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Chapter 1

Ordinary differential equations

1.1 Basic concepts and definitions

A differential equation can be regarded as a relation between an unknown function u of a variable
x € R¥ | a finite number of partial derivatives of u, and the variable x, which should identically hold at
every point of an open set D C RV,

Example 1.1. Poisson’s equation

Pu(x) ux) %u(x)

where p (representing the charge density in electrostatics) is a known function.

o In a differential equation both u and its partial derivatives should be evaluated at the same point.
For instance

ou(x,
dx
is not a differential equation.
If the independent variable x in a differential equation has multiple components, i.e., if x = (x1,...,xnN)

with N > 1, we say that the equation is a partial differential equation (PDE). On the other hand, if
N = 1 we say that the equation is an ordinary differential equation (ODE). In this course we shall be
mainly concerned with ordinary differential equations, which we shall formally define next.

Definition 1.2. An n-th order ordinary differential equation is an equation of the form

F(x,p,9,....y™) =0], (1.1)

where F is defined in an open set U C R"*2 and # 0in U. A solution of (1.1) is a function

u : R — R which is n-times differentiable in an open interval D C R and
‘F(x,u(x),u’(x), .. .,u(”)(x)) =0, VxeD|. (1.2)
.. OF o o
e The condition PE) = 0in U is imposed so that the equation is truly of order n. If one can solve
Yy

Eq. (1.1) explicitly for the highest derivative, that is, if one can rewrite it as

y™ = f(x,y,y',...,y(”_l)) , (1.3)

we shall say that the equation is in normal form.

1



2 ORDINARY DIFFERENTIAL EQUATIONS

o In this part of the course we shall always assume that the independent variable x is real. As we shall
see in Chapter 3, in the resolution of certain type of equations it is natural to consider complex-
valued solutions. These complex solutions are then combined to yield real-valued solutions, which
is usually our purpose.

Example 1.3. As one of the simplest (but important) examples of an ODE, consider the equation
y'=—ky, k>0, (1.4)

which describes the disintegration of a radioactive material, where y represents the mass of the material
and x the time.

Resolution: note that y = 0 is a solution of (1.4), while if y # 0 we have

/ /
y ) =—k = /y *) dx = —k/dx — logly|=—kx+c = |y|=c k¥
y(x) y(x)
= y= tele kx|
where c is an arbitrary constant. Thus every solution of the equation (1.4) is of the form
y = yoe ¥, (1.5)

where yg is an arbitrary constant (in particular, for yo = 0 we recover the trivial solution y = 0). We
shall say that (1.5) provides the general solution of the equation (1.4).

e Note that the general solution (1.5) of the equation (1.4) depends on an arbitrary constant. The
general solution of an n-th order equation typically contains » arbitrary constants.
1.2 Elementary integration methods

In this section we shall restrict to the simplest case of first-order equations. We shall assume that the
equation can be written in normal form

v = fx.y)]. (1.6)

We shall next discuss several particular cases of this equation which can be solved by suitable elementary
methods.

1.2.1 y' = f(x)

Assuming that the function f is continuous in an open interval D, the equation can be easily solved
integrating both sides from x¢ to x, where xo,x € D:

y 2/ f@)de +c|, ¢ = y(xo). (1.7)

We can alternatively express the general solution in terms of an indefinite integral as

X
y = / f(@)dt +c, or (with a slight abuse of notation) y = / f(x)dx +c.
From Eq. (1.7) it follows that the initial value problem

v =fx),  y(xo0)=yo

possesses the unique solution y = / f(@)dt + yo.

X0
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1.2.2 Separable equations

These are equations of the form

X
y' = J) : (1.8)
gy)
where f (resp. g) is continuous on the open interval U (resp. V'), and g(y) # Oforall y € V.
Resolution: If y(x) is a solution of the equation (1.8), then
Y@= = [Capwpye= [ o
y(x)
= gt)ydt = / f(s)ds
t=y(s) Jy(xo) X0
Thus any solution of (1.8) satisfies the implicit equation
/g(y)dy =/f(x)dx—|—c , (1.9)

where c is an arbitrary constant. Conversely, taking the total derivative of (1.9) with respect to x (regard-
ing y as a function of x) we conclude that any function y(x) satisfying the relation (1.9) is a solution of
the equation (1.8). Hence (1.9) is the general solution of (1.8).

The general solution (1.9) of the equation (1.8) is given by the implicit equation

$(r.y)=c,  where ¢<x,y>=/g<y>dy—/f(x)dx. (1.10)

The implicit relation ¢ (x, y) = ¢ defines a one-parameter family of curves in the plane, with each curve
corresponding to a fixed value of ¢ (even though a curve may possess several branches). These curves are
known as the integral curves of the equation (1.8). As we have just seen, a function y(x) is a solution
of (1.8) if and only if its graph is contained in an integral curve of the equation.

The function ¢ in Eq. (1.10) are of class C 1 (U x V) (smce 3 = —J(x) and 22 3y = g(y) are assumed

to be continuous in U and V, respectively), and % does not vanish in U x V. Given a point (xg, yo) in
U x V, the integral curve (1.10) passing through it corresponds to the value ¢ = ¢(x¢, yo). According to
the implicit function theorem, there is a neighborhood of (xg, y¢) on which the relation (1.10) defines
a unique differentiable function y(x) such that

i) y(xo) = yo.
ii) ¢(x, y(x)) = ¢(x0, Y0), Vx edomy.

In the latter neighborhood, the integral curve passing through (xg, yo) is thus the graph of a solution
y(x). This solution is locally (that is, in a certain neighborhood of (xg, y¢)) the unique solution of the
differential equation (1.8) satisfying the initial condition y(xg) = y¢. In other words, the initial value
problem associated with the equation (1.8) possesses a unique local solution whenever the initial data
(x0, y0) belongto U x V.

o The fact that the general solution of the separable equation (1.8) is expressed in terms of an implicit
relation (cf. eq. (1.10)) is not a characteristic feature of this type of equation. In fact, we shall see
throughout this section that the general solution of the first-order equation (1.6) is often expressed
via an implicit relation. In general, it will not be possible to explicitly solve this relation for y as a
function of x, although the implicit function theorem will usually guarantee the local existence of
such function.



4 ORDINARY DIFFERENTIAL EQUATIONS

Example 1.4. Let us consider the separable equation

y =— (1.11)

X
Ve
In the previous notation, f(x) = —x, g(y) = y, U = R, and either ¥V = R* or V = R, but
not V' = R since the function g(y) vanishes at y = 0. Proceeding as before (or using directly the
formula (1.9)), the general solution of (1.11) is readily found to be

x24+y?=c, c>0. (1.12)

Thus in this case the integral curves are circles of radius +/c > 0 centered at the origin (see Fig. 1.1). In
particular, for each point of the plane excepting the origin passes a unique integral curve. Each integral
curve contains two solutions, given by the functions

y = £V —x2, x € (=/c,Je), (1.13)

where the signs & corresponds to the choice V' = R*. The equation (1.11) is not defined for y = 0,
but the solutions (1.13) have a well-defined limit (equal to zero) as x — =+./cF (although they are not
differentiable at these points, since they have infinite slope). Note that through each point (x¢, yo) of the
plane with yo # 0 passes a unique solution. In contrast, the integral curve passing through a point of the
form (xg, 0) with x¢ # 0 does not define y as a function of x in a neighborhood of such point. However,

this integral curve indeed defines the function x(y) = sgn xo,/xg —y2,y € (—|xol, |xo0|), which is a

solution of the equation

== (1.14)
X

We shall say that (1.14) is the associated equation of (1.11).

y

Figure 1.1: Integral curves of the equation y’ = —x/y. Each integral curve contains two solutions
(plotted in red and blue), defined in Eq. (1.13).

o In general, the associated equation of the first-order ODE (1.6) is given by

& 1
dy  fy|

Equation (1.6) and its associated equation (1.15) possess the same set of integral curves.

