is a section of the
flow. We choose the positive real axis as §. Let’s construct the Poincaré map.
Since ' = 1, the return time is 1, for any z € R* we have z(2m; X) = (0, X).
We have P(1) = 1 since 1 lies on the unit circle. In this case we can calculate
explicitly the solutions, thus the Poincaré map and its derivative.
We have
lnr(t) —In(r(t)—1)=t+C (633)
and thus Ot
e
r(t) = ot —1 (634)
where we determine C' by imposing the initial condition r(0) = z: C = z/(x—1).
Thus,

t

ze
t) = —— 635
rt) =T e (635)
and therefore we get the Poincaré map by taking ¢t = 27,
27
ze

P(z) (636)

1 — x4z
Direct calculation shows that P’(1) = e~2™, and thus the closed orbit is stable.
We could have seen this directly from by taking ¢t — oo.

Note that here we could calculate the orbits explicitly. Thus we don’t quite
need the Poincaré map anyway, we could just look at . When explicit so-
lutions, or at least an explicit formula for the closed orbit is missing, calculating
the Poincaré map can be quite a challenge.
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30 Monotone sequences in two dimensions

There are two kinds of monotonicity that we can consider. One is monotonicity
along a solution: 1, ..., z, is monotone along the solution if x,, = z(t,, X) and
t, is increasing in n. Or, we can consider monotonicity along a segment, or more
generally a piece of a curve. On a piece of a smooth curve, or on an interval
we also have a natural order (or two rather), by arclength parameterization of
the curve: ~9 > 1 if 79 is farther from the chosen endpoint. To avoid this
rather trivial distinction (dependence on the choice of endpoint) we say that a
sequence {7, }» is monotone along the curve if 7, is inbetween ~,_1 and v,4+1
for all n. Or we could say that a sequence is monotone if it is either increasing
or else decreasing.

If we deal with a trajectory crossing a curve, then the two types of mono-
tonicity need not coincide, in general. But for sections, they do.

Proposition 55. Assume z(t; X);t € [0,7] is a solution of a planar system
' = F(x), s.t. f is regular and nonzero in a sufficiently large region. Let S
be a local section. Then monotonicity along the solution x(t; X) assumed to
intersect S at x1,xa,... (finitely or infinitely many intersection) and along S
coincide.

Note that all intersections are taken to be with S, along which, by definition,
they are always transversal.

Proof. We assume we have three successive distinct intersections with S, x1,
X9, x3 (if two of them coincide, then the trajectory is a closed orbit and there
is nothing to prove).

We want to show that x3 is not inside the interval (z1, z2) (on the section, or
on its image on R). Consider the curve C; = {x(t;21) : t € [0, ¢2]} where t2 is the
first time of re-intersection of z(¢; z1) with S. By definition z(te — t1;21) = .
C1 is a smooth curve, with no self-intersection (since the field is assumed regular
along the curve) thus of finite length. If completed with the line segment J
linking x; and z2, C; U J is a closed continuous curve. By Jordan’s lemma, we
can define the inside int C and the outside of the curve, D =ext C. Note that
the field has a definite direction along [z, 2], by the definition of a section.
Note also that it points towards ext C, since x(t; z1) exits int C at ¢ = ¢5. Then,
no trajectory can enter int C. Indeed, it should intersect either x(t;x1) or else
[€1,x2]. The first option is impossible by uniqueness of solutions. The second
case is ruled out since the field points outwards from J. Thus z(t3,x) = x3
must lie in ext C, thus outside [z1, x2]. O

The next result shows points towards limiting points being special: parts of
closed curves, or simply infinity.

Proposition 56. Consider a planar system and z € w(x) (or z € a(zx)), as-
sumed a regular point of the field. Consider a local section S through a regular
point Z. Then the intersection of {®+(z) : t > 0} NS has at most one point (note
that we are dealing with ®.(z) and not ®4(x)).
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Figure 47: Monotone sequence theorem

Proof. Assume there are two distinct intersection points x(¢1,z) = 21 and
x(t2,2) = 22 on S. By Proposition {®(2) : t > 0} C w(x); in particu-
lar, z; and 29 are also in w(z). There are then infinitely many points on ®;(x)
arbitrarily close to z; and infinitely many others arbitrarily close to z3, by the
definition of w(x).

We can assume without loss of generality that the points that converge to
z1 lie on S. Indeed, this can be arranged by a small change in ¢; as follows:

The first arrival times at S for the trajectory ®,(z1) is clearly zero. By the
continuity of 7, if j is large enough s.t. ®; (z) is close to 21, then 7(®¢,(z))
exists by Proposition 7(®¢, (7)) and is arbitrarily small if j is large enough.
Thus, by choosing t; 4 7(®;,(x)) instead of ¢;, we can arrange that ®; (z) € S.
Similarly, we can arrange that the points converging to zo are on S.

Also w.l.o.g. (rotating and translating the figure) we can assume that S =
(—a,b) € R and [z1,22] C (—a,b). We know that z(t;, X), where ¢; are the
increasing times when xz(t;, X) € S, are monotone in S = (—a,b). Thus they
converge. But then, by definition of convergence, they cannot be arbitrarily

close to two distinct points.
O
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31 The Poincaré-Bendixson theorem

Theorem 28 (Poincaré-Bendixson). Let Q = w(z) be a nonempty compact
limit set of a planar system of ODFEs, containing no equilibria. Then € is a
closed orbit.

