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Preface

This lecture note is prepared mainly based on [BD22, HS99] for the course Differential
Equations, for graduate levels, during Fall 2024 (113-1). In next semester, we will more focus on
the partial differential equations (PDE), and we will use the lecture note [Kow24]. There is another
Differential Equations course for undergraduate levels. The lecture note may updated during the

course.

Title. Differential Equations

Lectures. Thursday (13:10-16:00)

Language. Chinese and English. Materials will be prepared in English

Instructor. Pu-Zhao Kow (Email: pzkow@g.nccu.edu.tw)

Office hour. Thursday (16:10-17:00)

Completion. Homework Assignments 60% (must be prepared using IATEX), Midterm presentation

20%, Final presentation 20%

We will focus in pointing the relation of ordinary differential equations (ODE) with other
(mathematical) fields, especially the partial differential equations (PDE), rather than go through
all boring details in class. One can choose to present the proof of some theorems in this lecture
note which the proof is skipped, or other interesting topics (more credit will be earned), during the

midterm or final presentations.
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CHAPTER 1

Introduction

1.1. Some mathematical models

In order to motivate this course, we begin with some examples from [BD22, Chel6]. The most
simplest and important example which can be modeled by ordinary differential equations (ODE) is

a relaxation process, i.e. the system starts from state and eventual reaches an equilibrium state.

EXAMPLE 1.1.1 (A falling object). We now consider an object with mass m falling from height
yo at time ¢ = 0. Let v(¢) be its velocity at time z. According to physics law, we know that the
acceleration of the object at time ¢ is the rate of change of velocity v(z), that is,

a(t) = %v(t) =V(1).

According to Newton’s second law, the net force F exerted on the on the object is expressed by the

equation
(1.1.1) F(t) =ma(t) =mv (t).

Next, we consider the forces that act on the object as it falls. The gravity exerts a force equal to
the weight of the object given by mg, where g is the acceleration due to the gravity. The drag
force due to air resistance has the magnitude yv(¢), where 7 is a constant called the drag coefficient.
Therefore the net force is given by

(1.1.2) F(t) =mg—yv(t).
Combining (1.1.1) and (1.1.2), we reach the ODE

mv'(t) = mg—yv(t) fort>0.

EXAMPLE 1.1.2 (Heating (or cooling) of an object). We now consider an object, with initial
temperature Tp at time ¢ = 0, which is taken out of refrigerator to defrost. Let 7'(¢) be its temperature
at time ¢. Suppose that the room temperature is given by K. The Newton’s law of cooling/heating
says that the rate change of temperature 7'(¢) is proportional to the difference between T'(¢) and K,
more precisely,

T'(t) = —a(T (1)~ K),

where o > 0 is a conductivity coefficient.
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EXAMPLE 1.1.3 (Population growth model). We first describe the population model proposed
by Malthus (1766-1834). Let y(¢) be the population (in a “large” area) at time ¢. He built a model
based on the following hypothesis:

y'(t) = births — deaths + migration,
and he assume that the births and the deaths are proportion to the current population y(z), that is,
births — deaths = ry(z),

where the constant r € R is called the net growth rate. If there is no migration at all, then the model
reads

Y(t)=ry(t),
which is called the simple population growth model. Suppose that the initial population is yg at
time ¢ = 0. In fact, the unique solution is

y(t) = yoe",

which is not make sense, since the environment limitation is not taken into account. With this

consideration, we should expect that there is an environment carrying capacity K such that
y(t) >0wheny(t) <K, »(t)<0wheny(t)>K

due to a competition of resource. Verhulst (1804—1849) proposed another model which take the
limit of environment into consideration (i.e. in a “small” area):

Y(t)=ry (1 — y%) ,

which is called the logistic population model. Note the above simple population growth model
formally corresponds to the case when K = 4. See also [BD22, Section 2.5] for further
explainations.

1.2. Classification of ODE
We say that the system of equations of the form
F(t,u(r),d"(1),---,u™ (1)) =0,

or in equation form
Fl (t7u(t)7ull(t>7 U 7u(m)<t)) = 07

Fi(t,u(t),u (1), - ,u™(t)) =0,
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the ordinary differential equation (ODE) of order m, where we write u®) := (ugk), o ,u,({‘)) the
k"-order derivative of w = (uy,--- ,u,). Throughout this note, we use the bold font to emphasize

the vector-valued functions.

EXAMPLE 1.2.1. For example,

" 26w +ud =t

is a third order ODE.

In many cases, we only consider the system of ODE of the form (with n = ¢)

W (0) = f,u(),u (1), u" ().
Otherwise, for example, the equation
(W) +1u' +4u=0

leads to two equations

, —t+V2—16u  , —t—+/t2—16u
u = u = .
2 ’ 2

An ODE is said to be linear if it takes the form
ao(Nu + a1 (Hu" "V + - ay(Hu = g(1),

for some matrices ag, - - - ,a,, otherwise we say that the ODE is nonlinear. If g(t) = 0, then we say

that the ODE is homogeneous, otherwise inhomogeneous.



CHAPTER 2

First order nonlinear ODE

This chapter deals with first order nonlinear ODE of the form

(2.0.1) u'(t) = f(t,u), u(ty) =uo

for some vector uy € R". We again remind the readers that we use the notation

and we also use the notation
|w ()] = max{u (£)],---, [ua(t)]}-
2.1. Well-posedness of ODE
If f =0, then (2.0.1) reads
u' (1) =0, wu(t)=u,

and one easily sees that the constant function u = g is a solution which is valid for all r € R. We
first state the fundamental existence theorem when f # 0.

THEOREM 2.1.1 ([HS99, Theorem I-2-5]). Leta>0and b > 0. If f = f(t,y) is a (real-valued)

continuous function on a closed cylinder
X =A{(t,y) eERxR": [t —19| < a,|y—up| < b}

such that

M := max t, >0,
(Ly)e%,lf( )l

then there exists a function u € (C'((to — &t + @)))" with o = min{a, &} satisfying (2.0.1) in
(to— o, 10+ ).
However, the uniqueness does not hold true in general without further assumption on f. We

demonstrate this in the following few examples.

EXAMPLE 2.1.2. We define the function
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By using left and right limits, it is not difficult to check that u € C(R). By using elementary
calculus, one computes that

o\ 1/4
W' (1) = (§> (2 —9)Y/* fort >3,
u(t)=0 fort<3.
Since
u(3+h) —u(3) 1/2 5 S/4
] — lim = ( Z((3+h)?—
st h a0, h 5(3+h)7=9)
> 5/4 > 5/4
— lim - [ Zh(h+6 — lim 25 (Z(h+6 -0
;%ah(s (h+ >> i (5< + >)
and 344 3 0
fim "B =uG) _ 0y
h—0_ h h—0_h
then sih 3
u'(3) ::limu( h) ):0.
h—0 h

Now we also see that

1/4
lim /() = lim (g) (> —9)1/4 =,

l—>3+ l—>3+
lim /(1) = lim 0=0,
t—3_ =34

which concludes that «’ € C(R), and thus u € C'(R). One can easily check that

21D W(t)=f(t,u(®)) forallt e R, u(fy) =0
. with £(¢,y) = ty!/5 and 1o = 3.

Note that f is continuous in R x R, and hence the assumptions in Theorem 2.1.1 satisfy. Since
u = 0 is also another solution of (2.1.1), one sees that the solution of initial value problem (2.1.1)

is not unique.

EXERCISE 2.1.3 ([HS99, Example III-1-1]). Verify that the initial-value problem
W' (1) = (u(@))P forallr e R, u(ty) =0

has at least two nontivial C! (R)-solutions:



2.1. WELL-POSEDNESS OF ODE 6

and
0 7t S tO’
- (—(t—to)) 1> 1.
3
EXERCISE 2.1.4 ([HS99, Example III-1-3]). Verify that the initial-value problem

U (t) =+/|u(t)| forallt € R, u(ty) =0

has at least one nontivial C!(R)-solution:

1
_Z(t_t0>2 7t§t07
u(t) = 1 2
1t —10) 1> 1.
We now state a sufficient condition to guarantee also the uniqueness of the solution.

THEOREM 2.1.5 (Fundamental theorem of ODE [HS99, Theorem I-1-4]). Suppose that all

assumptions in Theorem 2.1.1 hold. If we additionally assume that

(2.1.2) |f(t,y1) — F(t,y2)| < Lly1 —y2|

whenever (t,y1) and (t,y,) are in %, then the solution described in Theorem 2.1.1 is the unique
(CH((to — a,to+ )" solution.

REMARK 2.1.6. See also Theorem 2.1.10 below.

EXERCISE 2.1.7. Verify that the ODEs in Example 2.1.2, Exercise 2.1.3 and Exercise 2.1.4 do
not satisfy the Lipschitz condition (2.1.2).

EXERCISE 2.1.8. Under the assumptions of Theorem 2.1.5, show that the initial value problem
(2.0.1) is equivalent to the integral equation

w(t) =uo+ [ Fls,u(s))ds

Io

forallz € (fo — a, 10+ ).

By using Exercise 2.1.8, under the assumptions of Theorem 2.1.5, if u!' € C((ty — o, 19 + @))
and u? € C'((tp — @, 1o+ @)) are the unique solution of (2.0.1) corresponding to initial data u, and
u% respectively, then one sees that

t
! (1) —u?(r) = wy —uj + t (F(s,u'(s) = f(s,u?(s))) ds.
0

By using the Lipschitz condition (2.1.2), one sees that
1 2 1 2 ! 1 2
(1) =) < g ] + [ |£(5.(5)) = Fs,u3(s))] s
0

t
(2.1.3) < \u(l)—u%|+L/ [u'(s) —u?(s)|ds forallz € (fo— a,tg+ ).
Iy
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If t <1y, then one immediately reach
(2.1.4) lul (1) —u? ()] < |ud —ud|.
If t > 1y, we will use the following useful lemma.

LEMMA 2.1.9 (Gronwall [HS99, Lemma I-1-5]). If g € C({to,t1]) satisfies the inequality

(2.1.5) 0<g() §K+L/tg(s)ds forallt € [to, 1],

fo
then
0<g(t) <K' forallt € [tg,1].

PROOF. Set v(t) := f,g g(s)ds, from (2.1.5) we have

d
d—‘; < K+Lv(t) forall t € (to,11), v(tp) =0.
One sees that (this technique is called the method of integrating factors)
d d
- (e—L(t—to)v(t)> _ e—L(t—to)d_‘; —Le_L(t_tO)v(t)
dv

— o Lit—1) (5 _Lv(;)) < Ke M=) forall ¢ € (1g,11).

Now the fundamental theorem of calculus implies (i.e. integrating the above inequality from #( to
T € (t9,11))

T K
e HTh)y(7) <K / e L= gy = -1 —e LT forall T € (19,11),

Iy
which implies
! K L(t—tg)
/ g(s)ds:v(t)gz(e o) —1).
1

0
Finally, plugging this into (2.1.5) to see that

t
g(t) <K+L [ g(s)ds< K—f—K(eL(t’tO) —1)= Kel(t—10)

)

for all 7 € (fo,1), and our result follows from the continuity of g. 0J

In view of (2.1.4) and (2.1.3), we now choose any fy < t; < fo+ & and g(¢) = |u!(¢t) — u?(¢)|
as well as K = |u —u3| in Lemma 2.1.9 to see that:

THEOREM 2.1.10 (Dependence on data). If all assumptions in Theorem 2.1.5 hold, then the

stability estimate
lul (1) —u?(1)| < |ud —ud|e®t  forallt € (19— o, 19+ @)

hold, where u' € C'((ty — 0,19 + @)) and u* € C'((ty — o,to + ) are the unique solution of
(2.0.1) corresponding to initial data 'u,(l) and u% respectively.
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REMARK 2.1.11. We refer to [HS99, Chapter II] for further generalizations of Theorem 2.1.10
EXERCISE 2.1.12. Show that the initial value problem

1
B= (=10~ (u=5)7?)
57

u'(t) =

u(l) =
has a unique C'((1 —+/2, 14 +/2))-solution.

forallz € (1 —v2,1+2),

EXERCISE 2.1.13. Show that the initial value problem

(1) = !
(14+(t—=4)2)(5+ (u—3)?)

forallt € R,

has a unique C' (R)-solution.