(1.15)
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Example 1.5. Consider now the equation

1+ y2
f'=— , 1.16
Y 1 4+ x2 (1.16)
which is also a separable equation. In this case f(x) = — : +le and g(y) = T +1y2 are both continuous

and g is nonvanishing, so that we can take U = V = R. The equation (1.16) can be readily integrated,
with the result

arctan y = —arctanx + ¢, (1.17)

where |¢| < 7 for the equation (1.17) to have a solution in y for some value of x. If ¢ # +7 and we
call C = tanc, from Eq. (1.17) it immediately follows that

C—x
= tan(c — arctan x) = . 1.18
y ( ) =7 T Cx (1.18)
Note that the constant C may take any real value. On the other hand, if ¢ = 7 we have
T 1
y = tan ( + 5 arctanx) = cot(arctan x) = —, x#0. (1.19)
by

Notice that this solution is formally obtained from (1.18) in the limit C — *o0.

y

142
1+x2°

Figure 1.2: Solutions of the equation y’ =

The initial value problem associated with equation (1.16) always yields a unique local solution.
Indeed, if we impose the initial condition y(xg) = Yo, from (1.18) it follows that the constant C is
uniquely given by

+
C = X0 T Yo ’
1 —Xxoy0

which is well-defined unless yg = 1/x¢, whereas in this case the corresponding solution is y = 1/x.

e The only solution of equation (1.16) which is defined on the whole real line is y = —Xx, corre-
sponding to C = 0. The solution (1.19) and the remaining solutions in (1.18) diverge at a certain
finite value of x (more precisely at x = 0 and x = —é, respectively). However, the right-hand
side of the equation (1.16) is continuous (in fact, of class C°°) on the whole plane. In general,
the study of the singularities of the function f(x, y) does not provide per se information about the
potential singularities of the solutions of the differential equation (1.6).
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1.2.3 Homogeneous equations

These are equations of the form (1.6) with f continuous and homogeneous of degree zero in an open set
U C R?, that is,

(fOxAy)=f(x.y). V(x.y)eU VA#0| (1.20)

An homogeneous equation becomes separable via the change variable

y =xul, x#0,
where u(x) is the new unknown function. Indeed,

/ f(lvu)_u
===
X

Y =u+xu'= f(x,xu)= f(l,u) = (1.21)
If A satisfies the condition f(1,A) = A, the equation (1.21) has the constant solution ¥ = A, which
corresponds to y = Ax. Otherwise, the equation is solved by separating variables and integrating, which
leads to the implicit relation

du y
— =log|x c, con u==|. 1.22
| e = toelxl + ! (122
Example 1.6. Let us consider the equation
—2x
y =2 (1.23)
2y +x
Since 5
y—2x
xX,y) =
J(x.y) T x
is homogeneous of degree zero (and continuous on the whole plane except for the line y = —x/2), the

equation (1.23) is homogeneous. It is easy to verify that the equation f(1,A1) = A possesses no real
solutions, so no straight line through the origin can be a solution of (1.23). Since

1 2u +1

fLuy—u  22+1)°

from Eq. (1.22) we readily obtain
log(1 + u?) + arctanu = ¢ — 2log x| ,

where ¢ is an arbitrary constant. Substituting u for y /x and simplifying, we obtain the following implicit
expression for the integral curves of the equation (1.23):

log(x? + y?) + arctan Y _ c. (1.24)
X

The latter expression cannot be solved explicitly for y as a function of x. However, if we express it in
polar coordinates
x=rcosf, y =rsinf,

we immediately obtain
2logr+0=c = r=Ce %%, C=e'?>0. (1.25)

The integral curves are thus logarithmic spirals such that the radial coordinate grows exponentially as the
angular coordinate turns clockwise.
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In order to plot these spirals by hand, it is convenient to first determine the isoclines of the equa-
tion (1.23). In general, an isocline of the first-order equation order equation (1.6) is the locus of the
points at which the tangent vectors to the integral curves have all some given direction. The isoclines are
hence defined by the implicit equation

f(x,y) =m]|, meR 6 m=o0,

where the value m = oo is included in order to account for the isoclines with vertical tangent. In the
present example, the equation for the isoclines reads

y—2x
2y +x

Thus in this case the isoclines are straight lines passing through the origin, the one with slope m being
given by
m+ 2
= . 1.27
Y= 1om " (1.27)
In particular, the isoclines of slope 0, co, 1, —1 are the straight lines y = 2x, y = —x/2, y = —3x,
y = x/3, respectively. In Fig.1.3 we plot these isoclines together with the spirals corresponding to
¢ = 0,m/2,7m,3%/2. Note that each spiral contains infinitely many solutions of the equation (1.23),
each of them defined in an interval of the form (xg, x1), where (xg, yo) and (x1, y1) are two consecutive
intersection points between the spiral and the isocline of infinite slope y = —x/2.

m=1 y m=0

6

y—2x
2y+x

Figure 1.3: Integral curves of the equation y’ =
grey).

(in red) and isoclines with slope 0, oo, 1, —1 (in

1.2.4 Exact equations

A differential equation of the form

P(x,y)+ 0(x.y)y' =0 (1.28)

where P, Q are continuous functions on an open set U C R? and Q does not vanish in U, is said to be
exact if there is a function F' : U — R such that

P(x,y) = Fx(x.,y), O(x,y) = Fy(x,y) |, V(x,y)eU. (1.29)




8 ORDINARY DIFFERENTIAL EQUATIONS

In other words, the equation (1.28) is exact if (P, Q) = VF in U. In this case, if y(x) is a solution
of (1.28) we can rewrite this equation as

d
Fe(x.3(0) + Fy(x.y(0)y' () = 3= F(x.y(x)) = 0.

Thus the solutions of the exact equation (1.28)-(1.29) satisfy the implicit equation

Fon=, (130

where ¢ is a constant. Conversely, if (1.30) holds, since Fy, = Q does not vanish in U, the implicit
function theorem defines y as a function of x in a neighborhood of each point in U, this function being
also a solution of the exact equation (1.28) in its domain. Hence the general solution of (1.28)-(1.29) is
given by equation (1.30), which defines the level curves of F'.

When the functions P, Q are of class C(U), a necessary condition for the equation (1.28) to be
exact is

| Py(x.y) = Qx(x,y)

since Fyy = Fyx in U by the Schwarz lemma. The condition (1.31) is also sufficient if the open set U
is simply connected', as it shall be usually the case in most applications.

. Y(x,y)eU, (1.31)

Let us see how to determine the function F assuming that the condition (1.31) is satisfied on an open
rectangle U = (a, b) x (¢, d). Let (xg, yo) be a point in U. Integrating the equation F, = P, we get

X
Foen) = [ Pe)ds +g0), (132
x0
where g depends only on y. If (x, y) € U, then all points of the form (s, y) with s € [x¢, x] or [x, x¢]
are also in U, so that the integral in the previous formula is well-defined. Taking the partial derivative
of (1.32) with respect to y and using Eq. (1.31) it follows that

X X

Fy(x,y) =¢'(y) +/ Py(s,y)ds =g'(»)+ [ Ox(s.y)ds =g'(y) + O(x,y) — Q(x0. ).

X0 X0

From the second equation F,, = Q we obtain

¥y
F0)=000n) — g0 = [ Qw5 (133)
Yo
up to an arbitrary constant. (As before, the integral in (1.33) is well defined since all points of the
form (x¢, s) are in U when s € [y, y] or [y, yo].) Thus in this case the general solution (1.30) of the
equation (1.28) is given by

F(x,y) = /x P(s,y)ds + /y Q(x0,s)ds =c|. (1.34)

0 Yo

The function F in the latter formula can also be expressed in a more compact way as the line integral

F(x,y)=] (P,Q)-dr, (1.35)
Y0
where yg is the broken line path in Fig. 1.4. Since the rectangle U is simply connected and the condi-
tion (1.31) is satisfied, the line integral of the vector field (P, Q) along any piecewise C ! curve contained
in U is path-independent. We can therefore write

(1.36)

Flx.y) = /(P, 0)-dr
V4
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Yo y

Y

Q
S+

Figure 1.4: Paths joining (xg, yo) and (x, y) in U.

where y is any piecewise C ! curve joining (xg, yo) and (x, y) without leaving U (see Fig. 1.4).

e In fact, it may be shown that the formula (1.36) is valid for any open simply-connected set on
which condition (1.31) holds.

Example 1.7. Consider the equation
2xy + 1+ (x2+y)y' =0, (1.37)

which is of the form (1.28) with P = 2xy+1, Q = x4+ y. Since Py = 2x = Qy, the equation is exact
in any of the simply connected open sets U+ = {(x,y) € R : y = —x2} in which Q is nonvanishing.
We thus look for a function F such that VF = (P, Q) in U4, that is,

Fr=2xy+1 = F=x?y+x+g()
2

y
F=x*+d=x"+y = d0=y = =7,

up to a constant. Hence the integral curves of the equation (1.37) are given by the implicit equation
2x%y +2x + y% =c, (1.38)

where c is an arbitrary constant. Solving the previous equation for y yields the expressions

yi =—x2+ Vx4 —2x+c¢ (1.39)

for each value of ¢ (see Fig. 1.5), where the + sign for the square root corresponds to the choice U.

Sometimes it may be interesting to discuss the behavior of the integral curves in terms of the values of the

arbitrary constant appearing in the general solution. For instance, in this example it may be shown that when
c> ﬁi each expression y4 is a solution of the equation (1.37) defined on the whole real line. Alternatively,
ifc < ﬁi each expression y4 determines two solutions of the latter equation, respectively defined in the
intervals (—oo, xg) and (x;, 00), where xo < x1 are the two real roots of the polynomial x* — 2x + ¢ in the
radicand of (1.39). Finally, if ¢ = %, each expression y4 also determines two solutions of (1.37) defined
%) and (% oo), respectively.

in the intervals ( — 00,

IRecall that an open set U is connected if every pair of points of U can be joined by a continuous curve entirely contained
in U. The open set U is simply connected if it is connected and every continuous closed curve contained in U can be shrunk
continuously to a point in U without leaving this set. Intuitively, an open set is simply connected if it “consists of only one
piece” and “has no holes”.
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Figure 1.5: Integral curves (1.38) of the equation (1.37). The parabola y = —x? (in grey) is an isocline
of infinite slope dividing the plane in two open simply connected sets U+ wherein Q = x2 + y is
nonvanishing and the solutions are respectively given by y.