Proof. First, recall that Q is invariant. Let y € Q. Then ®;(y) is contained
Q, and then ®,(y) has infinitely many accumulation points in Q. Let z be one
of them and let ¢; be s.t. z(tj,y) = z+ o(1). Let S be a section though z.
As in the Proposition we can assume that z(t;,y) € S. By Proposition
x(tj,y) = x(t;,y)V4, ', and thus the trajectory is periodic and t; 1 —t; =T is
the period.

We have to now show that 2 is a closed orbit (and not a collection of distinct
ones).

We take a section through y, and consider the sequence x(t;, X) of points on
x(t, X) approaching y. By the continuity of the Poincaré map and continuity
w.r.t. initial conditions, ¢;11 —t; = T + o(1) for large j. Thus any ¢t = ¢; + s
for some j and s € (o(1),7 + O(1)), By continuity w.r.t. initial conditions,
z(t; + 5, X) = z(s,y) + o(1), thus the distance between z(s,y) and Q) is zero.

O

Exercise 1. Where have we used the fact that the system is planar? Think how
crucial dimensionality is for this proof.

32 Applications of the Poincaré-Bendixson the-
orem

Definition. A limit cycle is a closed orbit v which is the w-set, or an a— set
of a point X ¢ ~. These are called w limit cycles or a limit cycles respectively.
As we see, closed orbits are limit cycles only if other trajectories approach
them arbitrarily. There are of course closed orbits which are not limit cycles.
For instance, the system 2’ = —y,y’ = x with orbits z? + y? = C for any C
clearly has no limit cycles.
w— limit cycles have at least one-sided stability.

Corollary 57. Assume vy is an w—limit cycle. Then there is a one-sided (or
two-sided) neighborhood N of v s.t. X e N = w(X) = 1.

Proof. Take a section § through any point on «. Similar to the construction
for the monotonicity proof, we take the region R bounded by the trajectory
from z; to 19, see Fig. Note that any point X starting on S in an open
neighborhood of some X in (z;,2;11) has the property w(X) = 7. Indeed, the
blue region in the figure has, by assumption no equilibrium and, because of non-
intersection of trajectories and continuity of the return time, if j is large enough,
will cross the section S in a time ¢;11 —t; +0(1) somewhere in (z;41,2;+2), and
in general will cross S in (2, zk11) for all k > j. The rest is immediate. O
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Figure 48: One-sided stability

Corollary 58. Assume w(X) ==, v Z X is a limit cycle. Then there exists a
neighborhood O of X s.t. VX' € O we have v = w(X').

Proof. Let ty be large enough so that ®;(X) € N, the one-sided neighborhood of
stability of ~, for all ¢ > ty. Take any ¢; > t¢ and a small enough neighborhood
Oy of z1 = ¥4, (X), so that, in particular, O; C N. Clearly, ®_;, (21) =
X. As diam(O;) — 0, we have diam(®_;,(01)) — 0 as well, by continuity
with respect to initial conditions. Also by continuity of ®;, and noting that
D_4(Z) = ()" 1(Z), we see that Oy := ®_,, (01) is an open set, which clearly
contains X. By construction, w(X') = for all X’ € Os. O

Corollary 59. If a planar system has a first integral J that is not constant in
any open set, then it has no limit cycles.

Proof. Indeed, if v = w(X) is a limit cycle for some X, then by Corollary
there is a neighborhood Ox so that w(X’) =« for all X’ € Ox. We know that
J is constant along any trajectory. Let Yy € v. By continuity, J(X') = J(Yp)
for any X’ € Ox. O

Corollary 60. Let P be a compact, stmply connected, positively invariant set.
Then P contains at least a limit cycle or an equilibrium.

Proof. Assume to get a contradiction that there were no equilibria or limit
cycles in P. By invariance, P must contain the w limit set {2 of any X € P. By
Poincaré-Bendixson, w(X) is a closed curve which is not a limit cycle, and thus
X € w(X), and w(X) is a closed orbit. Take now X in int(w(X)); then similarly
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w(X1) is a closed orbit and X; € w(X;) C w(X). We can form, by induction,
a nested sequence of closed orbits w(X;), each of them strictly contained in the
interior of the previous one. We consider now the set of all such nested sequences
and let v be the inf of the areas of the regions inside these w(X;). If v # 0,
then we take a nested sequence of closed orbits whose areas converge to v and
let P be the intersection of all w(X;) Uint(w(X;)). This is a compact, simply
connected invariant set P. If P has nonempty interior, then for any point X
in int(P), w(X) is a closed trajectory also contained in int(P) (why?) and this
w(X) necessarily has area < area(P) < v, contradiction. If instead P has empty
interior, then for any X € P, w(X) cannot be a curve, as smooth curves have
nonempty interior. Then w(X) is an equilibrium, contradiction. O

Corollary 61. Let v be a closed orbit and U its interior. Then U contains at
least an equilibrium.

Proof of the Corollary. We first show that if there is no equilibrium in & then
there are infinitely many limit cycles. Indeed, P = U U~y is positively invariant
and then it must contain a limit cycle. If v itself is the only limit cycle or
equilibrium in P, then, since P is also negatively invariant, ~ is also the a—limit
set of any point in P, but this would violate monotonicity along sections (check!).
If there were finitely many limit cycles in P then there would be one of minimal
area, impossible by the arguments in Corollary

Thus, that there are infinitely many limit cycles v, in U. We can furthermore
assume they are contained in each other, since each limit cycle contains an
equilibrium or yet another limit cycle (strict inclusion). Now we can repeat the
last part of the proof of Corollary [60} since a limit cycle is, in particular, a closed
orbit. (At the end of that proof, w(X) cannot be a closed orbit, otherwise, once
more, it would contain an even smaller one.) O

Corollary 62. If K is positively (or negatively) invariant, then it contains an
equilibrium.