2.2. Some techniques for solving the equation
We now consider a single equation of ODE:
(2.2.1) u(t) = f(t,u(t)), u(ty) = up.

Unfortunately, there is no universally applicable method for solving solution(s) u € C! for the
equation (2.2.1) . We now exhibit some methods which can help to solve some certain class of
ODE.

DEFINITION 2.2.1. The ODE (2.2.1) is said to be separable if it can be expressed in the form
of

(2.2.2) M(t)+N(u(t))u'(t) =0,

for some continuous functions M and N, or sometimes we abuse the notation by writing M(¢) dt +
N(u)du =0.

For u € C', we see that
u(t
uo

% < / :(I)N(z) dz) — M),

Integrate both sides with respect to the variable 7 from 7 to 7, we see that

u(7) T u(r) T
(2.2.3) /M N(Z)dZ:/ % (/u t N(z)dz) dr = — t M(t)de,

To

5 ([ weee) =wutnao

then one can rewrite (2.2.2) as
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which solves the ODE implicitly.

EXAMPLE 2.2.2. We now want to find the general solution of
du 12
dt 1—u?

We see that, if we impose the initial condition u(fy) = ug # 1, the conditions in Theorem 2.1.5

(2.2.4)

hold, therefore there exists a unique solution u € C! near y. Note that uy # 1 and the continuity of
u impliy that u(r) # 1 for all 7 near #y, therefore (2.2.4) make sense. Now we use chain rule to see

h
- & (W0 - 30r ) =1 =
dt 3 dt ’

u(t) — %(u(f))i‘ _ (uo— %ug) _ /t;% (u(t) _ %(u(t))3> dr — /t:tzdt _ %ﬁ _ %zg,

which gives

—13 4 3u(t) — (u(t))® = —13 + 3ug — uj  for all  near f,

or in the form of depressed cubic form
(u(t))> = 3u(t) + (1> — 13 + 3up — uy) = 0,
and thus u can be expressed by using Cardano’s formula' case by case.

EXERCISE 2.2.3. Do the same thing for the ODE
du 3244142

dr - 2(u—1)
EXERCISE 2.2.4. Do the same thing for the ODE
du 4r—1
dt 44ud’

We now consider the following ODE:
(2.2.5) M(t,u(t)) +N(t,u(t))u'(t) =0, u(ty) = up.

Note that (2.2.1) and (2.2.2) are both special case of (2.2.5). We now want to solve (2.2.5) under
some sufficient conditions.

Assume that M = M(t,y), N = N(t,y), d,M and J,N are continuous in an open rectan-
gle (t1,2) x (y1,y2) and u € C'((t1,12)) satisfies y; < u(t) < y, for all ¢ € (y;,y2). For each
v € C'((t1,12) x (y1,2)), by using chain rule one sees that

& W) = A (e,u(e)) + e, u(e) il (1)

(2.2.6) a

1https ://en.wikipedia.org/wiki/Cubic_equation
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Comparing this equality with the ODE (2.2.5), it is natural to find y such that d,y = N in (t;,1,) X
(y1,y2), which can be achieved by choosing

Y
Y(ty) = [ N2z forall (1) € (11,02) x (31,32).
ug

We need the following lemma for further computations (one way to prove this is to utilize the

Lebesgue dominated convergence theorem):

LEMMA 2.2.5 ([Str08, Theorem 1 in Appendix A.3]). Suppose that f(t,y) and o f(t,y) are

continuous in the closed rectangle [sy,s2] X [z1,22], then

d 22 22
- (/ f(t,y) dy) =/ df(t,y)dy forallt € [s1,s7].
dt 21 21
Now the above lemma guarantees that
y
dhy(t,y) = / diN(t,z)dz forall (1,y) € (t1,12) X (y1,)2)-
U
Now if
(2.2.7) 8,N = 8yM in (tl,lz) X (yl,yz),
then we reach
y
hw(t,y) = / OM(t,2)dz = M(t,y) — M(t,up) forall (1,y) € (11,62) X (y1,y2)-
uo

Now from (2.2.6), and consequently by (2.2.5), we see that

& (Wleu(1)) = M0, u(e)) — M0, u0) +N (o, () 1) = M, u0),
thus
(2.28) W(Eu(0) ~ Wltouo) = [ lrue)) dr == [ M(t,u0)

which solves u implicitly. In view of the above ideas, it is natural to introduce the following

definition.

DEFINITION 2.2.6. The ODE (2.2.5) is said to be exact if (2.2.7) holds.

REMARK 2.2.7. If the ODE is separable (in the sense of Definition 2.2.1), then it also exact. In
this case, (2.2.8) reduces to (2.2.3).

EXAMPLE 2.2.8. We now want to solve the ODE
(u(r) cost +2t¢*M) + (sint + 2"V — 1) (1) = 0

with suitable initial condition u(#y) = ug. In view of the chain rule

% W) = A (e,u(e)) + e u(e) il (1),

(2.2.9) a
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it is natural to choose

y
y(t,y) = / (sint +12¢° — 1)dz = (ysint +1%¢” —y) — (ugsint + 12" — ug)
u

0

so that dyy = sint +1%¢” — 1. Now we compute
o,y (t,y) = ycost +2te’ — ugcost — 2te",

and from (2.2.9), and consequently the ODE, we see that

d
dr (w(t,u(t)) = (u(r) cost +2te" ") —ugcost —21€"0) + (sint 412" — 1)u (t) = —ug cost — 2",
thus
T
ug Sinto — upsin T + 13" _ 26 — —/ (upcost +2te") dt
fo
Td
= | g (Wu(®)) dr = y(z,u(t)) — (o, uo)
0
= (u(7) sin T+ 2“9 — u(7)) — (ugsintg + 126 — up),
that is,

u(r) sin +12e"") —u(r) = —ugsinz + (2ugsinty +13e"0 — up) .

We now want to deal with the ODE (2.2.5) which is not necessarily to be exact in the sense of
Definition 2.2.6. The idea is quite simple: we want to multiply an integrating factor pi(z,y) so that
M(t,u(t)) +N(t,ut)d' (t) =0, u(ty) =up
is exact, where M(t,y) = u(t,y)M(t,y) and N(¢,y) = u(¢,y)N(t,y). Now (2.2.7) reads

O UN + 1okN = N = o.M = oyuM + oM,
that 1s,
(2.2.10) Moyu —Nou+ (d,M —;N)u = 0.

This is nothing but just a transport equation, which will be discussed in Section 2.3 below. It is

remarkable to mention that, one can directly check that if

_OM—ON

k: is a function of 7 only,

the integrating factor u is also a function of ¢ only (which is independent of y), and it satisfies the
linear ODE

so that for each K with K’ = k one has

(e Ou(e) = ke K Ou() +e K Ou' () =0
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This can be achieved by choosing

EXAMPLE 2.2.9. We now want to solve the ODE (3tu + u?) + (¢> 4 tu)u’ = 0 with suitable
initial condition u(ty) = ug. We want to multiply an integrating factor 4 = u(¢,y) so that

O (1(1,y) (2 +1)) = 9 (u(t,y) Bty +y))
= (1, y) (1 +1y) +pu(1,y) (2 +)
=y (t,y)(3ty+y*) + u(t,y) (3t +2)
> (Lo pu(t,y) — pu(t,))(t +y) = yoyu(t,y) (3t +).

Note that the choice p(z,y) = ¢ fulfills the above requirement. We only need to find a i, no need to

find its general solution. We now write the ODE as
(2.2.11) Brlu+tu®) + (£ +*u)d =0,  u(ty) = up.

In view of the chain rule

22.12) & wleu(1) = Ayt u(0) + 3, wlo,u(e)u (1),

it is natural to choose y such that d,(,y) = 13 +1y. One way to achieve this is take

y 1 1
o= [ (13p7) - 14).
uo

We now compute that
oy(t,y) = (3t2y+1*) — (3t%uo +tuj) .
Now from (2.2.12), and consequently from (2.2.11), we reach

d
5 (Wu() = (362u+tu*) — (3t%ug + tu) + (£ +12u)u = 3r%ug — tug,

thus
(r%(r)%—%rz(u(r))z)— u % up
= y(z,u(e)) — (o, u0) = /’ = (Wu()) dr

)
fo
T
(3r%ug +tud) dr = ( 7u (to uo + 510 u0>
To
which concludes that
2 (u(1))? +27%u(t) = —213uo — 1313,
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2.3. From ODE to PDE

2.3.1. Linear equations. We now give an application of ODE in the theory of partial
differential equations (PDE). We begin our discussions from a simple model. Given a horizontal
pipe of fixed cross section in the (positive) x-direction. Suppose that there is a fluid flowing at a
constant rate ¢ (¢ = 0 means the fluid is stationary; ¢ > 0 means flowing toward right, otherwise
towards left). We now assume that there is a substance is suspended in the water. Fix a point at
the pipe, and we set the point as the origin 0, and let u(z,x) be the concentration of such substance.

The amount of pollutant in the interval [0,y] at time 7 is given by

/Oyu(t,x) dx.

At the later time ¢ 4 7, the same molecules of pollutant moved by the displacement ¢7, and this

means
y y+cT
/ u(t,x)dx:/ u(t+7,x)dx.
0 cT

If u is continuous, by using the fundamental theorem of calculus, by differentiating the above

equation with respect to y, one sees that
(2.3.1) ult,y)=u(t+7,y+ct) forallyeR.

If we further assume u € C!, then differentiating (2.3.1) with respect to 7, we reach the following

transport equation:
0= deu(t+7,y+c7)|,_o = du(t,x) +cou(t,x) forall (r,x) € RxR.
We now consider the transport equation with variable coefficient equation of the form
(2.3.2) du+c(t,x)du=0, u(0,x)=f(x),

where f € C'(R) and ¢ = c(t,x) satisfies all assumption in Theorem 2.1.5. Given any s € R and we

consider a curve x = ¥(t), where ¥ solves the ODE
(2.3.3) %) =c(t,%(t),  %(0)=s.
We now restrict  on a curve x = ¥(¢), and one sees that
O (uly, (1)) = 0 (u(t,15(1))) = (Gu+7 (1)) o=y (1
= (Qu+c(t,x)tt) | =y, (1) = 0.
This means that u is constant along the characteristic curve ;. Hence
(2.3.4) (e 3(0)) = u(0,%(0)) = F(%(0)) = (s).

For later convenience, we write ¥(z,s) = ¥%(¢). Fix x € R and we now want to solve the equation x =
¥(t,s). From y(0,x) = x, and since dyy(0,x) = (ds75(0))|s=x = 1 # 0, then we can apply the implicit
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function theorem [Apo74, Theorem 13.7] to guarantee that there exist an open neighborhood U, C
R of 0 and g, € C!(U,) such that g,(0) = x and x = Y(t,5)|s=g, () for all # € Uy. In other words,
we found a solution s = g,(¢) = g(x,1) of the equation x = ¥(,s) in Uy. Plugging this solution into
(2.3.4), we conclude

(2.3.5) u(t,x) = f(g(x,7)) forallx e Randt € U,.

This completes the local existence proof. Uniqueness follows from the fact that u is constant along
the characteristic curve 7.

EXAMPLE 2.3.1. Given any f € C!(R), let us now consider (2.3.2) with ¢ = constant. In this
case, (2.3.3) reads Y/(t) = c¢. For each s € R, it is easy to see that the solution of ¥,(¢) = ¢ with
¥:(0) = s is

Y(t,5) = 1(t) = ct +s.
For each x € R, the solution of x = y(¢,s) is clearly given by s = g(x,7) = x — ct, and thus from
(2.3.5) we conclude that

u(t,x) = f(x—ct),

and the solution is valid for all x € R and ¢ € R.

EXAMPLE 2.3.2. Given any f € C!(R), we now want to solve d,u+xdyu = 0 with u(0,x) = f(x)
for all x € R. Write ¢(¢,x) = x, and for each s € R we consider the ODE

%) =c(t,%(0) = (1), %(0)=s.

By using the integrating factor, one can easily see that the solution of the ODE is

t

Ys(t) = é's.

For each x € R, the solution of x = (¢) is given by s = g(x,) = ¢ 'x, and thus from (2.3.5) we
conclude that

u(t,x) = f(g(x,1)) = f(e'x)

and the solution is valid for all x € R and ¢ € R.