Consider again the equation (1.28), with P, Q of class C(U). Suppose that Py # QO in U, so that
the equation (1.28) is not exact. If i (x, y) is a function which does not vanish in U, the equations (1.28)
and

p(x, y)P(x,y) + p(x, y)Ox,y)y' =0 (1.40)

are equivalent in the sense that their sets of solutions are coincident. If the equation (1.40) is exact,
we shall say that the function u is an integrating factor of the equation (1.28). In this case we can
solve (1.28) by integrating (1.40) using the procedure discussed above.

If U is an open simply connected set and p is of class C !, the necessary and sufficient condition that
the function . must satisfy for the equation (1.40) to be exact is

(uP)y = (nQ)x -

In other words, n must be a solution of the first-order partial differential equation

P(x,y) by — O(x,y) fix + [Py(x,y) — Ox(x,y)|n = 0]. (1.41)

Although it can be shown that this PDE has always a solution, the problem is that the usual technique for
solving it requires the knowledge of the solution of the ODE (1.28) that we started from. However, we
can look for particular solutions of (1.41) depending on a single variable, such as p(x), u(y), u(x +y),
w(x? + y?), etc. In general, these functions will not be solutions of the PDE (1.41) unless P and Q
satisfy a suitable condition. For instance, if

Py_Qx

1.42
0 (1.42)

= g(x)

then (1.41) admits an integrating factor of the form p(x). Indeed, if (1.42) holds and @, = 0, equa-
tion (1.41) yields

W) = goux) = |ulx) =cel 8@ (1.43)

Likewise, if

Py —0x _
T=h()’)

(1.44)
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then (1.41) admits as a solution the integrating factor depending solely on y

w(y) = ce= SR Ay | (1.45)

Exercise. Show that the equation (1.28) possesses an integrating factor of the form u(r) with r =

Vv x2 + y?if and only if

Py_Qx

VP —x0 =g(r).

which in this case is given by

u(r) = ce—Jremdr

Example 1.8. The equation
y(1—x)—siny + (x +cosy)y =0, (1.46)
is not exact, for P = y(1 —x) —siny, O = x + cos y do not satisfy the condition (1.31). However,
since
Py — Ox

0

does not depend on y, from equation (1.43) it follows that u(x) = e~ is an integrating factor of
equation (1.46) in any of the open simply connected sets

=—-1=g)

Us ={(x,y) € R? : x +cosy = 0}.

We thus look for a function F such that VF = e *(P, Q). In this case it is convenient to start by
integrating the second component F), = e~* Q, which yields

Fy=e¢"(x+cosy) = F =e *(xy+siny)+ h(x)
Fy=e¢“(y—xy—siny) +h'(x) =e*(y(1—x)—siny) = &'(x)=0.

Hence we can choose
F(x,y) =¢e¢ *(xy +siny),

so that the integral curves of the equation (1.37) satisfy the transcendental equation
e ¥(xy +siny) =c, (1.47)

where c is an arbitrary constant. The previous equation cannot be solved explicitly for y as a function of
x (although for ¢ = 0 it can be solved for x as a function of y). However, the implicit function theorem
guarantees that if F) (xq, yo) = ™ *°(xg+cos yo) # 0, i.e. if (xg, yo) € U+, the equation (1.47) defines
y as a function of x in a neighborhood of (x¢, yo).

1.2.5 Linear equations

These are equations of the form

y =a(x)y + b(x)|, (1.48)

where a and b are continuous functions on an open interval U. The equation (1.48) is said to be homo-
geneous if b = 0, or inhomogeneous or complete otherwise. We shall see that the general solution of a
linear equation can always be expressed via quadratures. Indeed, in the homogeneous case

y'=a(x)y (1.49)
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it admits the trivial solution y = 0, whereas if y # 0 it can be tackled as a separable equation:

/
y; =a(x) = log|y|= /a(x)dx +co = |yl = ecoefa(x)dx.

The general solution of (1.49) is thus

y = cel a@)dx (1.50)

where c is an arbitrary constant (since either ¢ = £e“°, or ¢ = 0 for the trivial solution).
e The set of solutions (1.50) of the homogeneous equation (1.49) is a one-dimensional vector space.

The inhomogeneous equation (1.48) can be solved by the method of variation of constants, due to
Lagrange. The method consists in making the following ansatz for the solution of the inhomogeneous
equation (1.48):

y = c(x)ed™ (1.51)

where

Alx) = /a(x)dx

is any fixed primitive of the function a(x). In other words, one assumes that the solution of the inho-
mogeneous equation is given by the general solution of the homogeneous equation with the arbitrary
constant ¢ replaced by an unknown function c(x). Inserting (1.51) into the equation (1.48) we readily
obtain

¢'()ed® 4+ c(x)ed™a(x) = a(x)e(x)e™ + b(x),

so that
@) = b A® = () =c+ / b(r)e A gy

where ¢ is an arbitrary constant. Hence the general solution of the complete equation (1.48) is given by

y = ced®) 4 4™ / b(x)e” 4™ dx |. (1.52)

e The previous expression shows that the general solution of the equation (1.48) is of the form

Y = yn(x) + yp(x),

where yy, is the general solution of the homogeneous equation and y,, is a particular solution of the
complete equation.

Consider now the initial-value problem

y' =ax)y +bx),
(1.53)
y(x0) = yo,

where xo € U. Choosing as the primitive of a(x) the function A(x) = |, ;i) a(s)ds, it follows immedi-
ately that the unique solution of Eq. (1.48) satisfying the initial condition y(x¢) = yg is given by

y = yoef;;a(s) as +Cf;°a(S)ds /" b(s)e_f;o“(t)dt ds |.
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Example 1.9. Solve the linear inhomogeneous equation

Y =2 a2, (1.54)
X

defined for x # 0.
The general solution of the corresponding homogeneous equation reads

/

1
y;:; = logly|=log|x|+co = y=cx,

where ¢ € R (the value ¢ = 0 comes from the trivial solution y = 0). For the complete equation we try
a particular solution of the form y, = c¢(x)x, which yields

2 3
I _ 2 _ —
yp—cx—l-c—c—l-x - =7 == Yp=-F.

2
The general solution of the equation (1.54) is therefore given by

3
X
y:cx+7, celR.

Note that even though the differential equation is not defined if x = 0, its solutions are analytic on the
whole real line.

1.2.6 Bernoulli equation

This is an equation of the form

y =a(x)y +bx)y"|, r#0,1, (1.55)

where a and b are continuous functions on an open interval U. The equation (1.55) is not defined for
y < O unless r = p/q is an irreducible rational number with odd ¢, nor for y = 0 when r < 0. The
Bernoulli equation can be transformed into a linear equation (and is thus solvable via quadratures) by the
change of variable

r

u=y1_

Indeed, taking the derivative of u with respect to x and using (1.55) we get
W =0-=r)y "y =0 =ra@)y™ + 1 =rbx)=1—-r)a(x)u+ (1 —r)b(x),
which is a linear equation for the new unknown variable u.

Example 1.10. The equation
y' = , (1.56)

is a Bernoulli equation with r = 2. A possible solution is y = 0. If y # 0, the suitable change of
variable u = 1/y yields

A o=t (1.57)
X
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c(x)

As to the complete equation, we try a particular solution of the form u, = ==, which leads to

C/

1
=—- = c¢=x = up=1.
X X

Thus the general solution of (1.57) is

X +c
U=up+up = s
X

so that
X

X +c
is the general solution of (1.56). (The solution y = 0 is formally obtained in the limit ¢ — c0.)

y:

Exercise. Solve the equation (1.56) treating it as a separable equation.