Proof. Combine Corollaries [60] and O

33 The Painlevé property

As mentioned on p.2, Hamiltonian systems (with time-independent Hamilto-
nian) in one dimension are integrable: the solution can be written in closed
form, implicitly, as H(y(x),x) = ¢; in terms of ¢, once we have y(z) of course
we can integrate 2’ = G(y(x),x) := f(x) in closed form, by separation of vari-
ables. The classification of equations into integrable and nonintegrable, and in
the latter case finding out whether the behavior is chaotic plays a major role in
the study of dynamical systems.

As usual, for an n—th order differential equation ' = f(z), a constant of
motion is a function K(uq,...,u,,t) with a predefined degree of smoothness
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(analytic, meromorphic, C" etc.) and with the property that for any solution
y(t) we have

SR, @),y 0,1 =0

There are multiple precise definitions of integrability, and no one perhaps is
comprehensive enough to be widely accepted. For us, let us think of a system as
being integrable, relative to a certain regularity class of first integrals, if there
are sufficiently many global constants of motion so that a particular solution
can be found by knowledge of the values of the constants of motion.

If f is analytic, it is usually required that K is analytic too, except perhaps
for isolated singularities (in particular, single-valued; e.g., the log does not have
an isolated singularity at zero, whereas e/ does).

‘We note once more that an integral of motion needs to be defined in a wide
region. The existence of local constants along trajectories follows immediately
either from the flowbox theorem, or from the implicit function theorem: indeed,
if ' = f(x) is a system of equations near a regular point, z¢, then evidently there
exists a local solution x(t;x0) = ¢¢(x0). It is easy to check that D, z)—g = I,
so we can write, near xg,t = 0, xg = K(x,t) = ®_;(x). Clearly K is constant
along trajectories. Not a very explicit function, admittedly, but smooth, at
least locally. K is thus obtained by integrating the equation backwards in time.
This is not a very useful constant of motion however, since in general it is only
defined for small ¢: typically for larger ¢ singularities will arise.

Assume now that f is an analytic function, so that it makes sense to extend
the equation to C.

If ¢ is in the complex domain, we can in principle circumvent possible sin-
gularities, and define K by analytic continuation around singularities. When is
this possible? If the singularities are always isolated, and in particular solutions
are single valued, it does not matter which way we go. But if these are, say,
square root branch points, if we avoid the singularity on one side we get +/
and on the other — V- There is no obvious way to prescribe a systematic path
of analytic continuation since the Riemann surface is solution-dependent. We
will see in the next section that this is typically not a mere failure to find a
systematic prescription.

On the other hand, if we impose the condition that the equation have only
isolated singularities (at least, those depending on the initial condition, or mov-
able, then we have a single valued global constant of motion, take away some
lower dimensional singular manifolds in C2.

Such equations are said to have the Painlevé property (PP) and are inte-
grable, at least in the sense above. But it turns out, in those considered so far
in applications, that more is true: they were all ultimately reduced to linear
equations.

Failure of the Painlvé property and nonintegrability

In the case the movable singularities of solutions of a meromorphic equation are
branch points we don’t expect simple, closed form solutions which are single-
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Figure 49: A continuation path for a solution with movable singularities

valued in C. Indeed, assume that the solution y(z) is given by ®(z,y(z)) = 0
where @ is nontrivial, and analytic (or meromorphic) in C2. Then ® should be
constant along the trajectory. We follow the solution y on a Riemann surface
avoiding the singularities. Since the solution is not single valued, after surround-
ing one singularity we end up with y1(2), a solution of the same ODE, but a
different one. The expectation is that by wandering “randomly” around branch
points we generate a family of solutions dense in the space of all solutions (dense
branching). This is because of the huge amount of freedom we have in choos-
ing the continuation path. In case of dense branching— the typical situation in
fact— then ®(z,y) takes the same value on a dense set of y and thus it does not
depend on y; of course it cannot depend only on x and thus ® is a number,
contradiction. One of course has to check whether in a particular ODE dense
branching occurs, but this is generically the case and failure of the PP is a “red
flag” when trying to solve equations in any explicit way.

33.1 The Painlevé equations

33.2 Spontaneous singularities: The Painlevé’s equation
P

Let us analyze local singularities of the Painlevé equation Py,

V' =y +u (637)

The standard existence and uniqueness theorem guarantees that there is a
unique solution in any region where ¥y is bounded, and this solution is analytic.
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In a neighborhood of a point where y is large, keeping only the largest terms
in the equation (dominant balance) we get y” = y? which can be integrated
explicitly in terms of elliptic functions and its solutions have double poles. Al-
ternatively, we may search for a power-like behavior

y~ Az — xo)?

where p < 0 obtaining, to leading order, the equation Ap(p — 1)zP=2 = A%(z —
70)? which gives p = —2 and A = 6 (the solution A = 0 is inconsistent with our
assumption). Let’s look for a power series solution, starting with 6(z — zg) =2 :
y=6(x—x0) 2+c_1(x—20) THcot+--. Weget: .1 =0,¢0=0,c1 =0,c0 =
—20/10,¢3 = —1/6 and ¢4 is undetermined, thus free. Choosing a ¢y, all others
are uniquely determined.

Series solutions at movable singularities for neighboring
equations

It is convenient to make the substitutions y(z) = 6(z — x9) =2 + d(z) where for
consistency we should have §(z) = o((z — x0)~?) and taking z = zo + 2 we get
the equation

12
5" = S0+ 2+t 52 (638)

In this form, the singular point of y is now placed at z = 0 and zero is a
singularity of the equation.