EXAMPLE 2.3.3. Given any f € C'(R), we now want to solve d,u +2tx>d,u = 0 with u(0,x) =
f(x) for all x € R. Write ¢(t,x) = 2¢x?, and for each s # 0 we consider the ODE

%) =21(5(1)  %0)=s".

By using the method of separation of variables, one can easily see that the solution of the ODE is

’}/S(I) = (S _tz)_17
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which is valid

forallt e R whens <0,
(2.3.6)

forall#> <s whens >0,

but the ODE is not solvable when s = 0. When s # 0, the solution of x = ¥;(¢) is given by s = >+ )—16,
and thus from (2.3.5) we conclude that

u(t ) = f(s71) = f(

Here we emphasize that the uniqueness only holds true in the region

X
1+12x

) for all x # —1 2.

{(t,x) 1 x>0y U{(t,x) 1 x < 0,1 < [x| "2},

We now summarize the above ideas in the following algorithm:

Algorithm 1 Solving dyu+ c(t,x)dwu~+d(t,x)u = F(t,x) with u(0,x) = f(x)

1: Solve the ODE v,(¢) = ¢(t, ¥%(t)) with given 7%(0) for any suitable parameter s.
2: Compute Jy(u(t,¥s())).

3: Rewrite the identity x = ¥,(¢) in the form of s = g(x,?).

4: Identify the domain for which u(z,x) = f(g(x,7)) solves dyu+ c(t,x)du = 0.

EXERCISE 2.3.4. Given any f € C!(R), solve the equation (1+2)0,u -+ dyu = 0 with u(0,x) =
f(x) and identify the range of x.

EXERCISE 2.3.5. Given any f € C!(R), solve the equation 70,u + xdyu = 0 with u(0,x) = f(x)
and identify the range of x.

EXERCISE 2.3.6. Solve the equation xd;u -+ tdyu = 0 with u(0,x) = e~

2.3.2. Quasilinear equations. The ideas in previous subsection can be extend for quasilinear

equation of the form

(2.3.7) a(x,y,u)dxu+b(x,y,u)oyu = c(x,y,u).

Here we follow the approach in [Joh78, Sections 1.4—1.6]. We write (2.3.7) as
(a,b,c) - (dxu,dyu,—1) =0.

We represent the function u by a surface z = u(x,y) in R3, and we write

dz dz
be)- [ ,5 —1) =o0.
@0 (FE1)

Note that <g—§, g—;, —1) is the normal vector of the surface, thus (a, b, ¢) is a tangent vector. We now

consider a “regular” curve (x(z),y(t),z(¢)) in that surface, and now we see that (x'(¢),y'(¢),7' () is
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a tangent vector at the point (x(¢),y(),z(¢)). This suggests us to consider the characteristic ODE:

X (1) = alx(t),y(1),2(2)),
(2.3.8) Y (1) = b(x(t),y(1),2(1)),

(1) = c(x(t),y(t),2(1)),
which is a special case of the ODE (2.0.1). Here, the system is even autonomous, i.e. the
coefficients are independent of variable ¢ does not appear explicitly. If we assume that a,b,c € C!,
then one can apply Theorem 2.1.1 to ensure the existence of characteristic curve (x(),y(t),z(t))

which is C'. We now prove that the above choice of the characteristic ODE really describes the
surface z = u(x,y).

LEMMA 2.3.7. Assume that a,b,c € C' near (x0,¥0,20) € S, where S is the surface described

by 2= u(x.y). Ifyis a C' curve described by (x(t),y(t),=(t)) with (x(t0),¥(t0).2(10)) = (x0.Y0:20),
then 7y lies completely on S.

PROOF. For convenience, we write U(r) := z(t) — u(x(¢),y(t)) so that U(tp) = O since
(x0,Y0,20) € S. Using chain rule and from (2.3.8) one sees that

U'(t) =2 (t) = (dau)x'(t) — (dyu)y'(z)
= c(x,,2) — deu(x,y)a(x,y,z) — dyu(x,y)b(x,y,z)
= c(x,3,U —u(x,y)) — du(x,y)a(x,y,U — u(x,y))
(2.3.9) — dyu(x,y)b(x,y,U —u(x,y)).
From (2.3.7), we see that U = 0 is a solution of the ODE (2.3.9). By using the fundamental
theorem of ODE (Theorem 2.1.5), we see that U = 0 is the unique solution of the ODE (2.3.9),

which concludes our lemma. O

We now want to solve the Cauchy problem for (2.3.7) with the Cauchy data
(2.3.10) h(s) = u(f(s),g(s)) forsome f,g he C! near so.

Note that the initial value problem we previous considered is simply the special case when f(s) = xg

and g(s) = 5. Now the characteristic ODE (2.3.8) (with suitable parameterization) reads
(0.X (5,1) = a(X(s,1),Y (s,1), Z(s,1)),

0, Y (s,t) =b(X(s,1),Y(s,1),Z(s,1)),

(2.3.11) A Z(s,t) =c(X(s,1),Y(s,1),Z(s,1)),

with initial conditions

\X(s,O) = f(s), Y(s,0)=g(s), Z(s,0)=h(s).
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If a,b,c € C' near (f(so),g(s0),h(s0)), thus the fundamental theorem of ODE (Theorem 2.1.5)

guarantees that there exists a unique solution of (2.3.11):
(X(5,1),¥ (s,1),Z(s,1))

which is C! for (s,t) near (so,0). If

/ /
the matrix f'(s0) g (s0) = %X (s0,0) 95 (s0,0) is invertible,
a(xo,¥0,20) b(x0,¥0,20) 9, X (50,0) ;Y (s0,0)

then we can use implicit function theorem [Apo74, Theorem 13.7] to guarantee that there exists a
unique solution (s,7) = (S(x,y), T (x,y)) of

x=X(S(xy),T(x,y), y=Y(Sxy),T(xy))
of class C' is a neighborhood of (xg,yo) and satisfying
S(x0,¥0) =50, T (x0,¥0) =0,

so that we finally we conclude that the local solution of the Cauchy problem for (2.3.7) with the
Cauchy data (2.3.10) is given by

u(x,y) = Z(S(x,y), T (x,y))-

The above arguments can be readily extend for higher dimensional case:

THEOREM 2.3.8. We now consider the Cauchy problem

n
Za, Xiyooe Xy W)Uy, = C(X], -, X, U)
i=1

with Cauchy data

(fl(SI; ) asi’l—l)7"' 7fn<sl7“' 7sn—1))

)=
for some f,--- fn,h € C' near (s(l)v s?;—l)' Ifay,---,an,c € C' near (fl(SO)u"' 7fn(S0)7h(S0))
such that

h(st,-+ ,Sn—1

aslfl(sp 21) aslfn(s(l)f"?sgfl)

the matrix 0 : 0 0 : 0 is invertible,
asnfl(sly"'vsnfl) asnfn(sp...,snil)
al(x(l)v >x2>20) an(x(l)v"' 7x27Z0)
where X0 = fi(s9,---,s°_ ) foralli=1,-- ;nand 2° = h(sY,--- 50 ), then there exists a unique

C! solution u = u(xy,--- ,x,) near (x?,-- ,xg,zo)
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REMARK 2.3.9. The corresponding characteristic ODE is
Oxi(S1, s Su—1,t) = aj(x1,--+ ,xp,z) fori=1,--- n,
Oz(s1, v Su—1,1) = (X1, 1 Xn,2),
with initial condition
x,-(sl,--- ,Sn_l,()) :f,-(sl,--- ;Sn—l) fori = 1,~-- , N,

Z<Sl7"' ;Sn—170) :h(X1,"' ,Xn,Z)-

EXAMPLE 2.3.10. We now want to solve the initial value problem
udru+dyu =0, u(x,0) = h(x).

The characteristic ODE is

atX(S,l):Z, aty(sat)zlv 8,z(s,t)=0
with initial condition

x(5,0)=s, y(5,0)=0, z(s,0)=h(s).
Solving the ODE yields

x=s+zt, y=t, z=h(s).

Eliminating s,7 yields the implicit equation

u(x,y) = h(x—u(x,y)y).
It is interesting to see that
O =N (x — u(x,y)y)(1 — you),
then
Ot +yh' (x —u(x,y)y)oeu = h' (x — u(x,y)y),

and this implies
K (x — u(x,y)y)
L+ yh! (x —u(x,y)y)

axu(xvy) =

We see, for example when i(z) = —z, that
duui(x,y) = —=.
1—y
and this quantity will blow up at y = 1, which means that there cannot exist a strict solution u of
class C! beyond y = 1. This type of behavior is typical for a nonlinear partial differential equation.
In general, we need to consider “weak” solution to study the PDE, but we will not going to go too

far beyond this point.
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EXERCISE 2.3.11. Solve the initial value problem
xuds —dyu =0, u(x,0)=x.

REMARK 2.3.12. For the general first order equation, we refer [Joh78, Sections 1.7] for details.

Here we will not going to discuss here.



CHAPTER 3

Linear ODE

We now study the structure of solutions of a linear system

Y' (1) =A(t)y +b(1),

where the entries of the n x n matrix A(¢) are complex-valued continuous functions of a real
independent variable 7, and b(¢) is a complvex-valued continuous function. Well-posedness of
the ODE can be guaranteed by the fundamental theorem of ODE (Theorem 2.1.5). We will follow
the approach in some parts of [HS99, Chapter IV].

3.1. Homogeneous ODE with constant coefficients

The main theme of this section is to show that the unique (guaranteed by the fundamental
theorem of ODE in Theorem 2.1.5) matrix-valued solution Y =Y (¢) of

(3.1.1) Y'(t) =AY (t) forallt e R, Y(0)=1,
which is called the fundamental matrix solution, where I is the n X n identity matrix, takes the form
(3.1.2) Y(t) =exp(tA) foralltr € R.

If this is the case, then the unique solution of

Y (1) =Ay(t), ylo)=p
is exactly
y(t) =exp((t—19)A)p forallr € R.

If n = 1, the above discussions are trivial, we are interested in the case when n > 2.
Let C"*" denote the set of all n x n matrices whose entries are complex numbers. The set of all

inverible matix with entries in C is denoted by GL(n, C), which also can be characterized by
GL(n,C) = {A € C""" : detA # 0}.

The collection GL(n,C) is known as the general linear group of order n. For any A € C"*", we
define the Hilbert-Schmidt norm

. 1/2
(3.1.3) 1A == ( ) |Ajk|2> :

Jk=1
20
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where A j; is the of A on the 7™ row and the k™ column. The trace of A € C"*" is defined by
n
=) A
j=1
EXERCISE 3.1.1. LetA,B € C"™", show that
(a) ||A| = (tr (A*A))'/2, where A* is the conjugate transpose (or adjoint) of A € C™".

(© llAB|| < [IA[[||Bl.

DEFINITION 3.1.2. Let {A,,} be a sequence of complex matrices in C"*". We say that A,,
converges to matrix A if
lim (A,)ju =Aj foralll1 < jk<n.

m—soo

EXERCISE 3.1.3. Show that A,, converges to A if and only if lim,;,_. ||A;, —A|| = 0.
We first need to prove the following lemma.

LEMMA 3.1.4 ([Hall5, Proposition 2.1]). For each A € C"*", we define A™ be the repeated
matrix product of A with itself and A° = I. Then the series
m=0 %

(3.1.4) exp(A) :=

converges absolutely (in the sense of Exercise 3.1.3). In addition, the function
AeCV st e O
is a continuous function (with respect to the Hilbert-Schmidt norm (3.1.3)).

REMARK 3.1.5. Lemma 3.1.4 can be rephrase as: the radius of converge of the power series
(3.1.4) is +oo.

PROOF OF LEMMA 3.1.4. By using Exercise 3.1.1(c), we see that
|A™]] < ||A[|""  forallm € N,

hence N
Z Z HAH — ol < foo
m=0

which shows that (3.1.4) converges absolutely. On the other hand, we see that

N AM ) AM oo R™
sup [lexp(A) = Y. — [ = sup —l< ¥ =,
JA|I<R m=0 "M A <R ||m=N+1 """ m=N+1 "

hence
m
m!