1.2.7 Riccati equation

The Riccati equation

y = a(x) +b(x)y + c(x)y?|, a,c#0, (1.58)

where the functions a, b, ¢ are continuous on an open interval U is of great importance in Mathematical
Physics due to its close relation with second order linear equations (such as the Schrodinger equation).
In general it is not possible to solve a Riccati equation by quadratures. However, if a particular solution
yo(x) is known it can be transformed into a linear equation via the change of variable

1
Ty o) ||
Indeed,
Y =) bW = yo®) + e — 5 () _ b — e(x) 22000
(v = yo(x))* (v = yo(x))* Y = Yo(x)
= —[b(x) + 2¢(x)yo(x)Ju — c(x),
which is a linear equation for u.
Example 1.11. Consider the Riccati equation
y =y%— % (1.59)
If we try a solution of the form y = A/x, we readily obtain
—%=i—z—x% — A 4+A1-2=0 = A=-2,1.
Let us take the particular solution yg = 1/x. The change of variable
w= (1.60)
y—1/x
leads to the linear equation
; y 4+ 1/x2 _ y2 —1/x? __y—i—l/x _2_u_1. (1.61)

T O-1x? (-Ux?  y—1l/x  «x
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The general solution of the homogeneous equation is given by

C

Uh = —& .
x2

In order to determine a particular solution of the inhomogeneous equation, we can use the method of
variation of constants, or more directly, try a solution of the form u, = kx. Substituting into Eq. (1.61)
we obtain

1

Thus

C x x3+c
uzﬁ—gz——:;xz s C=—3C,

is the general solution of (1.61). From (1.60) it immediately follows that

1 3x2

y:;_x3+c'

is the general solution of (1.59).

Remark. As we have mentioned above, the Riccati (1.58) equation is closely related to second order
linear equations. More precisely, it is possible to transform (1.58) into a second-order linear equation
through the change of variable

B 1
y= c(x) u’
Indeed,
1 ' J(x) o 1 u? b(x) v 1 u?
LW T

c(x) u | c(x)2u | elx) u? - a c(x) u c(x) u?’

so that u satisfies the equation

¢’(x)

c(x)

In the next chapter we shall see that the general solution of the latter equation is of the form

u’ — [b(x) + ]u’ +a(x)c(x)u =0].

u=kiui(x)+kauz(x),

where k1, k, are real constants and 1, u, are two linearly independent solutions, which in general will
not be possible to compute in closed form. When this is the case, the general solution of the initial Riccati
equation (1.58) can be expressed in terms of u1 y us as

1 kyu'y (x) + kaujy(x)
c(x) kiuy(x) + kauz(x) |

y:

(Note that this solution depends on a single arbitrary constant, namely k»/kq or k1/k>.)

1.3 Existence and uniqueness of solutions

In this section we shall study the existence and uniqueness of solution of the initial value problem

v = f(x.y),

(1.62)
y(xo0) = Yyo.

In several examples of the previous section in which the function f was sufficiently regular we have seen
that this problem has a unique local solution. In this section we will state without proof a fundamental
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result guaranteeing the existence of a unique (in general, local) solution of the initial value problem. We
shall assume that the dependent variable y and the function f are vector-valued”. In other words, we
shall consider the initial value problem for a system of first-order equations:

Definition 1.12. A system of »n first-order ordinary differential equations in normal form for an

unknown function y = (y1,..., y») is a vector-valued equation
Y= fx. )| (1.63)
where f = (fi,..., f) is defined on an open set U C R”*! and takes values in R”. Given (x¢, yo) €

U , the initial value problem associated with the system (1.63) consists in finding a solution y(x) defined

on an interval / containing x¢ such that
y(x0) = yo |. (1.64)

e The system (1.63) is equivalent to the n scalar equations

yi=filxy1,m),

y}; :fn(x’yla"-ayn)9

while the initial data (1.64) corresponds to the n conditions
y1(X0) = Yo1 . --- » Yn(x0) = Yon -

e The initial value problem (1.63)—(1.64) includes as a particular case the initial value problem
associated with a scalar n-th order equation in normal form

") = F ‘o uTD
u (x,u,u, U ). 1 (1.65)
u(xo) =uo, u'(xo) =ur, ... . u" D(xg) = up_.
Indeed, if we introduce the n dependent variables
i=u,yp=u, .y =ulY,

the initial value problem (1.65) may be rewritten as the system of first-order equations given by

yi=)2,

yr/[—l = J’n )
Vo =F(x,y1,...,0m),
with the initial conditions
yi(x0) = uo, y2(x0) =u1,...,yn(x0) = Up—1.

(More in general, a system of m ordinary differential equations of order n may be written as a
system of mn first-order equations.)

The following theorem shows that the continuity of the function f on its domain U is sufficient to
guarantee the local existence of solutions of the initial value problem (1.63)—(1.64):

2Hereafter we shall drop the vector notation, e.g., we shall write y instead of y
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Figure 1.6: If the function f(x,y) satisfies the hypothesis of the existence and uniqueness theorem
on the open set U, the initial value problem (1.63)—(1.64) has a unique solution defined in the interval
(xo — @, xp + ). The solution might not exist or be unique outside the open set U.

Peano’s theorem. Let f : U — R” be continuous on an open set U, and let (xq, yo) € U. Then the
initial value problem (1.63)—(1.64) has (at least) one solution y(x) defined on an interval of the form
(x0 — o, xo + @), with o > 0 sufficiently small.

e The number « can be estimated explicitly, and it depends both on the point (xg, yo) and a bound
of the values of || f(x, y)|| on U.

The continuity of the function f on the open set U does not guarantee (even locally) the uniqueness
of the solution of the initial value problem (1.63)—(1.64) with initial data in U, as illustrated by the
following example:

Example 1.13. Consider the initial value problem

r_
y = (1.66)
y(x0) = yo.
Since f(x,y) = 3y2/ 3 is continuous on U = RZ, according to Peano’s theorem the problem (1.66)
possesses at least a local solution for any initial data (xg, yg). Let us show that when yo = O this
solution is not unique. Indeed, y = 0 is a possible solution of the problem (1.66) for yo = 0. On the
other hand, since the equation y’ = 3y2/ 3 is separable, it can be immediately integrated, with the result

y=x+c¢)?, ceR. (1.67)

In particular, y = (x — x¢)> is another solution of (1.66) with yo = 0, differing from y = 0 in any open
interval centered at xy.

Let us now present the key result that we shall apply to establish the existence and uniqueness of
solution of the initial value problem (1.63)—(1.64).

Existence and uniqueness theorem. If the function f : U C R**1 — R”" and its partial derivatives
ng; (1 £ 1i,j < n) are continuous on the open set U, then for all (xg, yo) € U the initial value

problem (1.63)—(1.64) has a unique solution on an interval of the form (xo — o, xo + @), with o > 0
depending on (xg, yo).
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The previous theorem is a consequence of a more general result, known as the Picard—Lindelof
theorem, whose statement and proof can be found for instance in F. Finkel y A. Gonzélez-L6pez, Manual
de Ecuaciones Diferenciales I, UCM, 2009°. Sometimes we shall make use of the following direct
corollary of the existence and uniqueness theorem:

Corollary 1.14. If f : U C R""! — R” is of class C! on an open set U, the initial value prob-
lem (1.63)—(1.64) has a unique local solution for any initial data (x¢, yo) € U.

o If the hypothesis of the existence and uniqueness theorem (or its Corollary 1.14) hold, then no two
solutions can intersect each other inside U, since otherwise there would be two solutions in U with
the same initial data (see Fig. 1.6).

e The hypothesis of the existence and uniqueness theorem are definitely not necessary for the initial
value problem (1.63)—(1.64) to have unique solution. For instance, the function

2
——y+4x, x#0,
X

0, x=0,

fx,y) =

is discontinuous on the vertical axis x = 0. Since the equation y’ = f(x, y) is linear it can be
easily solved, with the result
¢ 2
= — +x°.
y 2
Thus, the differential equation y’ = f(x, y) with the initial condition y(0) = 0 has the unique so-
lution y = x2, corresponding to ¢ = 0. On the other hand, for the initial condition y(0) = yo # 0
the initial value problem has no solution, for the only solution of the differential equation defined

atx = 0is y = x2.

The existence and uniqueness theorem (or its Corollary 1.14) can also be employed to determine if
there is a unique integral curve passing through a given point.

Example 1.15. Let us study for which points of the plane passes a unique integral curve of the differential
equation

2
= 1.68
Y =5 O —x) (1.68)
Notice in the first place that the function
2
_ y
f(X,Y) - zx(y _x)

is of class C! on the whole real plane excepting the lines x = 0, y = x. According to Corollary 1.14,
through any point (xg, yo) € R? not belonging to these lines passes a unique local solution, and thus a
unique integral curve. In order to determine if this is also the case when the initial data (xg, yo) belong
to the lines x = 0 or y = x, we consider the associated equation

dx  2x(y —x)
dy 2

’

whose integral curves (but not its solutions!) coincide with those of the original equation. Since the
right-hand side of the previous equation is of class C! on the whole plane excepting the line y = 0,
from Corollary 1.14 it follows that through any point on the lines x = 0 or y = x but the origin passes a

3From now on we shall use the abbreviation [EDI2009] to cite this reference.


http://teorica.fis.ucm.es/ffinkel/edi/Ecuaciones_Diferenciales_I_files/edi-ffag.pdf
http://teorica.fis.ucm.es/ffinkel/edi/Ecuaciones_Diferenciales_I_files/edi-ffag.pdf
http://teorica.fis.ucm.es/ffinkel/edi/Ecuaciones_Diferenciales_I_files/edi-ffag.pdf
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unique solution of the associated equation, which is also an integral curve (with vertical tangent) of the
equation (1 .68)*

The only point in the plane where the existence and uniqueness theorem cannot be applied to either
the starting equation or its associated one is the origin. In order to determine how many integral curves
pass through this point there is no choice other than solving the differential equation, which in this
case can be done since it is a homogeneous equation. Performing the change of variable y = xu in
equation (1.68) we obtain

xu'—i—uzL — xu,:u(2——u)
2 —1) 2u—1)"
The latter equation admits the particular solutions u = 0, u = 2, corresponding to the linear solutions
y =0and y = 2x. If u # 0,2, solving the equation for u as a separable equation we obtain

2u —2
—/u—du=—log|u2—2u|=10g|x|+co - u(u—2)=£, ceR.
u? —2u X

Expressing u in terms of y in the previous expression yields

y(y —2x) =cx,

which includes the previous solutions y = 0 and y = 2x when ¢ = 0. Since the above equation is
satisfied identically for x = y = 0 and arbitrary c, all integral curves have a branch passing through
the origin. In summary, through every point in the plane except the origin passes a single integral curve,
while an infinite number of integral curves pass through the origin (cf. Fig. 1.7).