Note that with the standard substitution that we used for Frobenius systems,
up = 6, us = 20’ we get the system

uh =z uy

uh =122 uy + 27 g + 2l + 2% + 2 (639)

which can be extended to an autonomous system by adding z = z, and P1
becomes equivalent to

dl = U2
Uy = 12u1 + us + z2uf +23 4+ 229;0
z =z (640)

where 0 is a critical point of the field. The linearized matrix at zero M of this
system and its corresponding diagonal form D are given by

0 10 -3 0 0
M=[12 1 0|;: D=0 4 0 (641)
0 0 0 0 0 1

we see that the system is resonant, with eigenvalues in the Siegel domain.

Typically therefore we do not expect local analytic linearization. Typical
would mean here that we allow for generic nonlinear monomials instead of the
specific ones.
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However, for P1, by “accident” the solutions of (638|) are locally analytic.
Substituting
02)=co+tcrz+ ...

in (638) we get
—12¢0272 = 12¢127 '+ ... =0

forcing ¢y = ¢; = 0. Thus a power series would have the form
8(z) =Y exz® (642)
k=2

which, used in (638]), gives

[—10cy — o] 4 (—6c3 — 1) z + 8c52> + (1806 — 022) 2 4 (30¢7 — 2cpc3) 2°
+ (—20204 — 3?4 4408) 4. =0 (643)
We note that the coefficient of 22 is zero, and c4 is undetermined. For any value
of ¢4, the recurrence for ¢; determines uniquely these coefficients.

The fact that ¢4 is not determined is due to 4 being an eigenvalue of the linear
part, and that there are no obstructing monomials. If we take a modification of

([638]), for instance
12
0" = 275 +2z+a2® + 29+ 6° (644)

we get as before ¢g = 0,¢; = 0 and

[—10c2 — 0] 4+ (—6c3 — 1) 2 + az® + 8c52° + (18c6 —c3) 2* + -+ =0 (645)

Now an equation for ¢, is still missing, and the term 22 cannot be eliminated
(unless @ = 0, which is the original P;.) As in the linear case, we expect log z

to appear in the expansion. Indeed, substituting

6
d(z) = Z ezt + Azt Inz (646)
k=2

in (644) we get
—10c2 —z9+(—6c3 — 1) 2+ (TA + a) 2° +8c52° + (18¢6 — ¢3) 24 =0 (647)

which is now solvable (at least to order 6).

Existence of a convergent power series for § in (638))

To show that there indeed is a convergent such power series solution we substi-
tute Note now that our assumption § = o(z~2) makes §2/(5/2%) = 225 = o(1)
and thus the nonlinear term in is relatively small. Thus, to leading order,
the new equation is linear. This is a general phenomenon: taking out more
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and more terms out of the local expansion, the correction becomes less and
less important, and the equation is better and better approximately by a linear
equation. It is then natural to separate out the large terms from the small terms
and write a fixed point equation for the solution based on this separation. We

write (638]) in the form
12
§" — ga =2+ 20+ 67 (648)

and integrate as if the right side were known. This leads to an equivalent integral

equation. Since all unknown terms on the right side are chosen to be relatively

smaller, by construction this integral equation is expected to be contractive.
Click here for Maple file of the formal calculation (y” = 3? + z)

The indicial equation for the Euler equation corresponding to the left side
of is 72 — r — 12 = 0 with solutions 4, —3 (same as the eigenvalues of the
linearized matrix, of course). By the method of variation of parameters we thus
get

D 1 4, 1 L (7 ag 2 7 5,
5—2—3 1007 —Ez +C2* —7a ) (S)d8+7/ $7°0%(s)ds
:—1—10m0z2—%z 4O 4 J() (649)

the assumption that 6 = 0( ) forces D = 0; C is arbitrary. To find ¢ formally,
we would simply iterate in the following way: We take r := 62 = 0 first
and obtain §y = —%0:1:022 - 623 + Cz*%. Then we take r = J2 and compute J;
from and so on. This yields:

: 64— 2T+ (650)
10 6 1800 900

This series is actually convergent. To see that, we scale out the leading power
of z in §, 22 and write § = z2u. The equation for u is

6:

-5
u=-20_Zi 02 % s5u? ds+—/ su?
0

:—E—E—FOZ +J() (651)

Tt is straightforward to check that, given C; large enough (compared to x(/10
etc.) there is an e such that this is a contractive equation for v in the ball
lu]loo < Cy in the space of analytic functions in the disk |z| < e. We conclude
that ¢ is analytic and that y is meromorphic near x = zy. Note. The analysis
above does not prove that the solutions are meromorphic functions in C (why
not?).

Exercise 1. Show that 3 = y?+ P(x) where P is a polynomial has the Painlevé
property iff P(z) = ax + b where, modulo elementary changes of variables,
a=1,b=0.