N
exp(A Z

sup —0 as N — oo,

IAll<R
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thus (3.1.4) converges uniformly on the closed ball {A € C": ||A|| < R}, and thus A + € is
continuous on the open ball {A € C"*" : ||A]| < R}. Since this holds true for all R > 0, hence we
conclude our result. O

It is easy to see that

exp(0) =1, (exp(4))* = exp(A”),

(3.1.5)
exp(BAB~!) = Bexp(A)B~! for all B € GL(n,C).

The following lemma is crucial (see also [Hall5, Theorem 5.1] for a generalization).

LEMMA 3.1.6 ([Hall5, Proposition 2.3]). IfA € C"™*" and B € C"*" are commute (i.e. AB =
BA), then

(3.1.6) exp(A +B) = exp(A) exp(B) = exp(B)exp(A).

PROOF. We simply multiply the two power series exp(A) and exp(B) term by term, which is
permitted because both series converge absolutely (by Lemma 3.1.4). We also able to rearrange the
terms (since A and B are commute), so we can collect terms where the power of A plus the power
of B equals to m:

© m Ak Bm—k

exp(A)exp(B) = Z Z k! (m—k)!

m=0k=0
> 1 & m!
— - AkBm—k
mz‘om! k;)k!(m—k)'
> (A+B)"
_y W pa+p),
0 m!
which conclude our lemma. O

EXAMPLE 3.1.7. In general, the identity (3.1.6) does not hold true for those A € C**" and
B € C™"" which are not commute. For example, we choose

(01) <o 0)
A= . B= .
0 0 10
10 00
(1) 4(27)-m

One sees that
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Since A2 = 0 and B% = 0, then we see that

1 1
CXP(A) =14+A= 0 1 )

10
exp(B)=1+B= N

exp(4) exp(B) = ( 2! ) ” ( P ) — exp(B)exp(A).

thus

11 1 2
Since (A4 B)? = I, hence we see that

1 1 01
exp(A+B): Z %I—F Z %<1 0)

m:even "'t mrodd
- 0 1

:mzo( I+Z 2m+1 (1 0)

— cosh(1)I +sinh(1) ( 0 1 ) _ < Cf)sh(l) sinh(1) )

10 sinh(1) cosh(1)

where
e—x X

coshx = 7 sinhx =

X —X

e —e
2

In fact, cosh(1) ~ 1.5431 and sinh(1) ~ 1.1752, and we see that all

exp(A+B), exp(A)exp(B), exp(B)exp(A)

are not equal. It is also interesting to compare Lemma 3.1.6 with the Lie product formula
(Theorem 3.1.51) below.

The following are immediate consequences of Lemma 3.1.6.
COROLLARY 3.1.8. Given any A € C"*", one has
exp(aA)exp(BA) =exp((x+B)A) forall a,p €C.
COROLLARY 3.1.9. Given any A € C"™*", one has exp(A) € GL(n,C) with
(exp(A)) ™! = exp(—A).
It is worth to mention the following theorem, despite we do not use it in this course.

THEOREM 3.1.10 ([Hall5, Theorem 2.10]). Each A € GL(n,C) can be expressed as exp(B)
for some B € C"*". In other words, the mapping B € C"*" — exp(B) € GL(n,C) is surjective.

We now verify (3.1.2) solves (3.1.1):
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THEOREM 3.1.11. Let A € C"*". Then t — exp(tA) is a smooth curve in C"" and
d
o exp(tA) = Aexp(tA) = exp(tA)A.

PROOF. It is well-known that one can differentiate a power series term by term within its radius
of convergence (see e.g. [Pugl5, Theorem 12 in Chapter 4]). In view of Remark 3.1.5, our theorem
immediate follows by differentiating the power series exp(tA). O

If we take A with ||A|| = 1, we see that Theorem 3.1.11 is nothing by just a directional derivative.
For each fixed 1 < jy, ko < n, if we choose

1 ,j=joand k= ko,
A— J=Jo 0

0 otherwise,
then the derivative in Theorem 3.1.11 is simply a partial derivative. In fact, the matrix exponential
map is (total) differentiable:

THEOREM 3.1.12 ([Hall5, Theorem 2.16]). The matrix exponential map exp : C"*"* = R2%
GL(n,C) is an infinitely differentiable map.

PROOF. Fix any A € C"*". Note that for each j and k, the quantity (A™) jx is a homogeneous
polynomial of degree m in the entries of A. Thus, the series for the function (A™) j has the form of a
multivariable power series on C"*" =2 R2"*_ Since the series converges on all R27 (more precisely,
the radius of convergence = o), it is permissible to differentiate the series term by term as many
times as we wish (see e.g. [Pugl5, Theorem 12 in Chapter 4]). 0]

3.1.1. Computations of the exponential. For A € C"*", we denote AWK € Clr—Dx(n=1) pe
the matrix obtained from A by crossing out j™ row and k" column. We now define the determinant

by induction.

DEFINITION 3.1.13. For A € C'*! 22 C, we simply define det(A) := A. Foreach A € C"™" we
define

(=)' %A det(A0).

M=

det(A) :=

=~
I

THEOREM 3.1.14 (Cofactor expansion [Trel7, Theorem 5.1]). For each A € C"*", for each

fixed j=1,--- ,n, we have

(—1)7*A j det(AUR),

D=

det(A) =
k

I
—

that is, the determinant is independent of j. In addition, we have

det(A) = Zl(—l)f“‘A jrdet(AU0),
]:

that is, the determinant is independent of k.
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Let S, be the set of permutation on the indices {1,--- ,n}, that is,

S, = {bijective function o : {1,--- ,n} — {1,--- ;n}}.

THEOREM 3.1.15 ([Trel7, (4.2)]). The determinant of A € C"*" can be computed by

det(A) = Y coAo(1),146(2)2" Ac(n)

oES,

for some constant cs € {—1,1}.

REMARK 3.1.16. For those who familiar with abstract algebra, here we also remark that cs
is exact the sign of the permutation ¢ € S, denoted by sign (o). In addition, it is also related to
determinant via the formula

sign (o) :det( €s(1) "* €o(n) ),

where e; is the j column of 7.
It is important to mention the following properties:

THEOREM 3.1.17 ([Trel7, Theorem 3.4 and Theorem 3.5]). Givenany A € C**" and B € C"*",

one has
det(A) = det(AT), det(AB) = det(A)det(B).

A matrix A € C"™" is said to be diagonal if aj = 0 for all j # k. We denote diag (A1,---,A,)
the diagonal matrix with entries Ay, - -, A, on the main diagonal. A matrix A € C"*" is said to be
diagonalizable if there exists a matrix P € GL(n,C) such that P~'AP is diagonal. If we write

P lAP =diag (A, , An),
then by using (3.1.5) we can easily compute its exponential of a diagonalizable matrix A as
exp(A) = exp(Pdiag (A;,- -, A,) P!
(3.1.7) = Pexp(diag (A1, ,4,))P~ ' = Pdiag (M-~ M) P71,
A nontrivial vector p is said to be an eigenvector of A with eigenvalue A if Ap = Ap. Since
A is an eigenvalue of A <= det(A —AI) =0,

this suggests us to consider the characteristic polynomial

n—1
p(z) =det(zdd —A) =2"+ ) ¢;2/
j=0
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for some co,---,cj € C. By using the fundamemtal theorem of algebra (see e.g. [Kow23]), there
has exactly n complex roots. We also define

n—1
(3.1.8) p(B):=B"+Y c;B forallBeC"".
j=0

It is important to mention the following theorem regarding the characteristic polynomial (3.1.8):
THEOREM 3.1.18 (Cayley-Hamilton). IfA € C"*", then p(A) = 0.

A complex number A is called a root of p if p(A) = 0. The multiplicity of this root is called the
algebraic multiplicity of the eigenvalue A. There is another notion of multiplicity of an eigenvalue:

the dimension of the eigenspace
ker(AI—A):={peR": (AI-A)p=0}
is called the geometric multiplicity of the eigenvalue A.

THEOREM 3.1.19 ([Trel7, Theorem 2.8]). Let A € C"*". Then A is diagonalizable if and only
if for each eigenvalue A the dimension of the eigenspace ker(A — Al) coincides with its algebraic

multiplicity.

EXAMPLE 3.1.20 (A nondiagonalizable matrix). We consider the matrix
11
A= .

p(z)zdet(zl—A)zdet(Z_l - ):(z—l){
0 Z

Z_

Its characteristic polynomial is

so A has an eigenvalue 1 of algebraic multiplicity 2. However, one sees that
. : 0 —1
dimker(/ — A) = dimker ( 0 0 > =1,

which shows that A is not diagonalizable.

A set of vectors {py,---,pi} is said to be linear independent if

k
Zc,-p,-:o = ¢;=0foralli=1,--- k.
i=1
LEMMA 3.1.21 ([HS99, Lemma IV-1-2]). A matrix A € C"*" is diagonalizable if and only if A
has n linearly independent eigenvectors py,--- ,Pp.

From Lemma 3.1.21, we immediately obtain the following corollary.

COROLLARY 3.1.22. If A € C"*" has n distinct eigenvalues, then A is diagonalizable.
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EXERCISE 3.1.23. Show that the set of diagonalizable n X n matrix is a proper subset (i.e. a
subset which is not equal) of C"**” for all n > 2. (Hint. modify the ideas in Example 3.1.20).

LEMMA 3.1.24. The set of diagonalizable n x n matrix is dense in C"*" (in the sense of
Exercise 3.1.3). In other words, given any A € C"™*", there exists a sequence of diagonalizable

matrix By which is converges to A.

PROOF. By using Lemma 3.1.30, there exists P € GL(n,C) such that B = P~'AP is upper
triangular. If we can show that there exists a sequence of diagonalizable matrix B; which is
converges to B, then from Exercise 3.1.1 and Exercise 3.1.3 we have

limsup ||PBP~! —A|| = limsup||P(B;y — B)P~ |

<||P|[||P7Y|| 1im ||B, —B|| =0
<Pl ”;HITDOH x—B| =0,

which concludes the lemma with B; = PB;P~!. This can be done by setting

Bk =B+ diag(8k71 R ,8k7n)
where the quantities & ; are chosen in such a way that n numbers by + &1, ,bup + &
are distinct and & ; — 0 for all j = 1,---,n, because by Corollary 3.1.22 we see that By are
diagonalizable matrices. [

EXERCISE 3.1.25. For each A € C"*", show that det(exp(A)) = e" ). In addition, show that
tr(A) = A1 +---+ Ay, where A; € C are eigenvalues (may identical) of A.

However, in practical, it is not easy to check whether a matrix A is diagonalizable or not. There

are some sufficient conditions which are relatively easy to check.

DEFINITION 3.1.26 ([Trel7, Section 6]). A matrix U € C"*" is called unitary if U*U = I. The
set of unitary matrix is defined by U(n,C), which is also called the unitary group.

LEMMA 3.1.27. If U € C™" is unitary, then U € GL(n,C) with U~' = U*, which is also
unitary. In other words, U(n,C) C GL(n,C).

A matrix A € C"*" is called normal if A*A = AA*. A matrix A € C"*" is called Hermitian (or
self-adjoint) if A = A*. We write

(u,v)cnxn ;= v*u  forall u,v € C".
It is important to notice that
(3.1.9) (v, U)o = ((v,8)onn )" = (W) =v"u = (u,v)cnn for all u,v € C".

LEMMA 3.1.28. A is Hermitian if and only if (Aw,v)cnxn = (4,A0)cnxn for all w,v € C".
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PROOF. The lemma easily hold from the identities
(U,A’U)Cnxn = (A’U>*u = 'U*A*'U;

and
(Au,v)cnxn = v Au
for all A € C"™" as well as for all u,v € C". O

In fact, all normal matrices are unitary diagonalizable:

THEOREM 3.1.29 ([Trel7, Theorem 2.4]). If A € C"™" is normal, then there exists a unitary
matrix U € C"" such that D := U*AU is diagonal. If A € C"*" is Hermitian, then D is real-valued.

We still can simplify arbitrary matrix by using unitary matrices. A matrix A € C"*" is said to
be upper triangular if aj; = 0 for j > k.