2

Figure 1.7: Integral curves of the equation (1.68).

4Note that the line x = 0 is clearly a solution of the associated equation, and thus an integral curve of the equation (1.68).
However, the line y = x is not an integral curve.



20

ORDINARY DIFFERENTIAL EQUATIONS



Chapter 2

Linear equations and systems

2.1 Space of solutions of a linear system

Definition 2.1. A first order linear system is a system of n equations of the form

V' = A() y +b(x)

; 2.1

where A : R — M, (R) (resp. b : R — R") is a matrix-valued (resp. vector-valued) function, that is,

ajr(x) ... a(x) b1(x)
A(x) = : : ; b(x) = : - (2.2)
an1(x) ... apn(x) bn(x)

The system (2.1) is said to be homogeneous if » = 0, or inhomogeneous otherwise.

e The set M, (R) of square matrices of order n with real entries is a vector space of dimension n2.

The canonical basis of this space consists of the matrices E;; whose only nonzero element is a
1 at the i-th row and the j-th column. The coordinates of a matrix A in this basis are its matrix
elements a;; .

e Recall that a vector function » : R — R” is continuous at x if and only if its components b; :
R — R are continuous. Similarly, a matrix function 4 : R — M, (R) is continuous at x if and
only if its 72 matrix elements a; j : R — R are continuous functions at x.

If the matrix function A and the vector function b are continuous on an open interval /, the existence

and uniqueness theorem discussed in the previous chapter implies that the initial value problem
"'=A b(x),
y (x)y +b(x) (2.3)
y(x0) = yo

associated with the linear system (2.1) has a unique local solution for any initial data (xg, yo) € I x R”.
In fact, for linear systems it can proved the following stronger result, whose proof can be found in
[EDI2009]:

Theorem 2.2. If A : I — M,(R) and b : I — R" are continuous on an interval I C R, then the
initial value problem (2.3) has a unique solution defined on the entire interval I for any initial data
(x0.y0) € I xR".

In what follows we shall assume that the functions A y b in the linear system (2.1)-(2.2) are contin-
uous on an interval / C R, and the hypothesis of Theorem 2.2 hold. We shall denote by S the set of
solutions of the system (2.1), that is,

S={y:1->R"|y(x)=Ax)y(x)+b(x), Yxel}CC'(I,R").

21
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Likewise, we shall denote by Sy the set of solutions of the corresponding homogeneous system

Y = Awy) 4

o If ¢!, ¢? are two solutions of the homogeneous system (2.4), then any linear combination Ap! +
we? with coefficients A, € R is also a solution. Indeed,

(Ap' +19%) (x) = ApV ()9 (x) = 24X () +FpAE)P* (x) = AX) (o' () +1e? (x)).

In other words, the set S of solutions of the homogeneous system (2.4) is a real vector space.
This important property of homogeneous linear systems is known as the linear superposition
principle.

e Since A(x) is a real matrix, if ¢ is a complex solution of the homogeneous system (2.4), then ¢
is also a solution of this system. Similarly, if ¢ is a solution of (2.4), then Re ¢ and Im ¢ are both
solutions of this system. Is this also the case for the inhomogeneous system (2.1)?

e The general solution of the inhomogeneous system (2.1) is of the form y = y, + yn, where y,
is a fixed particular solution of that system and yy is the general solution of the corresponding
homogeneous system (2.4). Indeed, if y is of this form it is clearly a solution of (2.1). Conversely,
if y is any solution of (2.1), then y — y, is obviously a solution of the homogeneous system (2.4).
In mathematical language, we say that the set of solutions of the inhomogeneous system is the
affine space S = y, + So , where y,, is a fixed element of S.

Using the existence and uniqueness Theorem 2.2, we shall prove next that the dimension of the space
So of solutions of the homogeneous system (2.4) is precisely #:

Theorem 2.3. The solution set of the homogeneous system y' = A(x)y, with y € R”, is a real
vector space of dimension n.

Proof. Let xo € I be a fixed but arbitrary point of I, and let e; be the i-th vector of the canonical basis
of R”. If Y*(x) denotes the solution of the initial value problem

Y =Ax)y,

2.5
y(xo) = e, )

let us first show that {¥Y 1(x),...,Y"(x)} span the vector space Sp. Indeed, let y(x) be any solution of
the homogeneous system (2.4), and let

n
Yo = y(x0) = (Yo1.---.Yon) = Y _ Yoiei .

i=1
Then the function
n
FE) = yoi¥'(x)
i=1
is a solution of the homogeneous system (2.4) (being a linear combination of solutions), and satisfies the
initial condition
n
F(x0) = Y _ yoiei = yo = y(xo).
i=1

From the existence and uniqueness Theorem 2.2 it follows that y = y in /. Then any solution is a
linear combination of the n solutions Y, which are in turn a generator set of Sp. Let us prove that the
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n solutions Y are also linearly independent, so that they form a basis of Sy. Indeed, consider the linear

combination
n
doaYi=o0,
i=1
with Aq,..., A, € R. The previous equality is equivalent to
n .
Y AiYi(x) =0, Vxel,
i=1
whence
n ) n
Zlin(xo) = Z)&iei =0,
which implies that A} = --- = A, = Osince {ey,...,e,} is a basis of R”. This shows that {Y!, ... Y"}
is a basis of Sp, and thus dim Sy = n. O

2.2 Homogeneous systems

Definition 2.4. A fundamental system of solutions of the homogeneous system (2.4) is a basis {y!, ..., y"}

of its solution space Sp.

In other words, a fundamental system of solutions of (2.4) is a set of n linearly independent solutions. For

instance, the n solutions Y’ of the initial value problem (2.5) are a fundamental system of solutions of

the homogeneous system y’ = A(x)y. Note that, by construction, these solutions satisfy Y (xq) = e;.
By definition, any solution y(x) of the homogeneous system (2.4) is a linear combination of the

elements of a fundamental system of solutions {y!,..., y"}, that is,
n .
Y@ =) ay'(x),  xel, (2.6)
i=1
for certain real constants cq, . .., ¢,. The vector equality (2.6) is equivalent to the n scalar equalities

n
yk(x)=Zc,-y,’<(x), k=1,....n,

i=1

for each of the components of the solution y(x). In turn, we can write the equality (2.6) in matrix form
as

’y(x) =Y(x)c ‘, 2.7)
where
) oY) c1
Y(x) = (y'(x) - y'(x) = : : : : c=1":
yax) o yr(x) Cn

Definition 2.5. A fundamental matrix of the homogeneous system (2.4) is any matrix-valued function
Y : I - M,(R) whose columns form a fundamental system of solutions.

e From what we have just seen, if Y (x) is a fundamental matrix of the homogeneous system (2.4),
the system’s general solution is given by Eq. (2.7).
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e A matrix-valued function ¥ : I — M, (R) is a fundamental matrix of the homogeneous sys-
tem (2.4) if and only if its columns are linearly independent, and it satisfies

Y'(x) = A(x)Y(x), Vxel.
Indeed, the latter matrix equality is equivalent to the n vector equalities
Yy (x) = A(x)y'(x), Vxel, Yi=1,...,n,
where y’ (x) is the i-th column of Y (x).

e A homogeneous linear system obviously has infinitely many fundamental matrices. If Y7 (x) and
Y>(x) are two fundamental matrices of (2.4) such that Y1 (x¢) = Ya2(x¢), then Y; = Y, on the
whole interval /. Indeed, each column of Y; and the corresponding column of Y, are solutions of
the system taking the same value at x¢, so they must coincide in all I by virtue of the existence
and uniqueness Theorem 2.2.