Click here for Maple file of the formal calculation, for " = y? + 2
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33.2.1 The six Painlevé equations

This is the list of the six Painlevé equations:

P ow =6w+z

P w =2w¥+zw+ta

1 1 2
Py w” :E(w/)Q_;w/+w+,yw3+i

1 2 3 8
P " - / 23 4 2 2 2 ~
W 2w(w) —|—2w + 4zw” + 2(z a)w+w

P w’ —<1 Jril )(wl)21dw

2w w—1 z dz

1\2
+<w21>(aw+5)+vw+5ﬂwﬂ>
z z w—1

w
VS 6 S S dw\? L1 1 \dw
6 W T2\w w-1 w-z dz z z—1 w—2z) dz

N

w(w —1)(w — 2) Bz  y(z—1)  bz(z—1)
— 2
+ 22(z —1)2 ot w? + (w—1)2 (w—2)? (652)
A nonintegrable example
The following is a nonintegrable case of the Abel class of ODEs:
y =y +a (653)

We claim that all singularities are branch points. First, we note that the stan-
dard existence and uniqueness theorem guarantees that the solution of is
analytic in any region where y is bounded; for a point xg to be singular we need
that y — oo as  — . Near the singular point we must have y’ ~ 33 which by
direct integration gives y ~ 4(2z)~ /2.
To show that this is indeed the behavior near a point zg where y blows up,

we take y = 1/u,z = 20 + z and get

dz U

du 14+ udzy+udz (654)
in this presentation u = 0, z = 0 is a regular point of the ODE, and the solution
is analytic. It is clear that z = 7“72(1 + h(u)) where h is analytic and h(0) = 0.
We leave it as a straightforward exercise to check that this implies the existence
of two solutions of in the form y = 4(x — 2¢) Y2 H(\/z — z0) where H is
analytic.

Exercise 2. Show that an equation of the form

y'=P(y) + Q=) (655)

where P and () are polynomials has the Painlvé property iff P is quadratic, in
which case the equation is Riccati, thus integrable.
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34 Asymptotics of ODEs: first examples

Asymptotic behavior typically refers to behavior near an irregular singular point.

Remember from Frobenius theory that regular singular points (say z = 0)

of an nth order ODE are characterized by the order of the poles relative to the

order of differentiation. Homogeneous equations with regular singularities are
of the form

Ai(2) 4;(2)

y(n) + 7y("_1) 4. %y("—j) 4+
z 2J P4l

y=0 (656)

where A;(z) are analytic at zero.

A singularity is regular iff there is a fundamental system of solutions in the
form of a finite combination of terms of the form 2%, A(z),In’ z where a may be
complex, j < n — 1, A(z) analytic.

Thus the general solution at an irregular singular point is not given by a
convergent power series. Two things can happen:

- Solutions do not have power-like behavior (usually this means exponential
behavior).

- Series exist but are divergent.

Consider first the very simple ODE
y = Ay/2P; p>1 (657)
near z = 0. The general solution is
y=Cexp(=Az""/(p—1)) (658)

Note that this function has no power series at z = 0 (in C); the behavior is
exponential.

Most often, irregular singularities are placed at infinity (to characterize a
singularity at infinity, make the substitution z = 1/x). Then, in first order
equations with coefficients behaving polynomially, infinity is an irregular singu-
lar point if the equation is of the form 3y’ = Az9(1 + o(1))y, ¢ > —1. Equation
, after the transformation z = 1/x becomes

v =azly; a=—A,g=p—2 (659)

and infinity is an irregular singular point if ¢ > —1, and the solution is given by

q+1
y = Cexp (c;x+ . ) (660)

For the second new phenomenon, consider the equation

Yy =-y+1/z; y— (661)
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We can make it homogeneous by multiplying by = and differentiating once more.
By taking z = 1/x you convince yourself that the resulting equation is second
order with a fourth order pole at zero.

Eq. has a power series solution. Indeed, inserting

oo

y=> c/at (662)

k=0
in (661) we get cx = (k —1)cx—1; c1 =1 = ¢ = (k—1)! and thus

oo

y=>» kljaF*! (663)

k=0

The domain of convergence of this expansion in empty.
Many equations for special functions have an irregular singularity at infinity.
Typical equations

1. Bessel:
'+ (1 - a?/2%)y =0 (664)

2. Parabolic cylinder functions

V= 3y =0 65)

3. Airy functions

y' =y (666)
as well as many nonlinear ones

4. Elliptic functions
y' =y +1 (667)

5. Painlevé P1
y' =6y° +x (668)
etc.
It is important to understand the behavior of irregular singularities. Start

again from the example (657). It is clear that the singularity remains irregular
if z7P is replaced by z7P + --- where --- are terms with higher powers of z.
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The WKB method

Given the exponential behavior at an irregular singular point, it is natural to
make an exponential substitution y = €. Of course, at the end, we re-obtain
the solution we had before. Only, the equation for w’ will admit power-like,
instead of exponential behavior.

This substitution works in much more generality, and it is behind what is
known as the WKB method.

Let’s illustrate this on second order equations with rational coefficients:

y" + Ryy' + Roy = 0; Ry, Ry rational (669)
A Liouville transformation y = exp(—3 [ R;) transforms (671)) into

1 1
u” + (R — S B - ZR%)u =0 (670)

and thus we can assume without loss of generality that the equation was of the
form
y" — Ry=0; R=P/Q P,Q polynomials (671)

to start with. The singularity at infinity is irregular iff deg P >deg @ — 1. The
substitution suggested by the previous discussion is y = ¢"V'. This gives

W2+ W" =R (672)

It is easy to see theat the dominant balance is w'? ~ R. Then, W ~ 27,
a = deg P — deg Q. Since the differential equation can be written in integral
form, the asymptotic behavior is differentiable. This means

72

W'~ 2?72 2072 = W (673)

The balance W2 > W is quite universal in WKB-like problems. Then we

write the equation as
f=xVR—-f f=W (674)
and iterate under the assumption (673)). This implies f* < R, and with the

plus sign we get
f[n+1] /R~ f’["]; f[O] =0 (675)

We get

U =vVR+4...
1R

R VR

f VR 17T (676)
1R 5R? —4RR"

B _Jp_ rfv ot —akkiv

I =VR- 1% e

We see that, if R ~ 2%, then

2
R/R~aty S ARRD e

=7 (677)
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confirming the asymptotic nature of the expansion: the successive corrections
have more and more negative powers of x. By integration