LEMMA 3.1.30 (Schur representation [Trel7, Theorem 1.1 and Theorem 1.2]). For each A €
C™ " there exists a unitary matrix U € C"*" such that U*AU is upper triangular. If A € R"" and

all its eigenvalues are real, then we can choose U € R"™",
In view of the power series of exp(A), it is also natural to study the following class of matrix.
DEFINITION 3.1.31. A matrix N € C"*" is said to be nilpotent if N" = 0.

REMARK 3.1.32. If N is nilpotent, then exp(N) is simply a finite sum. One can directly verify
that exp(N) is unipotent (i.e. exp(N) — I is nilpotent)

LEMMA 3.1.33. A matrix N € C"" is nilpotent if and only if all eigenvalues of N are zero.

PROOF. Let A be an eigenvalue of a nilpotent matrix N with eigenfunction p # 0, i.e.
Np = Ap.

Then 0 = N"p = A"p, which implies A" = 0. Since |A|"* = |A"| = 0, then we conclude that A = 0.
The converse can be easily verified as well. U

By using Schur’s representation (Lemma 3.1.30) and Lemma 3.1.33, we reach the following
lemma.

LEMMA 3.1.34. A matrix N € C"™" (resp. N € R"*") is nilpotent if and only if there exists a
unitary matrix U € C"" (resp. U € R"™") such that T = U*NU is upper triangle with T;; = 0 for
all j=1,--- ,n.

We already discuss a relation between the set of diagonalizable matrix and C"*" in

Lemma 3.1.24. The following theorem gives another relation between them.
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THEOREM 3.1.35 (Jordan-Chevalley decomposition [HS99, Theorem IV-1-11]). Let A € C"*".

Then there exist a diagonalizable matrix D € C'"*" and a nilpotent matrix N € C'"*" such that
(3.1.10) A=D+N and DN =ND,

and the decomposition (3.1.10) is unique. If A € R™", then D € R"" and N € C"*",

Since the trace operator is linear and tr (N) = 0 (see Lemma 3.1.33), we immediately reach the

following corollary.

COROLLARY 3.1.36. If A € C"*" satisfies tr(A) = 0, then the diagonalizable matrix D in
(3.1.10) satisfies tr (D) = 0.

EXERCISE 3.1.37. Let

0 —a
A: ’A:

Compute exp(A1), exp(A2) and exp(A3).

o O O
S O Q
o o o
b
W
|
VR
S Q
Q
\/

EXERCISE 3.1.38. Show that for any a,b,d € C that

a d

a b et he=¢
ex = a—d |
p(o d> (o o )

Since p
e’ —e
lim =
a—d a—d ’
. . a_ d .
we simply interpret <=7 as e* when d = a. (Hint. Show that

m m m
a b\ [a" b4
04)] \ o "

forallm e Nand a #d.)

We now exhibit the general algorithm to compute the decomposition in Theorem 3.1.35.
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Algorithm 2 Computation of D and N in Theorem 3.1.35

1: Input a matrix A € C**".
2: Compute the characteristic polynomial p(z) = (zI —A).
3: Decompose 1/p(z) into partial fractions

1 & 0k
e e

where for each j the quantity Q;(z) is a nonzero polynomial with deg(Q;) < m;—1 and

A1, -+, A are distinct zeros of p (i.e. eigenvalues of A).
4: Foreach j=1,---,n, we define
Pi(A) == Q;(A) [Ja—A,1)™.
t#j

5: Output D = AP (A)+--- +AP(A) and N =A —D.

REMARK 3.1.39. There always exists a unique decomposition in Step 3 of Algorithm 2, see
e.g. [Kow23] for a proof. This algorithm highlighted the proof of Theorem 3.1.35. Here we also
highlight that P;(A)P,(A) = 0 for all j # k and P;(A)?> = Pj(A) for all j = 1,---,n, see [HS99,
Lemma IV-1-9].

Combining Lemma 3.1.6 and Theorem 3.1.35, we reach

exp(A) = exp(D) exp(N) = exp(A1Pi (A)) -+ exp(APi(A)) exp(N)
— exp(N) exp(D) = exp(N) exp(AiPi (4)) - exp(Ax(A)).

EXAMPLE 3.1.40 ([HS99, Example IV-1-18]). The characteristic polynomial of the matrix

252 498 4134 698
—234 —465 —3885 —656
15 30 252 42
-10 -20 —-166 25

is p(z) = (z—4)*(z—3)?. One can compute

1 1 2 1 2
5+
Z_

p@) (=42 =4 (z-3)
1-2(z—4)  142(z-3)
B R P

3

Accordingly, we set
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and we compute

-1 -2 134 198 2 2 —134 —198
1 2 —125 —186 -1 -1 125 186
Pi(A) = . P(A)=
0 O 9 12 o 0 -8 -—12
0O 0 -6 -8 0 0 6 9
Therefore
2 =2 134 198
1 5 —125 —186
S=MP(A)+1LP(A) =
BATREG=1 0 0 1 n
0 0 -6 -5
and
250 500 4000 500
—235 —470 —-3760 =470
N=A-S§=
15 30 240 30
—-10 -20 —-160 —20
3 43
EXERCISE 3.1.41. Decompose A = 2 7 4 | by using Algorithm 2.
-4 8 3

EXERCISE 3.1.42 (Bochner’s subordination). Let 0 < s < 1, by using the integration by parts
on I'(1 — ), where I" is the gamma function, show that

|/ “1=s4t  forall A > 0.

DEFINITION 3.1.43. A Hermitian matrix A € C"*" is said to positive definite, denoted by A > 0,
if
p*Ap >0 forall pe C"\{0}.
By using Theorem 3.1.29, we see that A > 0 if and only if
A =Udiag (A, -+, A,)U"
for some A; > 0,---, A, > 0 and unitary U € C"*", and accordingly we define
A’ :=Udiag (A{,--- , A U".

Now using the Bochner’s subordination (Exercise 3.1.42) and (3.1.7), we can compute A’ via the
formula

(3.1.11) AS = e |/ —exp(tA))t~175dr  forall A >0,

which gives an application of the matrix fundamental solution (3.1.2).
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REMARK 3.1.44. The Fourier transform suggests us to (formally) replace A by —Ain (3.1.11),
and we reach the fractional Laplacian

(—A)* = T |/ 178 dr.

One can see e.g. [Kwal7] for an introduction.

3.1.2. The matrix logarithm. We now wish to define a matrix logarithm, which should be an
inverse function to the matrix exponential. One simplest way to define the matrix logarithm is by
a power series. We recall the following fact concerning the principal branch of complex logarithm
(see e.g. [Kow23] for more details):

LEMMA 3.1.45. The radius of convergence of the complex power series

- m (Z_l)m
(3.1.12) logz = Y (-1

is 1, in other words, the series (3.1.12) is defined and holomorphic in a circle of radius 1 about

z = 1. In addition, we have
=z forall zwith |z—1] < 1.
Moreover, we have
le"—1| <1 and loge" =u forall uwith |u| <log?2.
Based on the above lemma, we now can define the matrix logarithm by the following theorem.

THEOREM 3.1.46. [Hall5, Theorem 2.8] The matrix logarithm

o A 1
log(A) := Z m“—m)

is defined and continuous on the set of all matrices A € C"*" with ||A —1|| < 1. In addition, we
have

exp(log(4)) = A

for all matrices A € C"*" with ||A —1|| < 1. Moreover, we have || exp(B) — 1|| < 1 and

log(exp(B)) = B

for all matrices B € C"™" with ||B|| < log2.

PROOF. By using Exercise 3.1.1, we have ||(A —1I)"|| < ||A — ||, by using the similar
arguments in Lemma 3.1.4, one can show that log(A) is defined and continuous on the set of all
matrices A € C"*" with ||[A —I]| < 1. We left the details for readers as an exercise.

Let A € C"" with ||[A—1|| < 1. By using Lemma 3.1.24, one can find a sequence of
diagonalizable matrix Ay € C"*" such that ||Ay —A|| — 0 as k — . Since ||A; —I|| < 1 for all
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sufficiently large k, then we know that

o A "
log(Ay) = Z m“—k )

m

is defined and continuous for all sufficiently large k. We write

Ay = Qrdiag(Ae 1, ) O;

and we see that
(A — D)™ = Qrdiag (A1 — 1)+, (Mew — ™) O,
thus

(o)

log(Ay) = Ok (Z (—1)mt! diag (M1 — 1", (e — 1)’”)) Qk_l

m=1 m

= Qudiag (log(Ae1), -+, log(Aen)) O; -

Now by using (3.1.5) and Lemma 3.1.45 we see that

exp(log(Ax)) = Qrexpdiag (log(Ax1), -, log(Akn)) Q5
= Qkdiag (explog(Ax1),-- - ,explog(Aen)) o, !
= Qxdiag (g1, An) Q| = Ag
Finally, by continuity of the mapping A — log(A) and B — exp(B), we conclude
exp(log(4)) = A

by taking k — +oo.
Now, if ||B|| < log2, then using Exercise 3.1.1 we see that

i B

thus log(exp(B)) is well-defined. The proof of log(exp(B)) = B is very similar to the proof of

Bm
lexp(B) — 1] = IBI" _ 1

1 <1,

exp(log(A)) = A, therefore we left the details for readers as an exercise. O

REMARK 3.1.47. If A is unipotent (i.e. A — I is nilpotent), then log(A) is simply a finite sum,
which can be defined without the assumption ||A — || < 1. In this case, one can easily verify that
log(A) is nilpotent. See also Remark 3.1.32.

EXERCISE 3.1.48. Show that:

(a) If A is unipotent, then exp(log(A)) = A.

(b) If B is nilpotent, then log(exp(B)) = B.
(Hint. Let A(¢) :=I+1(A —1I) and show that exp(log(A(z))) depends polynomially on ¢ and that
exp(log(A(t))) = A(¢) for all sufficiently small ¢)
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EXERCISE 3.1.49. Show that there exists a constant ¢ > 0 such that
(3.1.13) |log(I+A) — A < c||A|)?

holds true for all A € C"*" with ||A]| < 1/2.

REMARK 3.1.50. We may restate (3.1.13) by saying that
log(I+A4) =A+O(|A]%),

where O(||A||?) denotes a quantity of order ||A||?, i.e. a quantity that is bounded by a constant times
||A||* for all sufficiently small values of ||A]|.

3.1.3. One parameter subgroup, Lie group and Lie algebra. We now exhibit a result

involving the exponential of a matrix that will be important in the study of Lie algebras.

THEOREM 3.1.51 (Lie product formula [Hall5, Theorem 2.11]). For each A,B € C"*", we
have
exp(A+ B) = lim (exp(A/m)exp(B/m))™.
m—yoo

PROOF. By multiplying the power series for exp(A/m) and exp(B/m), one sees that
A B
exp(A/m)exp(B/m) =1+ - + - +0(m™2).

Now since exp(A/m)exp(B/m) — I as m — oo, then log(exp(A/m)exp(B/m)) is well-defined for
all sufficiently large m. By using Exercise 3.1.49 (with X = 24 + 8 4 O(m~2)), we see that

log (exp(A/m)exp(B/m)) = log <I—|— % + g + O(mz))

)

A B A B
=——I——+0(m_2)+0(H—+—+O(m_2)
m m m m

A B
==+ =+0(m?).
m m

Now Theorem 3.1.46 guarantees that

A B
exp(A/m)exp(B/m) = exp (n_1 + P + O(m_2)> ,
therefore,
(exp(A/m)exp(B/m))" =exp (A+ B+ O(m™! ).
By the continuity of the exponential, we conclude our theorem by taking m — +-oo. 0
REMARK 3.1.52. There is a version of this result, known as the Trotter product formula, which

holds for suitable unbounded operators on an infinite-dimensional Hilbert space, see e.g. [Hall3,
Theorem 20.1].
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DEFINITION 3.1.53. We call {Y () },cr a one parameter subgroup of GL(n,C) if
(a) Y : R — GL(n,C) is continuous;
(b) Y(0) =1; and
(©) Y(t+s5)=Y(t)A(s) for all £, s € R.

EXAMPLE 3.1.54. The fundamental matrix solution {exp(tA)};cr given in (3.1.2) forms a
one parameter subgroup, where (a) is verified by Theorem 3.1.11, (b) can be found in the basic

properties (3.1.5), and (c) is a special case of Corollary 3.1.8.
We now proof the following lemma.
LEMMA 3.1.55. Let 0 < € <log2, let B¢y :={A € C"" . ||A[| < &/2} and let
exp(Be/2) := {exp(A) € C"" : ||A|| < &/2}.