2.2.1 Wronskian

Given n solutions ¢!,..., 9" (not necessarily independent) of the homogeneous system (2.4), let us
consider the matrix of solutions

D(x) = (p'(x) -+ ¢"(x))

whose i-th column is given by the solution ¢’. Since by hypothesis ¢!/(x) = A(x)¢’(x) for i =

1,...,n, the matrix @(x) satisfies the matrix equation
D' (x) = A(X)D(x). (2.8)
Definition 2.6. Given n solutions ¢, ..., ¢" of the homogeneous system (2.4), their Wronskian is the

determinant of the corresponding matrix of solutions @(x), that is,

P1(x) .. ef(x)
Wiel,...,¢"](x) = det®(x) = Do (2.9)
Oa(x) . Ph(x)
Notation. When it is clear from the context to which solutions ¢!, ... ¢" we are referring to we will

denote their Wronskian simply as W(x).

The key property of the Wronskian is that its vanishing at any point of the interval / implies the
linear dependence of the solutions ¢!, ..., ¢" in that interval, according to the following

Proposition 2.7. Let ¢!, ..., " be solutions of the homogeneous system (2.4) on the interval I. Then
{ol, ..., "} are linearly independent <= Wp',...,¢"](x) #0, Vx € I.

Proof. Consider first the implication (<). If the solutions {1, . .., "} were linearly dependent, the vec-
tors {p'(x),...,¢"(x)} would be linearly dependent at any point x € I. But then W[p!, ... ¢*](x) =
Oforallx € 1.

Regarding the implication (=), if there is a point xo € I such that W[gp!, ..., ¢"](xo) = 0, then the
vectors {@!(xo),...,9"(xo)} would be linearly dependent, that is, there would be n real constants Ay
not all equal to zero such that

Y et (x0) = 0.

k=1
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But then

YE) =Y Aot (x)
k=1

would be a solution of the system (2.4) satisfying the initial condition y(x¢) = 0. From the existence

and uniqueness Theorem 2.2 it would follow that y = 0 on 7, and hence {¢!, ..., ¢"} would be linearly
dependent. O
o If o', ..., " are solutions of the system y’ = A(x)y , from the latter proof it follows that either

Wipl,...,¢"](x) #0forallx € I,or W[p!,...,¢"](x) =0forall x € I.

e Note that a matrix-valued function @ : I — M, (R) is a fundamental matrix of the system (2.4) if
and only if

i) d'(x) = Ax)P(x), Vxel, (2.10a)
i) detd(x) £0, Vxel. (2.10b)

Indeed, the second condition is equivalent to the linear independence of the columns of @(x) by
virtue of the previous proposition.

o If @(x) is a fundamental matrix and P is any invertible constant matrix, it is immediate to check
that ¥ (x) = @(x)P satisfies i) and ii), and is therefore a fundamental matrix. Conversely, let
@(x) and ¥ (x) be two fundamental matrices of the system. Since the matrices @(xg) and ¥ (x¢)
are invertible on account of the Proposition 2.7, the matrix P = @ (xo) "' W¥(xo) is well-defined
and invertible, and satisfy ¥ (xg) = @(xg)P by construction. Then ¥(x) and @(x)P are both
fundamental matrices of the system (2.4) and coincide at xg, so they must be equal on the whole
interval I by virtue of the remark on page 24. In summary, any fundamental matrix of the homo-
geneous system (2.4) can be obtained from a fixed fundamental matrix by right-multiplying it by
an appropriate invertible matrix.

Exercise. If ®(x) is a fundamental matrix of the system (2.4) and P is a constant invertible matrix, what
can be said about the matrix ¥ (x) = P®(x)?

Definition 2.8. The canonical fundamental matrix of the homogeneous system (2.4) at the point xg is
the unique fundamental matrix Y (x) of this system satisfying the condition Y (xg) = 1.

e Given any fundamental matrix Y (x) of the system (2.4), it is immediate to check that ¥ (x)Y (xo)~!
is its canonical fundamental matrix at the point xg.

e If Y(x) is the canonical fundamental matrix of the system (2.4) at xg, the solution of the initial
value problem

y'=A(x)y
y(x0) = yo
associated with this system is given by

y(x) =Y(x)yo.

Remark. Given n arbitrary differentiable functions ¢!, ..., ¢" (not necessarily solutions of a homoge-
neous linear system of the form (2.4) with A continuous on [), the vanishing of their Wronskian (even
identically) does not imply their linear dependence. For instance, the functions

do=() = (T30

are linearly independent in spite of the fact that their Wronskian vanish identically on R.
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2.2.2 The Abel-Liouville formula

Let <pk, k =1,...,n, be solutions of the homogeneous system (2.4), and let W(x) be their Wronskian.
Then
pi(x) ... ¢l
n : :
W) =) lel(x) ... M. (2.11)
i=1 : :
on(x) .. gp(x)

Since gak is a solution of (2.4) it follows that

ef' () =) aij®ef(x).  k=1...n.

j=1
Then

1 n
R Pl . el
Wx) =) éaij(x)w}(x) ~éazj(X)so‘,’f(X) =Y aii(X5<pi1(X) aii(X)'cp,”(X) :

i=1 |’ J i=1

PG IS

P R 10

since a determinant does not change if one adds to a row a linear combination of the remaining ones.
Thus

W(x) = ai;W(x) =tr A(x) - W(x).

i=1

Integrating the latter first-order linear equation starting from a certain point xo € I, we obtain

tr A(t) dt

W(x) = W(xp) ef;; Vxel. (2.12)

This identity is known as the Abel-Liouville formula. From this formula we can also deduce that either
W(x) does not vanish on /, or it vanishes identically on /.

2.3 Space of solutions of an n-th order linear differential equation

Definition 2.9. An n-th order linear equation is a differential equation of the form

u® 4 a1 () u" Y 4 a () u +ao(x)u = b(x) |, (2.13)

where the functionsa; : R — R (@ = 0,...,n—1)and b : R — R are continuous on an interval /.
We shall say that the equation (2.13) is homogeneous if » = 0 on /, and inhomogeneous or complete
otherwise.

As we have seen in Chapter 1 (page 16), any differential equation of order n can be written as a
system of n first order equations. The first-order system (1.65) associated with the equation (2.13) is the
linear system

Yy =AX)y +b(x)e,, (2.14)
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where
0 1 0 0
0 0 1 0
A(x) = : : : : (2.15)
0 0 0 1
—ap(x) —ai(x) —az(x) ... —ap—1(x)

is called the companion matrix of the equation (2.13). Note, in particular, that

AW = —an-1(x)

: (2.16)

which shall be used in the sequel. Since the entries of the companion matrix A(x) and the function b(x)
are continuous on the interval 7, from Theorem 2.2 it follows that the initial value problem given by the
equation (2.13) with the initial conditions

u(xo) = ug, u'(xo) =u1, ..., u® V(xo) = tn_1 (xo€1) (2.17)

has a unique solution defined on the entire interval [:

Theorem 2.10. If the functionsa; : I — R (i =0,...,n—1)and b : I — R are continuous on
the interval I, the initial value problem (2.13)-(2.17) possesses a unique solution defined on the entire
interval I for any initial data (xo, Ug, ...,Un—1) € I X R,

We will use a notation analogous to that for first-order linear systems, denoting by S the set of
solutions of the equation (2.13), and by Sy that of the corresponding homogeneous equation

u® + a1 () u™ ™ 4 a () u + ap(x)u = 0. (2.18)

Note that both sets are contained in C” (/). Reasoning as in the case of the first-order systems one can
easily prove the following properties:

e If 91, ¢ are two solutions of the homogeneous equation (2.18), then any linear combination A¢; +
@, with coefficients A, u € R is also a solution. In other words, the set So of solutions of the
homogeneous equation homogeneous equation (2.18) is a real vector space (linear superposition
principle).

e If ¢ is a complex solution of the homogeneous equation (2.18), then ¢, Re ¢ and Im ¢ are also
solutions of this equation.

e The general solution of the inhomogeneous equation (2.13) is of the form v = u;, + up, where u,
is a fixed particular solution of this equation and uy is the general solution of the corresponding
homogeneous equation (2.18). Equivalently, the solution set of the inhomogeneous equation (2.13)
is the affine space S = up, + So, where u, is a fixed element of S.

In order to determine the dimension of the space Sy we shall use the following property:

o If g1, ..., ¢y are solutions of the homogeneous linear equation (2.18), and y* = (¢;, 7 goi(n_l)),
i =1,...,k, denote the corresponding solutions of the associated first-order linear system, then
{@1. ..., ¢} are linearly independent <=  {y!,..., yk } are linearly independent .