@ 1 1R 1 ["R(s)?
W:/ VR(s)ds —-InR+ -— + — =ds 678
o (5) 4 8R>  32J, R(s)2 (678)

giving

1 e ReL 1R 1 ["R(s)?
y~R 4efa, R(s)ds 14+ == +7/ 5d8+"- 679
8R: 32J), R(s)? (679)

Similarly, the minus sign results in

1L _qe 1R 1 ["R(s)”
~ R Ja VR [ —ds + - - 680
Y 8Rr? 32, R(s)? (680)

34.1 Example: the Airy equation
Substituting y = " in we get

W'+’ =z (681)
or, choosing the plus sign,
f/ f/2
— _ !/ — _ — “en
f=vVx—f =z NG 8x3/2+ (682)
The sequence of iterations (676 gives
=V
1
1 — =
f NG P (683)
1 5
2] — _ = 2 5/2
U
etc. In terms of w, we get
2 1 5
w=0Cr + §x3/2 ~ 1 Inx + 4—837_3/2 (684)
and thus .
5 3
y~ Ces® g=1/4 (1 + 4—8m*3/2 + - > (685)

We justify this asymptotic expansion next.
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34.1.1 Rigorous justification of the asymptotics for (666)

Theorem 29. There exist two linearly independent solutions of with the
(two) asymptotic behaviors (corresponding to different choices of sign)

3
5 3
ys ~ €372 2741 4 0(1)) as x — 400 (686)

A similar analysis can be performed for x — —oo.

3
Proof. It is enough to show that wy — [i%aﬁ — % Inz] — 0 as z — oo. We choose
the sign +, for which the analysis is slightly more involved. Define w = /x + g
and consider the equation for g,

1 2
2\/59

g +2Vrg=— (687)

or, more generally
g +2vzg = H(x) (688)

The differential equation (688)) with initial condition g(xz¢) = 0 (chosen for
simplicity) where xo > 0 will be chosen large, is equivalent to

g(z) = e 4/32""7 / ‘" (s)e/35" s (689)
o
In our specific case, we have
(690)
and thus

_4/323/2 1 4/33/2 —4/32%/2 * 2 4/35%/2
g(z) = —e=4/3 / e ds — e g*(s)e ds (691)
o 2\/§ o

What is the expected behavior of the first integral? We can see this by L'Hospital
(which, you can check, applies). We have

1 4/35%/2 )l
——e*7% (s
([ 2 .
od/32%/ ! 1—2¢-3/2
4z

_ . —4/32%/? /z L ay3ser2 1
=—e e ds ~ —— x — +00 (693)
zo 2\/5 4(1}'

Let’s more generally, look at the behavior of

—1 (z — +o0) (692)

and thus

/ s ds (694)

0
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where m > 0 We look at the value of [ for which, by L’Hospital, we would get

’
T n, Az™
( o xre ) xn-{—l—l—m

(zleAz™) T Am+lzm

—C (695)

where C # 0 is some constant. We need [ =n —m + 1 and C = (Am)~!. In
particular,

3/2 z 3/9 1
674/313/ / Sfae4/3s‘5/ ds ~ 51_70,71/2 T — 400 (696)
To

Since the behavior of the first term of (689)) is —1/(4x), consistent with our
formal WKB analysis and thus g should be O(1/x), this suggests we write
g=u/x. We get

u ()

= —ge=4/32"" /:cie‘l/?’ 45 — pe4/32"" /$U2(S)S_2e4/3 s = Nu
o 2\/5 xo
(697)

We analyze this equation in L*[zg,00). We first need bounds on the main
ingredients of (697)), that is on integrals of the form

e—4/32%? /Is*ae‘l/3 "% ds (698)
xo

which are valid on [zg,00) and not merely as © — oo. The asymptotic in-
formation is helpful, but concrete bounds would provide more informa-
tion (though this is not necessary if we merely want to prove an expansion as
x — 00). From the limiting information, it follows that for any A > 1, if zg is
large enough, we have

—4/32%/2 ¢ —a _4/3s%/? 1
e /Ios e ds < Aigwaﬂ/w (699)

To find a specific zy, we look at

T W $3/2 343/2 1
f(z) = / s oet/3 ds — Ae*/? Satife (700)
xo
We note that f(z¢) < 0. Calculating f’, we get
() = g3 _ pyagissts (1 a+1/2
fl(x)=a""% Az % (1 532
: A 1/2
— _gagt/3e? [A 11— (‘;:73/2/) (701)
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It is clear that f' < 0 if z > z(A) where

A(1+ 2a)
A)3/2 = 2
o(A)2 = S (702)
Thus we proved
Lemma 63. If A > 1, with x(A) as given in (702)) we have
R 4/3 s%/2 4/32%/2 1
/I(A)s e ds < Ae Spati2 (703)

for all x > xz(A).

We will now write (697)) in contractive form in a suitable ball in L[z, 00).
We will make some choices of A, z( etc, to write down something specific. The
proof of the theorem is completed by the following result.

Lemma 64. Let A =2 and xo > ©(A),2}. Consider the ball

B ={u: sup |u(z)| <1} (704)

T>xT0
Then N is contractive in B, and thus (697) has a unique solution ug there.