Given any A € exp(Byg ), there exists a unique VA € exp(B, /2) such that VA g A, which is given
by

VA =exp (%log(A)> .

PROOF. By using Lemma 3.1.6, one sees that

VA = exp (%log(A) + %log(A)) =exp(log(A)) =A.

To establish uniqueness, suppose B € exp(B; /2) satisfies B> = A. Now using Lemma 3.1.6 we see
that

exp(2log(B)) = exp(log(B) +log(B))
= exp(logB)exp(logB) = B> = A

Since B € exp(Bg/,), then we can check that [2log(B)|| < &€ < log2. Now we can use
Theorem 3.1.46 to see that

log(4) = log(exp(2log(B))) = 2log(B),

thus log(B) = 1 1og(A). Finally, again using Theorem 3.1.46 we conclude that

B = exp(log(B)) = exp (%log(A)) = VA,

which conclude the uniqueness. 0
We now show that Example 3.1.54 already exhibit all one parameter subgroup.

THEOREM 3.1.56 ([Hall5, Theorem 2.14]). If {Y(¢)};cr is a one parameter subgroup of
GL(n,C), then there exists a unique A € C"" such that

Y(1)=ée" forallt € R.
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PROOF. We first prove the uniqueness of such A. Suppose that ¢4 = ¢'8 for all r € R, by using
Theorem 3.1.11, we can differentiate the power series of matrix exponential term-by-term and see
that

A= iem = ietB =B.
dr t=0 dr t=0

Since the function log : exp(Bg2) — By is bijective and continuous, then we see that exp(By ) is

an open set in GL(n,C). Since Y (0) =1 € exp(Bg ) and t — Y (¢) is continuous, then there exists
to > 0 such that

Y(t) € exp(Bgjy) forallt € [—1o,1].
Now we define

A= log(¥ (),
0

so that toA = log(Y (to)). Now we see that oA € By, and thus Theorem 3.1.46 allows us to apply
matrix exponential on the identity 7oA = log(Y (#y)) to see that

explioA) = exp(log(¥ (1)) = ¥ (10).
Now Y (#p/2) is again in exp(By ») and by Definition 3.1.53(c) we have Y(to/2)?> =Y (to). By using
Lemma 3.1.55 we see that
¥0/2) = V¥ = exp ( 3ot () ) =exp(ia2)
Applying this argument repeatedly, we conclude that
Y (19/2%) = exp(toA/2¥)  forall k € N.
Now by Definition 3.1.53(c) and Lemma 3.1.6 we see that
Y (mto/25) =Y (19/25)™ = exp(mtyA /2¥)  forall k € N and m € Z,
in other words,
Y(t) =exp(tA) forallt € R of the form r = %to.

Since the set {t € R : 1 = %1y for some k € N and m € Z} is dense in R, by continuity of 7 — Y ()
and 1 — exp(rA), it follows that Y () = exp(tA) for all t € R, which conclude our theorem. O

Theorem 3.1.56 says that there is a one-to-one correspondence between C"*" and the collection
of one parameter subgroups of GL(n,C). This also suggests us to extend Definition 3.1.53 as
follows:

DEFINITION 3.1.57. Let ¢ be a matrix Lie group, i.e. a subgroup of GL(n,C) with respect to
matrix multiplication. In other words, ¢ is a subset of GL(n, C) satisfying
e ABc Y forallAc¥ and B€ ¥,
e /c¥;and
e Al e@forallAc¥.
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We call {Y(¢) };cr a one parameter subgroup of ¢ if

(a) Y : R — G is continuous;
(b) Y(0) =1; and
(©) Y(t+s5)=Y(t)A(s) for all 1,5 € R.

EXAMPLE 3.1.58. The trivial subgroup {Y () = I},cR is a one parameter subgroup of ¢, which
means the existence of one parameter subgroup holds.

We now able to give some examples. By using Lemma 3.1.27, it is easy to check that the unitary
group U(n,C) is a matrix Lie group.

THEOREM 3.1.59. If {Y (¢) };cr is a one parameter subgroup of U(n,C), then there exists a
unique A € C"" which is skew-Hermitian (i.e. A* = —A) such that

Y(t) =exp(tA) forallt € R.

PROOF. It is easy to check that

((eA)")?
2!

exp(tA*) =exp((tA)*) =1+ (tA)" +

(rA)?
2!

= (I—i—tA—l— +> = (exp(tA))" forallt € R.

If A € C"™" is skew-Hermition, then by Corollary 3.1.9 we see that
(exp(tA))* = exp(tA*) = exp(—tA) = (exp(tA))~! forallz € R,

which shows that exp(rA) € U(n,C) for all t € R, that is, {exp(tA)},cr forms a one parameter
subgroup of U(n,C). Now let {Y () };cgr be a one parameter subgroup of U(n,C). Since {Y (¢) };cr
is also a one parameter subgroup of GL(n,C), then by Theorem 3.1.56 there exists a matrix B €
C™*" such that

Y(t) =exp(tB) forallt € R.

Since exp(tB) =Y (t) € U(n,C) for all € R, then by Corollary 3.1.9 we see that
exp(1B*) = (exp(tB))* = (exp(tB)) ! = exp(—1B).
Now by Theorem 3.1.46 we see that
tB* =log(exp(tB*)) = log(exp(—tB)) = —tB for all t with small |z|,

which shows that B is skew-Hermitian. O

It is not difficult to see that the special linear group SL(n,C) := {A € C"*" : det(A) =1} is a
matrix Lie group.
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THEOREM 3.1.60. If {Y (¢) };cr is a one parameter subgroup of SL(n,C), then there exists a
unique A € C"" with tr (A) = 0 such that

Y(t) =exp(tA) forallt € R.

REMARK 3.1.61. See also Lemma 3.1.36. It is interesting to mention that, if A € C"*" satisfies
tr(A) = 0, then there exist matrices X € C"*" and Y € C"*" so that A = XY — Y X, where X is
Hermitian and tr (Y) = 0.

PROOF. Let A € C"™" with tr (A) = 0. By using Exercise 3.1.25, one can check that
det(exp(tA)) = ") =0 =1 forallz e R,

that is, {exp(tA)},cr forms a one parameter subgroup of SL(n,C). Now let {Y(¢)};cr be a one
parameter subgroup of SL(n,C). By Theorem 3.1.56 there exists a matrix A € C"*" such that

Y(t) =exp(tA) forallt € R.
Again by Exercise 3.1.25 we see that
1 =det(Y(1)) =",

thus tr (A) = log(e" ™)) = 0 which conclude our theorem. O

One also can check that the special unitary group SU(n,C) := U(n,C) N SL(n,C) is also a
matrix Lie group. Imitate the proof of Theorem 3.1.59 and Theorem 3.1.60, one can easily check

the following corollary.
COROLLARY 3.1.62. If {Y () };er is a one parameter subgroup of SU(n,C), then there exists
a unique skew-Hermitian matrix A € C"" with tr (A) = 0 such that

Y(t) =exp(tA) forallt € R.

We now define the following sets:
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We point out that Theorem 3.1.56, Theorem 3.1.59, Theorem 3.1.60 and Corollary 3.1.62 say that

one has the following one-to-one correspondence:
GL(n,C) <« gl(n,C),
U(n,C) < u(n,C),
SL(n,C) « sl(n,C),
SU(n,C) «» su(n,C).

Now it is also natural to introduce the following terminologies:

DEFINITION 3.1.63. Let G be a matrix Lie group (see Definition 3.1.57). The Lie algebra of
G, denoted g, is the set of all matrices X such that ¢’X € G for all t € R.

We now summarize the above examples in the following table, see [Hall5] for more examples.

| matrix Lie group G | Lie algebra g |

GL(n,C) gl(n,C)
U(n,C) u(n,C)
SL(n,C) sl(n,C)
SU(n,C) su(n,C)

TABLE 1. Some examples of Lie algebra g of matrix Lie group G

We define the commutator by
[A,B] :=AB—BA forall A,B e C"".

Note that A and B are commute if and only if [A, B] = 0. The following theorem exhibit some basic
properties of Lie algebra.

THEOREM 3.1.64 ([Hall5, Theorem 3.20]). Let G be a matrix Lie group with Lie algebra g.
The following holds:

(a) AgA~' CgforallAcG.!
(b) g is R-linear, that is, aA+bB € g for all A,B € g and a,b € R.
(c) [A,B]€gforall A,Bc g.

The proof of Theorem 3.1.64(a) is easy, which we left the details for readers as an exercise.

PROOF OF THEOREM 3.1.64(B). By definition, for each A € g, it is easy to check that tA € g
for all t € R. For each A, B € G and for each m € N, we see that

(exp(tA/m)exp(tB/m))" € G.

I other words, for each B € g, one has ABA~ ! e gforall A € G.
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Now using the Lie product formula (Theorem 3.1.51), we conclude that

exp(tf(A+B)) = Wlli_rgo(exp(tA/m) exp(tB/m))" € G,
which conclude (b). O

PROOF OF THEOREM 3.1.64(C). By using (a), one sees that exp(tA)Bexp(—tA) € g for all
t € R, and by (b) we see that
exp(tA)Bexp(—tA) — B
t

€g forallt € R\ {0},

thus
exp(tA)Bexp(—tA) — B

= lim €g.

d
— (exp(tA)Bexp(—tA))
—o [0 t

dt
Now using product rule we see that

%(exp(tA)Bexp(—tA))

t=0

= Aexp(tA)Bexp(—tA) +exp(tA)B(—Aexp(—tA))
=0

=AB—BA = [A,B]
which complete the proof of (c). O

DEFINITION 3.1.65. Let G and H be matrix Lie groups. A map ®: G — H is called a Lie group
homomorphism if:
(a) ®: G — H is agroup homomorphismz;
(b) ®: G — H is continuous.
In addition, if ® : G — H is bijective and its inverse ®~!: H — G is continuous, then ® is called a

Lie group isomorphism.

The following theorem tells us that a Lie group homomorphism between two Lie groups gives

rise in a natural way to a map between the corresponding Lie algebras.

THEOREM 3.1.66 ([Hall5, Theorem 3.28]). Let G and H be matrix Lie groups, with Lie
algebras g and by, respectively. Suppose that ® : G — H is a Lie group homomorphism. Then

there exists a unique R-linear map ¢ : g — b such that

D(exp(A)) =exp(¢p(A)) forall A€ g,

which satisfies
(@) ¢(BAB™!) =®(B)¢(A)¢(B)~! forall A € gand B € G;
(b) ¢([A,B]) = [9(A), ¢(B)] for all A,B € g.
)=

2This means that D(A)P(B
matrix multiplication in G.

®(AB) for all A,B € G. Here ®(A)®(B) is matrix multiplication in H, while AB is
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© 9(A) = $@(exp(tA))|,_, forall A € g.
If, in addition, ® : G — H is a Lie group isomorphism, then such R-linear map ¢ : g — b is bijective.

DEFINITION 3.1.67. We call such mapping ¢ : g — b the associated Lie algebra
homomorphism of the Lie group homomorphism ® : G — H.

The proof of Theorem 3.1.66 is similar to Theorem 3.1.64, here we left the details for readers
as an exercise.

DEFINITION 3.1.68. Let G be a matrix Lie group. A representation of a matrix Lie group G is
a Lie group homomorphism
IT: G— GL(n,C).

A representation of a Lie algebra g is a Lie algebra homomorphism
mw:g— gl(nC).

In this note, we only deal with C"*". The notations in this section can be extend to abstract
vector spaces, and this is related to the group representation theory, see e.g. the monograph [Hall5]
for further details.

3.2. Homogeneous ODE with variable coefficients

In this section, we explain the basic results concerning the structure of solutions of a

homogeneous system of ODE given by

(3.2.1) Yy (1) =A)y@), y)=p=(p1,-,Pn)

We assume that A is continuous near #y. By using the fundamental theorem of ODE

(Theorem 2.1.5), there exist a unique C I_solution Y such that
(3.2.2) Y'(t) =A(¢)Y (t) nearty, Y(t9) =1.