The implication (=) is trivial. Regarding the converse, assume that
Ao+ -+ A =0, Ai €R.
Differentiating n — 1 times this equality it follows that
Ayl + -+ vk =0,

and thus A} = --- = A = 0, since {y', ..., yk} are linearly independent by hypothesis.
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Theorem 2.3 and the previous property yield the following result:

Theorem 2.11. The space Sg of solutions of the homogeneous equation (2.18) is of dimension n. I

Definition 2.12. A fundamental system of solutions of the homogeneous equation (2.18) is a basis
{@1,...,9n} of its solution space Sp.

e If {¢1,...,¢,} is a fundamental system of solutions of (2.18), any solution u of this equation may
be expressed as

n
u(x) = Zci(pi(x), ci €R|.

i=1

Definition 2.13. Given n solutions ¢y, ..., ¢, (not necessarily independent) of the homogeneous equa-
tion (2.18), its Wronski matrix is defined as the matrix of the corresponding solutions of the associated
linear system, i.e.,

p1(x) ... en(x)
P(x) = “ e & ) (2.19)
R e

Definition 2.14. Given n solutions ¢y, ..., ¢, of the homogeneous equation (2.18), its Wronskian is

the determinant of the corresponding Wronski matrix, that is,

p1(x) ... en(x)
Wion, ... ox(x) = det ®(x) = ‘Di:(x) i (p’;:(x) (2.20)
IR Ll

We shall also use the abbreviated notation W(x) instead of Wg1,..., ¢,](x) when it is clear from
the context to which solutions ¢1, ..., ¢, we are referring to. As in the case of a first-order linear sys-

tem, the Wronskian can be used to easily determine the linear independence of a set of n solutions of the
homogeneous linear equation (2.18):

Proposition 2.15. Let ¢y, ..., ¢n be solutions of the homogeneous equation (2.18) over an interval 1.
Then {¢1, ..., ¢n} are linearly independent <= Wp1,...,pu](x) #0, Vx € I.

Proof. If y!, ..., y™ are the solutions of the associated first-order system corresponding to @1, ..., @p,
from the remark just before Theorem 2.11 and Proposition 2.7 it follows that

{o1,..,ont 11, = L. .y L. < Wl....y"(x)#0, Vxel.

But W[yl,...,y"](x) = W][e1,...,ps](x) by definition. O
o If ¢1,..., ¢, are solutions of the equation (2.18), by the remark following Proposition 2.7 either
Wle1,....on](x) #O0forall x € I, or W(eq,...,@,](x) = 0 for all x € I. Thus it suffices to
check that W{e1, ..., ¢n](x0) # 0 at any point x¢ € I to ensure the linear independence of these

solutions on 1.
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e Let ¢1,..., 9, be solutions of the equation (2.18), and let W(x) be their Wronskian. Since the
companion matrix (2.15) satisfies tr A(x) = —a,—1(x), the Abel-Liouville formula (2.12) be-
comes

W(x) = W(xg)e Jro @1 dL) 221)

Note that the statement in the previous remark follows directly from this formula, and that the
Wronskian is constant if the coefficient a,—1 (x) vanishes identically over /.

2.3.1 Reduction of order

In general, it is not possible to compute a fundamental system of solutions of the homogeneous equa-
tion (2.18) in closed form, namely in terms of the coefficients @; (x) and their primitives. However, in
the case of a second-order equation

u’ + a1’ +ag(x)u =0, (2.22)

if a nontrivial solution is known, one can determine the general solution in terms of quadratures. Indeed,
if ¢(x) is a nontrivial particular solution of the equation (2.22) and u is any solution of the latter equation,
from the Abel-Liouville formula (2.21) it follows that

(O’ — @' ()1 = ke Jro @185

where k = W g, u](xo). Integrating this first-order linear equation for u we easily obtain the following
expression for the general solution of (2.22):

x e_‘/;oal(s) ds

M()C) = C(p(X) +k§0()€) /xo W dr.
Thus ¢(x) and the new solution
x —f; ai(s)ds
e 0
R (223)

constitute a fundamental system of solutions of the homogeneous equation (2.22), since (by construction)

Wlp. ¥l(x0) =1 # 0.

Remark. In the case of the homogeneous equation (2.18) of order n > 2, the explicit knowledge of a
nontrivial particular solution ¢(x) makes it possible to transform the equation into a homogeneous linear
equation of order n — 1 via the change of variable

z= ((p?x)) . (2.24)

For instance, assume that ¢(x) # 0 is a particular solution of the third-order equation

u” + ay ()" + ay(x)u’ + ag(x)u =0, (2.25)
Writing the change of variable (2.24) as u = ¢(x) [ * z, we obtain
u'=¢'(x) [Tz 4+ 9(x)z,
u" = ¢"(x) [Tz 420/ ()2 + p(x)2',
u” =" (x) [Tz +3¢"(x)z + 3¢’ (x)z' + p(x)z".
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Substituting these expressions into (2.25), and taking into account that ¢(x) is a solution of this equation, we
obtain the following second-order equation for z:

@()2" + [3¢'(x) + a2(0)p(x)]z" + [3¢" (x) + 2a2(x)¢'(x) + a1(x)¢(x)]z = 0.

In general, it may be proved (see, e.g., L. Elsgolts, Differential Equations and the Calculus of Varia-
tions, University Press of the Pacific, 2003) that if k linearly independent solutions of a homogeneous
linear equation of order n are known, it is possible to transform this equation into a homogeneous lin-
ear equation of order n — k by successive changes of variable of the form form (2.24). In particular, if
n — 1 solutions of the equation (2.18) are known, it is possible to express its general solution in terms of
quadratures after transforming it by this procedure into a first-order linear equation.

2.4 Method of variation of constants

In general, it is not possible to determine explicitly a fundamental system of solutions of the homoge-
neous system (2.4) or of the homogeneous equation (2.18). However, if such a fundamental system is
known it will be possible to determine the general solution of the corresponding system or inhomoge-
neous equation by using the method of variation of constants, which we shall explain in what follows.

2.4.1 Method of variation of constants for an inhomogeneous system

Similarly to the scalar case (see p. 12), in this method one considers as a trial solution of the system (2.1)
the function obtained by substituting the constant vector ¢ in the general solution (2.7) of the homoge-
neous system by a vector-valued function c(x), that is,

c1(x)
y(x) =Y(x)c(x), c(x) =
cn(x)

Inserting this expression into (2.1), we obtain
Y'(x) =Y (x)e(x) + Y(x)c'(x) = A(Xx)Y (x)e(x) + b(x),
which yields, taking into account that the fundamental matrix Y (x) satisfies the conditions (2.10),
(x) =Y 1 (x)b(x), Vxel.

Thus X
c(x)=c +f Y1 (s)b(s)ds, ceR”.

Hence the general solution of the inhomogeneous system (2.1) is given by

y(x) = Y(x)c + Y(x) / i Y Y (s)b(s)ds |, Vxel. (2.26)

In accordance with Proposition 2.1, the solution (2.26) is of the form

y(x) = yn(x) + yp(x),

where yn(x) is the general solution of the homogeneous system and y,(x) is a particular of the inho-
mogeneous one. Finally, it can be easily checked that the solution of the initial value problem (2.3)
is

y(x) = Y)Y~ (x0) yo + / Y(x)Y ! (5)b(s) ds

X0

Vxel. (2.27)
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2.4.2 Method of variation of constants for an inhomogeneous equation

Just as for first-order linear systems, if a fundamental system of solutions of the homogeneous equa-
tion (2.18) is known, it is possible to express the general solution of the corresponding inhomogeneous
equation (2.13) by means of quadratures. Indeed, let {¢, ..., ¢,} be a fundamental system of solutions
of the equation (2.18), and let

e1(X) ... en(®)
o) ¢1:(X) -
o V) e “(x)

be their corresponding Wronski matrix. The general solution of the first-order linear system (2.14)
associated with the inhomogeneous equation (2.13) is (cf. eq. (2.26))

X ‘1
y(x) = &(x)c + / b(t) ®(x) D(t) le, dr, c=|:]eR". (2.28)
Cn

The general solution of (2.13) is the first component of the right-hand side of the last equation. In order
to write this solution more explicitly, note that the first component of ®(x) ®(t)~le, is given by

o1(1) ... (D)
AT <o:,(r)
i+n Mni(t) _ 1 : :
l_ZICDu(x) (1)} ,_Zl(p'm( DS S WO - - L
¢, @ ... 3]
o1(x) ... wn(x)

where M, (t) denotes the minor of the matrix @(z) associated with the matrix element ni, and the last
equality is obtained by expanding the determinant by the last row. Substituting the latter expression
into (2.28) we finally obtain the following expression for the general solution of the equation (2.13):

1) ... on@)
n L | @O . e ® b
t
un =Y anw+ [ | e, (229)
i=1 ") . 0 TP
e1(x) .. (pn(x)
In particular, for the second-order equation
"+ar(x)u’ + ag(x)u = b(x) (2.30)
we have
b(r)
u(x) = c191(x) + c2 2(x) + W) —[@1(1)p2(x) — p2()@1(x)] dr (231
Note that the function b()
w0 = [ G000 - ea0n ] 2.3

is a particular solution of the inhomogeneous equation (2.30) satisfying the initial conditions

up(xo) = up(x0) = 0.
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Example 2.16. Consider the second-order equation
u” +u =tanx. (2.33)

Although we shall postpone to next chapter the problem of how to construct a fundamental system of
solutions of the homogeneous equation
uw +u=0, (2.34)

it is immediate to verify that the functions
p1(x) =cosx, @(x)=sinx
form such a system, as they are obviously solutions of the equation (2.34) and their Wronskian is

cCOSX sinx

W(x) = =1#0.