Proof of the lemma. Tt is straightforward to check that N'B C B. We have

‘N(Uz _ U1)| — xe*4/3;1;3/2 / (u2 _ u1)(u2 + u1)872e4/3 53/2d8
zo
2|z| 2 —1/2
< llus w257y € g e — | <272 s | (705)
O

On the other hand, as x — oo, using and the fact that [Jug|| < 1, we

have
1

i +o(l/x) as x — o0 (706)

g:
O

Nonlinear ODEs

Some nonlinear ODEs admit special solution that have asymptotic expansions
at infinity. Such is the case of many Painlevé equations, the Abel equation
discussed before, and more generally ODEs having that can be brought to the
form

y =Ay+2'By+ F(1/x,y); F(z,y) analytic near (0,0), F = o(z™™,y?)

where m is large enough and A and B are constant matrices.
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Consider Abel’s equation in the limit x — +o0o. We first find the
asymptotic behavior of solutions formally, and then justify the argument. We
use the method of dominant balance that we will discuss in detail later. As x
becomes large, y, 3, or both need to become large if the equation is to
hold. Assume first that the balance is between 3’ and x and that y < z. If
y' ~ x then we have y ~ 2%/2 and y® ~ 2°/8, and this is inconsistent since it
would imply 28/8 = O(z). Now, if we assume z < y> then the balance would
be 3y ~ g3, implying y ~ —%(m — )~ 2; but this is small for 2 — 2y > 1,
which conflicts with what we assumed, z < y3. We have one possibility left:
y = az'/3(1 + o(1)), where o® = 1, which assuming differentiability implies
y' = O(x~?/3) which is now consistent. We substitute

y = az'/?(1+v(x)) (708)

in ; for definiteness, we choose a = €'"/3, though any cube root of —1
would work. We get

azt/3vy 4 3zv + 3zv? + 20® + 3%72/3 + %xfz/gv =0 (709)

2/3 meaning that v =

Now a consistent balance is between 3zv and —Sz~
O(z~5/3). This makes the nonlinear terms small and, for the purpose of justi-
fying the analysis, we don’t need to further expand v. We now aim at writing
in a suitable integral form. We first place the formally largest term(s)
containing v and v’ on the left side and the smaller terms as well as the terms

not depending on v on the right side:

az'3v' 4 3zv = h(z,v(x)); —h(z,v(z)) == 30 + 20> + 3x’2/3 +37 223
(710)
We treat (710]) as a linear inhomogeneous equation, and solve it thinking for

the moment that A is given.
This leads to

v=N(v);
1 x
N(v) == Cewa"" 4 Ee_s%xs/g/ 65%85/38_1/3h(s,v(5))d5 (711)
zo

We chose the limits of integration in such a way that the integrand is maximal

_ 9 ,.5/3 .
1/3¢5a%""" 5 00, and our choice corresponds

when s = z: if x — 400, then =
indeed to this prescription.

The largest of the terms not containing v on the right 51de of . comes

from the term Sz 2~2/3 in h, and is of the order z7%/3(1 + 0(1)). Indeed, (696)
gives
L ebs™ Jsnds
Ju ebim//x" ~bim Tl 2 = 4o (712)

160



Again by dominant balance, we expect v = O(CU_5/3). Thus, it is natural to
choose x( large enough and introduce the Banach space

{1611 = sup [+ (@) < o} (713)

or the region |z| > z¢ in a sector S in the complex domain where Re (ix5/3) >
™ s

0: argz € (—15,5):
B={f:|fll= Sup 2%/ f ()| < oo} (714)

and within this space a ball of size large enough 7%7 to accommodate for the

largest term on the right side, %x_2/3:

Bi={feBslfl <3) (715)

Lemma 65. For given C, if xg is large enough, then the operator N is con-
tractive in By and thus (711) (as well as (710])) has a unique solution there.

Proof. We first check that AM'(B;) C Bj, by estimating each term in A/. By
we have for large enough g, [Nz~™| = $|z|=™~!(140(1)). In particular,
IV 2z=2/3] < 2]z|~%/3(1+0(1)). The contribution of the other terms are much
smaller. For instance, |zv?| < Cx'~5/2||v|| we have [N (zv?)| = Clz|~5/2(1 +

o(1)).

To show contractivity, we note that, for k& > 1,
N = ob)] < kllos — vr || [275/2(2/3)La 501/

O

35 Elements of eigenfunction theory—material com-
plementary to Coddington-Levinson

35.1 Properties of the Wronskian of a system

Lemma 66. Let A be a matriz on C". We have
det(I+eA)=1+eTrA+0(*) as £—0 (716)

Proof 1. The property is obvious for

(1 +ea1 €ai2 ) (717)

gagy 1+ eag
For the general case, use induction and row expansion. O

Proof 2. Note that det B = [];(1 + b;), where b; are the eigenvalues of B
(repeated if the multiplicity is not one). If (I +cA)v = pw then cAv = (u—1)v
that is, v = v; is an eigenvector of A: Av; = a;jv. Thus (1+ea;)v; = (I+eA)v; =
pvj = = (14 ea;). The property now follows. O
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35.1.1 The Wronskian
The definition is

Wfi, .o fu] =

Lemma 67. Let

be a matriz equation in C™. We have

det M () = det M(0) exp <J€tTY/Ms)ds)

/

(n—1)

1

M' =AM

Proof. We have (just by differentiability)

Mt +¢) — M(t)

and thus

MY )M (t +¢) =T+ M~ (t)A(t)M(t)e + o(e)
= det (M~ ()M (t+¢)) =det (I + M (t)A(t)M(t)e + o(c)
=1+ Tr(A)e + o(e

and thus

det M (t +¢)
det M (t)

=1+Tr(A)e +o(e) =

and the result follows by integration.