By using det(Y (fp)) = 1 and the continuity of det : C"*" — C, one sees that det(Y (¢)) # 0 for all ¢
near fy, i.e.
Y(t) € GL(n,C) for all ¢ near fo.

We call such Y (¢) a fundamental matrix solution near ty. Furthermore, the columns y; (), -+, yn(t)
of Y(¢), which forms a linearly independent set in C" near #y, are called the fundamental set of n

linearly independent solution near ty. We see that

n
Yt)p=) pjy;
=

is the unique solution of (3.2.1) near #y. By arbitrariness of p, we can rephrase the above in the

following theorem.
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THEOREM 3.2.1. If A is continuous near ty, then the set of all solutions of the ODE y'(t) =

A(t)y(t) near ty forms an n-dimensional vector space over C.

Similarly, by using the fundamental theorem of ODE (Theorem 2.1.5), there exist a unique
C'-solution Y such that

(3.2.3) Z'(t) = —Z(t)A(t) near ty, Z(ty) =1,

which satisfies
Z(t) € GL(n,C) for all ¢ near .

By using the chain rule, one sees that

d

5 20y @)= Z')Y (1) +Z(1)Y' (1)

=—Z(t)A()Y (1) +Z(t)A(1)Y (1) =0

and Z(tp)Y (t9) = I. Hence we see that

(Z)Y(t)—1)=0, (Z(@)Y(¢t)—1I) =0.

=ty

dr
By using (uniqueness part in) the fundamental theorem of ODE (Theorem 2.1.5), we now see that
Z(t)Y (t) —I =0 for all ¢ near to,

and hence
Y(1)=Z(t)"' € GL(n,C) for all ¢ near 1.

We can refer (3.2.3) be the adjoint problem of (3.2.2).

We now want to compute Y (¢) in terms of A(z). In this case when A(t) € C'*! = C, i.e. the
ODE (3.2.2) is scalar (n = 1), then by using the fundamental theorem of calculus, we can easily
obtain

t
(3.2.4) Y(t) =exp (/ A(s) ds) for all ¢ near .
fo

When n > 2, the situation become tricky: By using the product rule, we see that

Y'() = (exp (/tOtA(s) ds>)/
_ <1+ (/t:A(s)ds) +21! ( tOtA(s)ds>2+...>/
:A(t)—}-% (( rOZA(S)dS)2>/+'”
1
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If

t
(3.2.5) A(t) and [ A(s)ds are commute,
fo

then we reach

Y/(t) = A(t) + A1) < [OZA(S) ds) + %A(t) (/t:A(s) ds>2 b AWY ().

In addition, by using Exercise 3.1.25, from (3.2.4) we see that

(3.2.6) det(Y(t)) = exp (/t tr (A(s))ds) for all ¢ near .

Iy
EXAMPLE 3.2.2. A(t) = diag (A;(¢),---,An(¢)) for some scalar functions Ay, --- , A, which are
continuous near f.

We remind the readers that the existence of unique fundamental matrix solution Y (¢) does not
require the additional assumption (3.2.5). The requirement (3.2.5) is quite restrictive: In general
we do not know the explicit formula of the unique fundamental matrix solution Y (). Due to this

reason, it is worth to mention the following theorem.

THEOREM 3.2.3 (Abel’s formula [HS99, Remark IV-2-7(4)]). If A is continuous near ty, then
the fundamental matrix solution Y (t) satisfying (3.2.2) satisfies (3.2.6).

DEFINITION 3.2.4. The quantity W(z) := det(Y(¢)) is called the Wronskian and the Abel
formula (3.2.6) reads

(3.2.7) W (t) = exp (/t tr (A(s))ds) for all ¢ near .
1

0
PROOF OF THEOREM 3.2.3. Using the product rule and Theorem 3.1.15, we see that

d
= (det(¥ (1))

= Y sign(o) (%Yo(l),l(ﬂ) Y52)2(8) + Yo(nya(t)

ceS,

. d
X, sien (0)To(0y1(Wota)2(0) G ¥orma))
oES,
) d
= % sien(0) (5 70) o) Yoiua0)
oes, o(1),1
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Since Y'(r) = A(¢)Y (¢), then we reach

= Y sign(0)(ao(m) (1) () (el ) (Vy2(0)) -+ (€] (D)un(r))

oS,
a(t) el (t)
el(t :
= det _ Y(t) | +---+det . (¢)
. en—l (t)
en(t) an (1)
where a; be the 7" row of A and y ; 1s the 7" column of Y. Now we use Theorem 3.1.17 to see that
a(7) el (?)
T )
d e (1)
—(det(Y(z))) = det ] det(Y(¢))+--- det(Y (1))
d : e,_1(1)
en(t) an (1)
=ay(t)det(Y(2))+-- -+ ap,(t)det(Y (¢))
= tr(A(z)) det(Y (7)),

which shows that det(Y (¢)) satisfies the scalar ODE of the form (3.2.2). Since det(Y (tp)) = 1, by
using the fundamental theorem of ODE (Theorem 2.1.5), we conclude that the unique solution of
the scalar ODE is given by (3.2.6) and we complete the proof of the theorem. 0

3.3. Nonhomogeneous equations
In this section, we explain how to solve an initial-value problem
(3.3.1) Yy (1) =A@y +b(t), ylto) =p

Here we assume that both A and b are continuous for all ¢ near fy. Let Y (1) = Y(¢;t9) € GL(n,C)
be the fundamental matrix solution satisfying

Y/(t)=A@)Y (1), Y(to)=1,
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which was mentioned in previous sections (Section 3.1 and Section 3.2).
By plugging the anzats
y(t) =Y (t)z(¢t) forall f near 1,

into (3.3.1) and by using the product rule, we see that
Az +Y (1)2'(1) =Y (1)2(0) + Y (1)2'(1)
=y (t) = A(t)y(t) + b(t) = AlYH=(TT + b(1).
Mutiply the above equation by (Y (t))~! € GL(n,C), we now see that

(3.3.2) Z(t)=(Y(t)"'b(t), =z(to)=p,
and its unique solution (guaranteed by the fundamental theorem of ODE (Theorem 2.1.5)) is given
by

t
z(t)=p+ [ (Y(s))"'b(s)ds for all  near 1.

fo
Now we see that the unique solution Y (¢) of (3.3.1) is given by

t

y(t) =Y(t:10) (p—|— (Y (s310)) "' b(s) ds> for all ¢ near ;.

1

REMARK 3.3.1. The numerical computation of (¥ (¢))~!b(¢) is quite fundamental, but keep in
mind that one never compute the inverse of (Y (¢))~! directly (the computation is both inaccuate and
slow). In practical, this is computed via iterative algorithm such as GMRES, conjugate gradient,
etc. One can refer to the monograph [TB22] for a nice introduction of numerical linear algebra.
Here we recall that in fact (Y (z))~! is the fundamental matrix solution of the adjoint problem
(3.2.3), which allows us to compute (Y(¢))~! by solving an ODE, which is much better than
compute (Y (¢))~'b(¢) via numerical method.

In fact, the above formula can be further simplified and we now label the subscript for
clarification. For each fixed s near ), we now see that

% (Y (510) (Y (5300)) 1) = AQ) (Y (1:00) (Y (5:10)) "), (Y(5300) (¥ (s:0) ") | =1,

and t the fundamental theorem of ODE (Theorem 2.1.5) says that
Y(t;8) =Y (t:00) (Y (5300)) ",

and we now conclude that the unique solution of (3.3.1) is given by

t
(3.3.3) y(t)=Y(t;t0)p+ [ Y(z;5)b(s)ds for all # near 7.
fo
It is worth to mention that the solution formula (3.3.3) do not involve ¥ (¢)~!, as well as the adjoint

problem (3.2.3), at all.
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REMARK 3.3.2. When A(¢) = A is a constant matrix, we see that
Y(t;s) =exp((r—s)A) forallr,s € R,

and now (3.3.3) reads

t

y(1) =exp((t —10)A)p+ | exp((—s)A)b(s)ds.

To

Note that the term ftg exp((r — s)A)b(s)ds is the convolution.

EXAMPLE 3.3.3. Let us solve the initial value problem

(3.3.4) y' (1) =Ay(r)+b(t), y(0)=p
with
-2 1 0 2 1
A= 0 -2 01, bry=10], p=|1
32 1 t 0
The fundamental matrix solution is given by
6721 teiZf 0
(3.3.5) Y(t) = exp(tA) = 0 e 0

el —e 2 o — (1 —|—t)672t el
Therefore, the solution of (3.3.4) is given by

14te
y(r) = e
—4—t+5¢ —(1+t)e ™

EXERCISE 3.3.4. Prove (3.3.5).

3.4. Higher order linear ODE

In this section, we explain how to solve the initial value problem of an n'M order linear ODE

34D u™ +ay (Ou" Y 4+ a,_ () +a,(t)u=b(t) forall ¢ near 1,
u(to) = p1,u'(10) = pa,--- ,ul" V(1) = pa.

We first prove the following fundamental result.

THEOREM 3.4.1. If the coefficients ay,--- ,a,,b are continuous near t,, then there exists a

unique C"-solution u of (3.4.1) near t.
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PrOOF. Existence of solution. We now define

A = 0,1 I >
—an(t) (—anr (1), —an(0))
0 1 0 0
0 0 1 . :
(3.4.2) = : : 0
0 0 0 1
—an(t) —ap—1(t) —ay—(t) - —ai(t)

(n—1)x(n—1)

where 0,_; € R"! is the zero vector, [,_; € R is the identity matrix, and

0 p1
(34.3) bi)=| * |, p=|"
0
b(t) Pn
In previous section (Section 3.3), we have showed that there exists a unique C' solution y(t) of
(3.4.4) y'(1) =AMy@)+b(1),  y(o) =p.

For each r and s, which are close to 7, let
y1(t;5)

Y(t;5) = ’
(t ) ynfl(t;s)
yn(t§s)

be the fundamental matrix solution satisfying Y (s) = I and

AGR))
: =Y'(t;5) = A(1)Y (1;5)
Y1 (5:9)
Y, (t3s)
B 0,1 In-1 Y(t
— an(t) (—an—l(t)a""_al(t)) > (t;5)
Y2(t;55)
- yn(t;s) ,

—an(1)y1(t;5) =+ —arya(t;s)

47
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and we see that
(3.4.5) y}(t;s):yjﬂ(t;s) forall j=1,---,n—1.

From (3.3.3), we now have
1

(3.4.6) y(t) =Y(t;00)p+ | Y(t;5)b(s)ds.

To
We now define
t
(3.4.7) u(t) :==y1(t) =yi(t;t0)p+ | y1(t;5)b(s)ds € C! near 19
fo

Now from (3.4.5) we see that u € C" near t; and

u(r)
(3.4.8) vy =| " :(t) ,
ur=1(1)
then we see that
A(1)y(t) +b(1)
u(t) 0
. Onfl Infl :
( _an(t) <_an71(l)a"' a_al(t)> ) u(”_z)(t) " 0
u= (1) b(t)
u' (1)
B u1-2) ¢ |
—ai (Du" V(1) = ay (1) (1) = - - — an (t)u(t) + b(2)

and hence (3.4.4) gives (3.4.1).

Uniqueness. if u € C" is a solution of (3.4.1) near f(, then the C'-function y given in (3.4.8)
satisfies (3.4.4). ]

REMARK 3.4.2. We recall (Definition 3.2.4) the Wronskian is defined by W(¢) := det(Y (¢)),

and using the Abel’s formula (Theorem 3.2.3), we see that

Wi =es ([ wa)es) e (- [a6s).

REMARK 3.4.3 (2-dimensional case [HS99, Remark IV-7-2 and Remark IV-7-3]). In practical
computation, the most difficult part is to compute Y (¢;s) = Y (t)(Y(s))~'. When n = 2, the
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computation of (Y (s))~! can be further simplified. As mentioned in the proof, one has
t t
Y(r) = ¢1/( ) fP%( )
¢1(t) 93(2)
where ¢;(¢) and ¢»(¢) are two linearly independent solutions of the associated homogeneous

equation

(3.4.9) Vidta(t)V +ax(t)v=0.

PRI B IO S0
(Y (s370)) W (t) < —¢1(t)  91(1) )

We see that

In this case, the Wronskian reads
(3.4.10) W (1) = 1(1)3(1) — 91 (£)$a(7)
Therefore from (3.4.7) we know that the unique solution u of

u' +ay(t)u' +ax(t)u=b(t) forall s near i,

u(ty) = p1,u'(to) = pa,

is given by
ult)i= 101 (0) + p20alt) = 1(0) | ﬁ;gg bls)ds +02(0) | f;ggb(s) ds.
We now write (3.4.10) as
w0\ 90 90 UG
(qn(r)) “o0 G0 G

Let W be any function such that W'(¢) = %, and one sees that ¢(1) = ¢ (1)W () satisfies
the above ODE. Now using Corollary 3.4.5. we conclude that the solution set of (3.4.9) is a 2-

dimensional vector space with basis

{01(2), 01 (1)W (1)}

REMARK 3.4.4 (3-dimensional case [HS99, Remark IV-7-4]). We write

o(t) ¢:1(t) ¢a2(7)
Ye)=1 ¢'() o1(t) 9(0) |,
9"(1) ¢(1) ¢5(1)
and we see that ¢(¢), ¢;(¢r) and ¢»(z) are lienarly independent solutions of the homogeneous
equation

"

" +a; ()" +ay(t)u' +a3(t)u=0.
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By using the cofactor expansion of determinant (Theorem 3.1.14), the Wronskian reads

4l (])1(1) ¢2<t) Y ‘Pl(t) ¢2(t) (Z){(t) (Pé(t)
Wi =¢ (”d"’t<¢;<t> ¢é(t>> q’(’)d‘“( ") ¢5’<r>>+"’(’)det< ") ¢£’(t)>’

and we write

" Al(t) / AZ_(I) _W_(l)
')+ 400 + 42000 — 11
where
00 60
Aolt) =det| 1oy ¢5<r>)’
B O1(t) (1)
Al =det| sniy oo ) |
IR TR
Al = et g 52’@)'

This means that the general solution of ¢ can be expressed in terms of ¢1, ¢, and W.

The proof of Theorem 3.4.1 itself gives an algorithm to compute the unique solution. Since
Y (t;s5) € GL(n,C), then we also have the following corollary.

COROLLARY 3.4.5. Ifthe coefficients ay,- - - ,a, are continuous near ty, then the solution set

{ue C" nearty: u™ +a; ()u" "V 4+ a, () +a,(t)u =0 nearty}

forms an n-dimensional vector space.

EXAMPLE 3.4.6. Let us solve the initial value problem
(3.4.11) U —2u" —5u+6u=3t, u0)=1,4(0)=2,u4"(0)=0.

In this case, the matrix A given in (3.4.2) and the vectors b as well as p given in (3.4.3) read

0 10 0 1
A= 0 011, b®)=101], p=]2
-6 5 2 3t 0
We can compute
Y(t) =exp(tA)
o -6 —1 1 o2 3 -4 1 ! -2 11
3.4.12 =——1 -6 -— — | - — — | -
( ) G 6 —1 1 |+ 5 6 8 2 +10 6 3 3
-6 —1 1 12 —-16 4 —18 9 9
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By a direct but long (and boring) computations we reach

/tY(s)_lb(s)ds
0

(- (t+1)e! 1+ (2t —1)e* 1+(3t+1)e ™
=3 1—(t41)e! +35 —2(14 (2t —1)e?) +35 3(1+(3t+1)e3) |,
1—(r4+1)e! —4(14 (2t —1)e*) 9(1+ (3t +1)e3)

and hence
30t +25 — 17e 2 +50¢" +2¢3

y(t) = e | 205+ 172 +25¢' 4 3¢¥)
2(—34e7% 4+ 25¢ +9¢™)
We finally conclude from (3.4.7) that
1
u(t) = (30 +25- 17¢7% 4 50¢' +2¢>)

is the unique solution of (3.4.11).
EXERCISE 3.4.7. Proof (3.4.12) using Algorithm 2. (Hint. See Exercise 3.1.40)

Let u € C" be the unique solution of (3.4.1). Let v € C" be any function satisfying
v L a (Y 4 a0V 4 an(f)v = b(r)for all ¢ near f,

then one sees that the solution w = u — v is the unique solution to
(3.4.13)
w +a (w4 fa,  (OW +a,()w=0 for all 7 near fo,
w(to) = p1 —v(to).u'(to) = p2 =/ (t0), -+ ,u (1) = pu =" V(1)
For the case when ay,--- ,a, are constants, there is an efficient way (based on Corollary 3.4.5) to
compute the solution w of (3.4.13). By plugging the anzats w(z) = ¢ into the equation
(3.4.14) w(”)+a1w("*1)+---+an_1w’+anw:0,
we reach the equation
PA) :=A"+a A" '+ 4a, =0.

It is important to obseve that (3.4.14) can be rewritten as

d
P(—)w=0.
(&)

By using the fundamental theorem of algebra (see e.g. [Kow23] for a proof), there exists distinct
Aty , A € C such that

PA)=A—-A)™ (A —X)™ withmy+---+my =n.
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For any differentiable function g, we see that

d . ,
(5-) s =),
and inductively one can show
d " At (m))
Sn) (gl = Mg o)
and hence

For each cy,---,cy; € C, we now choose g(t) = c1 +cat + -+ + ¢ t"™, we see that g™ (1) =0,

d " . , : ,
(E—QLJ) (c1e™ —|—cztemf+--~+cmjtm1_letl/) =0,
thus

P (E) (c1e™ 4 cote™ 4. —|—cmjtmfflemf) =0
following theorem.

Since the above argument works for all j =1,--- k, combining with Corollary 3.4.5, we reach the

THEOREM 3.4.8. The solution set of (3.4.14) is a C-vector space with basis

k
U {et)“f,tellj, . ,l‘mj_lellj}.
j=1

EXAMPLE 3.4.9. We now revisit Example 3.4.6. We first note that

1 t 5
= — 25)==-+—
(1) 60(30t—|— 5) >t
is a particular solution to v — 2V — 5v 4 6v = 3r. We now see that w = u — v solves
7 3
w" —2w" —5w+6w=0, w(0)= E,u'(O) = z,w”(()) =0.
We now consider

P(A):=2A%—2A>—51+6=0

One can check that the roots of P are —2, 1, 3. Hence the general solution of w is

w(t) = cre ™ 4 cael +cze’.
Now we see that

7

D =w(0)=c1+cp+c3,

3

5= w'(0) = —2¢; + ¢ + 3c3,
0

=w"(0) = 4c1 +c3 +9c3.

52
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Solving the above system gives ¢c; = —%, c) = % and ¢3 = %, and we reach
1
w(t) = —(—17¢ 2 +50¢' +2¢*).
60
Finally, we conclude that

1
u(t) = v(r) +w(t) = (301 +25 - 17¢7% +50¢' +2¢*)

is the unique solution of (3.4.11).

3.5. Strum-Liouville eigenvalue problem

Let a,b, 01,60, € R with a < b, let ¢ € C([a, b)) is real-valued and let p € C'((a,b)) NC([a,b))
is real-valued such that

p(t)>0 forallt € [a,b).

We define the linear operator . : C*((a,b)) NC'([a,b]) — C((a,b)) by
)0 =5 (s ) +atn

In this section, we consider the eigenvalue problem
(3.5.1a) ZLul=—Au forallt € (a,b)
subject to the boundary conditions

u(a)cos0; — p(a)u'(a)sin6; =0,

(3.5.1b)
u(b)cos 0, — p(b)u' (b)sin 6, = 0.

It is easy to see that (3.5.1a)—(3.5.1b) has a solution u = 0, which is called the trivial solution. We
see that the boundary value problem (3.5.1a)—(3.5.1b) is over-determined, and we expect that in
general the nonexistence of nontrivial solution (i.e. u # 0) without any further assumptions. We

are interested in the following object:

DEFINITION 3.5.1. If there exists A € C and a nontrivial solution u € C?((a,b)) NC'([a,b])
of (3.5.1a)—(3.5.1b), then we say that such A is a Strum-Liouville eigenvalue and such nontrivial
solution u is called the corresponding Strum-Liouville eigenfunction. The boundary value problem

(3.5.1a)—(3.5.1b) is called the Strum-Liouville eigenvalue problem.

We define

b
(,9) 12 0 = / w(e)v () dr,

w2 =[P 12
Jall 2oy 1= ey 3, = ([ ) Per)

and
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We remind the inner product is skew-Hermitian:

b
(00 = | vOUE 1 = V)30
one can compare this with the the inner product (-,-)cax» given in (3.1.9). We first observe the

following lemma.

LEMMA 3.5.2. The operator £ : C*((a,b)) — C((a,b)) is Hermitian or self-adjoint in the

sense of

(3.5.2) (g[uLv)Lz(a,b) = (u7$[v])L2(a,b)
forall u,v € C*((a,b)) NC"([a,b]) both satisfy the boundary condition (3.5.1b). In addition, if A is

a Strum-Liouville eigenvalue, then A € R.

REMARK 3.5.3. It s interesting to compare (3.5.2) with a characterization of Hermitian matrix
in Lemma 3.1.28, and compare the second statement with the result for Hermitian matrix in
Theorem 3.1.29.

PROOF OF LEMMA 3.5.2. By using the integration by parts, we see that
(L[u],v)2(ap)
= p(t)u (1)v()

We now treat the term p(b)u’(b)v(b) into two cases:

t=b

b b _
_ / ()l (67 de + / g(0)u(t)v(r) dr.

t=a

Case 1. If 6, ¢ 77, then sin 6, # 0, and we now can write

PO (5)9(8) = (p(b) () sin ) 1

=0

=0.
sin 6,

Case 2. Otherwise, if 6, € wZ, then sin6, = 0 and cos 6, € {—1,1}. Now from (3.5.1b) we see
that

and thus p(b)u/'(b)v(b) = 0.
Similar arguments show that p(a)u’(a)v(a) = 0. We now see that

[ #uwnia
b

b _
:_/a p(t)u/(t)v’(t)dt—{—/a q(t)u(t)v(t)dr.
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Since both p and g are real-valued, interchanging the role of # and v we see that

b b _
_ / P (W (1) di + / g(t)u(e)v(D) dr,

and combining the above two equations, we conclude that .#’ is Hermitian.

Now let A € C be an eigenvalue with eigenfunction u. We see that

My = (L1 2y = (0L 200y = Al

Since ||u||%2 (ab) # 0, we conclude that 1 = 4. O
In fact, we have the following theorems.

THEOREM 3.5.4 ([HS99, Theorem VI-3-11, Theorem VI-4-1 and Theorem VI-4-4]). Let
a,b,01,6, € R witha < b, let q € C([a,b)) is real-valued and let p € C'((a,b)) NC(|a,b)) is real-
valued such that

p(t) >0 forallt € [a,b).
Then:

(a) there exists a countable sequence of eigenvalues Ay < Ay < A3 < -++ — +o0 of the Strum-
Liouville eigenvalue problem (3.5.1a)—(3.5.1b).
(b) Let A; and A; be two distinct eigenvalues, then the corresponding eigenfunctions u; and u;

are orthogonal in Lz(a, D), that is,

(uiruj) 20y = 0.

(c) For every u € C?((a,b)) NC'([a,b]) satisfying the boundary condition (3.5.1b), the series

~+oo

Z (f7 uj)Lz(a.,b) Uj

Jj=1

converges to u in L™ (a,b), provided the eigenfunctions are normalized to ||uj| 2, ») = 1.

EXAMPLE 3.5.5. For simplicity, we put a =0 and b = 7. We now choose p(¢) = 1 and ¢(¢) =0,
and now the Strum-Liouville problem (3.5.1a)—(3.5.1b) reads
(3.5.3a) u"(t) = —Au(t) forallt e (0,7)
subject to the boundary conditions
u(a)cos0; —u'(a)sinf; =0,

(3.5.3b)
u(b)cos 6, —u'(b)sin 6, = 0.
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By choosing 6; = 6, = 0, we reach an orthogonal sequence {sin(nt)},cn of eigenfunctions. By
choosing 6; = 6, = 7, we reach an orthogonal sequence {cos(nt)}"_, of eigenfunctions. This
induces Fourier series [Kow22]. If we still have time, we can continue the course by using the
material [Kow22].
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