In

!/
n

7(ln—l)

= A(t)M(t)e + o(e)

det M (t + ¢) — det M(t)

= det M(t)Tr(A(t)) + o(1) = (det M (t))" = det M (t)Tr(A(t))

Note that an equation of the kind we are considering,

Lf =po(t)f™ +pr(t) f" D 4+ 4 pa(t) f = Af

has the matrix equation counterpart

where

__Pn

Po

M' =AM
1 0
0 1
_ .p.n.— 1 _ .p."n,.— 2

Po
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o

_pb1

Po

(718)

(719)

(720)

(721)

(722)

(723)

(724)

(725)

(726)



and

f} frll
m=| (727)
fl(nfl) fT(Lnfl)

Clearly, TrA = —p;1 /po. Thus we have
Corollary 68. The Wronskian W of a fundamental system for (724)) satisfies

W (t) = W(0) exp ( /Ot 2;%3 ds> (728)

36 Discrete dynamical systems

Figure 50:

The study of the Poincaré map leads naturally to the study of discrete dy-
namics. In this case we have closed trajectory, zo a point on it, S a section
through zy and we take a point x; near xg, on the section. If z; is sufficiently
close to x, it must cross again the section, at z1, still close to x1, after the return
time which is then close to the period of the orbit. The application z; —
defines the Poincaré map, which is smooth on the manifold near z.
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The study of the behavior of differential systems is near closed orbits is often
more easily understood by looking at the properties of the Poincaré map.

In one dimension first, we are dealing with a smooth function f, where the
iterates of f are what we want to understand.

We write f™(z) = f(f(...(f(x)))) n times. The orbit of a point x¢ is the
sequence {f™(zg) }nen, assuming that f(xg) is defined for all n. In particular,
we may assume that f:J — J, where J C R is an interval, possibly the whole
line.

The effects of the iteration are often easy to see on the graph of the iteration,
in which we use the bisector y = = to conveniently determine the new point. We
have (zg,0) = (zo, f(x0)) = (f(x0), f(z0)) = (f(z0), f(f(x0)), where the two-
dimensionality and the “intermediate” step helps in fact drawing the iteration
faster: we go from xy up to the graph, horizontally to the bisector, vertically
back to the graph, and repeat this sequence.

There are simple iterations, for which the result is simple to understand
globally, such as

fla) =2

where it is clear that x = 1 is a fixed point, if |zo| < 1 the iteration goes to zero,
and it goes to infinity if |zg| > 1.

Local behavior near a fixed point is also, usually, not difficult to understand,
analytically and geometrically.

Theorem 30. (a) Assume f is smooth, f(xg) = xo and |f'(xg)] < 1. Then xg
is a sink, that is, for x1 in a neighborhood of x¢ we have f™(x1) — xo.

(b) If instead we have |f'(x0)| > 1, then zo is a source, that is, for x1 in a
small neighborhood O of xy we have f™(x1) ¢ O for some n (this does not mean
that f™(x1) cannot return “later” to O, it just means that points very nearby
are repelled, in the short run.)

Proof. We show (a), (b) being very similar. Without loss of generality, we take
zo = 0. There is a A < 1 and € small enough so that |f'(z)] < A for |z| < e.
If we take z1 with |z1] < e, we have |f(z1)] = |f'(¢)||z1] < Az1](< €), so the
inequality remains true for f(z1) : |f(f(21))] < A f(z1)] < A?|21| and in general
f™(x1) = O(A\") — 0 as n — 0.
In fact, it is not hard to show that, for smooth f, the evolution is essentially
geometric decay.
O

When the derivative is one, in absolute value, the fixed point is called neutral
or indifferent. It does not mean that it can’t still be a sink or a source, just that
we cannot resort to an argument based on the derivative, as above.

Example 38. We can examine the following three cases:
(a) f(z) =z +a°.
(b) f(a) = —a?
(c) f(z) =z + 2>
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It is clear that in the first case, any positive initial condition is driven to
+00. Indeed, the sequence f™(x1) is increasing, and it either goes to infinity or
else it has a limit. But the latter case cannot happen, because the limit should
satisfy | = [ + 13, that is [ = 0, whereas the sequence was increasing.

The other cases are analyzed similarly: in (a), if 2o < 0 then the sequence
still diverges. Case (c) is more interesting, since the sequence converges to zero
if 1 < 0 is small enough and to oo for all ;1 > 0. We leave the details to the
reader.

It is useful to see what the behavior of such sequences is, in more detail.

Let’s take the case (c), where 21 < 0. We have

2
Tpt1 = Ty + T,

where we expect the evolution to be slow, since the relative change is vanishingly
small. We then approximate the true evolution by a differential equation

(d/dn)z = x?
giving
z, = (C—n)"!
We can show rigorously that this is the behavior, by taking z,, = —1/(n+cp)+9,
On, = 0 and we get

1

2 2

5n+1 - 6n -

and thus
- 1 2
8 = - I+ 52.> 730
g;o <J2(]+1) il (730)

Exercise 1. Show that @ defines a contraction in the space of sequences
with the property |5,| < C/n?, where you choose C' carefully.

Exercise 2. Find the behavior for small positive x1 in (b), and then prove
rigorously what you found.

36.1 Bifurcations

The local number of fixed points can only change when f'(xzg) = 1. As before,
we can assume without loss of generality that o = 0.
We have

Theorem 31. Assume f(xz,)\) is a smooth family of maps, that f(0,0) = 0
and that f,(0,0) # 1. Then, for small enough X there exists a smooth function
©(A), also small, so that f(p(A\),A) = @(\), and the character of the fixed point
(source or sink) is the same as that for A = 0.

Exercise 3. Prove the theorem, using the implicit function theorem.
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