—sinx cosx

(Notice that W(x) is a constant; this is a consequence of the Abel-Liouville formula (2.21), since in this
case an,—1 = a; = 0.) From equation (2.31) it follows that a particular solution of the equation (2.33) is
given by

X
Up = / tant [cos? sin x — sint cos x| dt

) X ¥ 1 —cos?t X
= sinx sint dt —cos x “eost dt = —cosx sectdr. (2.35)
cos

In order to evaluate the latter integral we perform the change of variable s = tan %, so that

2
dS=%(1+tan2%)dl=%(l+52)df — dl=H_—S2dS.
On the other hand,
DY 2 . 2 . 2 . 1 —s2
cost=2cos*t - 1=— " 1=— 1= 1=,
2 sec? £ 1+ tan? £ 1+ s2 1+ s2
2tan £ 2s
sint = 2sin £ cos L = 2 — ,
2 2 gec2l 1+ s2
and thus
1+ s2 2 2 ds ds 1+s
sectdt = | —— - —ds = ds = +/ =1lo
f /‘l—s2 1+ s2 /1—32 /l—s 1+s g‘l—s
1+ 52 2s

= log

+

= log|sect + tant]|.
52 T 1_y2| = loglsect + tant|

Substituting this expression into (2.35) and adding the general solution of the homogeneous equation we
finally conclude that

U = ¢1C08X + cpsinx —cosx log|secx + tan x|, c1,c20 € R

is the general solution of the equation (2.33).



Chapter 3

Linear equations and systems with
constant coefficients

3.1 Equations with constant coefficients. Method of undetermined coeffi-
cients

As we have seen in the previous chapter, the difficulty in solving the inhomogeneous equation (2.13) lies
in determining a fundamental system of solutions of the corresponding homogeneous equation. Indeed,
the method of variation of constants makes it possible to express the general solution of the inhomoge-
neous equation via quadratures provided that such system is known (cf. eq. (2.29)). A particular case of
great practical interest for which it is possible to find the general solution of the linear equation (2.13)
occurs when the coefficients a; (x) are constant, that is,

u® + a1 u" ™V 4 haiu +agu =b(x)|, ag,...,an—1 € R. 3.1

In this section we shall see that one can construct a fundamental system of solutions of the corresponding
homogeneous equation

u® + an—1 u= +-4aru +aou=0 (3.2)

provided that one can determine all the zeros of the characteristic polynomial of the equation (3.2),
defined as

PA) = A" Fan AN+ ad Fao . (3.3)

e The companion matrix of the equation (3.2) is the constant matrix

0 1 0 0
0 0 I ... 0
A= : : : : . (3.4)
0 0 0 1
—ag —day —daz ... —Ap—1

Note that the characteristic polynomial (3.3) coincides with the characteristic polynomial of the
matrix A, defined by
pA(A) = det(Al — 4),

as it can be easily verified by expanding the latter determinant by the last row,

Let us begin by rewriting equation (3.2) in the form
n n—1 d
(D +ap—1 D —{—..-—|—Ll1D+Cl())MEp(D)u:0’ Dza.

33
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From the equality
(D =D (f(0)e) = [,

it immediately follows that

(D - WF(f0)er) = fB(x)etr ], (3.5)

which is a very useful identity, as we shall see later in this section. Assume that the characteristic
polynomial can be factorized as

pA)=A—=A) (A =A™, M+t rm=n,

where the (possibly complex) roots A1, ..., A, are all distinct. If A; is one of these roots we can thus
write

pA) =qM)(A =2,
where ¢(A) is a polynomial of degree n — r; with ¢(1;) % 0. Then p(D) = q(D)(D — A;)", and from
equation (3.5) it follows that

ari
p(D)(xke)”x) =q(D)|er*—xk| =0, k=01,...,ri—1.
dxTi

This shows that the functions

xkerix o i=1,.m, k=01, r—1| (3.6)

are all solutions of the equation (3.2). Since there are precisely r; + - -+ + r,, = n solutions of this type,
in order to show that they form a fundamental system of solutions of the latter equation it suffices to
check that they are linearly independent.

Lemma 3.1. The functions (3.6) are linearly independent,

Proof. Consider the linear combination

m ri—1

Y cixfer¥ =0,  VxeR, (3.7)

i=1k=0
where the coefficients ¢;; are complex constants. We can rewrite the latter equality as
Pi(x)eM* 4+ 4 Pu(x)et* =0, VxeR, (3.8)

ri—1

where P;(x) = > ¢; xx¥ is a polynomial of degree at most r; — 1. Note that proving that all the coeffi-
k=0

cients ¢; in equation (3.7) are zero is equivalent to showing that the polynomials P; vanish identically.

In order to establish this result, we first multiply the equation (3.8) by e~ hx, obtaining
Pi(x) + Pre2* + ... + Pp(x)et* =0, Vx eR, (3.9
where the exponents y; = A; — A1 # 0 are all distinct. Differentiating this equation rq times we get
02(x)e!?* + -+ Qp(x)etm* =0, Vx e R, (3.10)

where Q; is a polynomial of the same degree as P;. Repeating this procedure m — 1 times one finally
arrives at an equation of the form

Ry (x)e"* =0, Vx eR, (3.11)

where R, is a polynomial of the same degree as P,,. From the latter condition it immediately follows
that R,, = 0, which implies that P, = 0 on account that deg P,, = deg R,,. Since the ordering of the
roots A; is irrelevant for the previous argument, we conclude that all the polynomials P; are identically
Zero. O
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The previous discussion and Lemma 3.1 lead to the following theorem:

Theorem 3.2. The functions (3.6), where r; is the multiplicity of the root A; of the characteristic
polynomial (3.3), form a fundamental system of solutions of the homogeneous linear equation with
constant coefficients (3.2).

e If the root A; = a; + ib; is complex, from the 2r; complex solutions

xkeaixetibjx k=0,1,....rj—1,

associated with the roots A; and A; of the characteristic polynomial, we obtain the 2r; real solu-
tions

ke cos(bjx),  xFe¥ ¥ sin(bjx)  k=0,1,....r;—1

taking the real and imaginary parts of the solutions corresponding to the root A; (or )L_j).
Example 3.3. Let us find the general solution of the fourth-order equation with constant coefficients
u® o ' +u=0. (3.12)

The characteristic polynomial associated with this equation reads

PO =2+ A +1=A+D2A> =1 +1). (3.13)
The zeros are thus A; = —1 (with multiplicity r; = 2) and the roots of the equation
AMP—A+1=0,

given by
Aoy = %(1 +iV3),

with multiplicity r, = r3 = 1. The general solution of the equation (3.12) is then
u(x) = e X(c1 + cox) +e2 |:C3 cos (\/75 x) + c4sin (‘/Tg x)] , (3.14)

with c1, ..., c4 arbitrary real constants.

3.1.1 Method of undetermined coefficients

Once a fundamental system of solutions of the homogeneous equation (3.2) has been found, the general
solution of the inhomogeneous equation (3.1) can be computed for any function b(x) using the method of
variation of constants (see equation (2.29)). However, for certain simple forms of the function »(x) that
appear frequently in the applications, the method of undetermined coefficients that we shall discuss in
what follows enables one to compute a particular solution of (3.1) in a simpler way. The general solution
of (3.1) is then found by adding to this particular solution the general solution of the corresponding
homogeneous equation.
Suppose first that
b(x) = g(x)e"*, (3.15)

where ¢ (x) is a polynomial. If r is the multiplicity of x as a root of the characteristic polynomial (3.3)
of the homogeneous equation (3.2), then

PR =piA—w) + A=)+t pp A=) A=)
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with p1,..., pn—r € R (or C, if p is complex) and p; # 0. Note that this expression is also valid when
W is not a root of the characteristic polynomial, with » = 0 in this case. From the previous expression
and equation (3.5) it follows that

PDYf ) = [p1f D) + p2f V) + - pusr [TV 0+ fP (0] e

This suggest trying a particular solution of the form

up(x) = x"Q(x)et* |, (3.16)
where
Q(x) = Qo+ Q1x + -+ Qgx?,  d=degq (3.17)
is a polynomial to be determined by the condition
P17 Q) + pa(x" Q)Y et pu (N )TV + (27 Q) =g (3.18)

It may be proved that the last equation yields a linear system with d + 1 equations for the d + 1
coefficients of Q, which is always compatible. Therefore, the constant coefficients equation (3.1) with
the inhomogeneous term (3.15) always has a particular solution of the form (3.16)-(3.17), where r is
the multiplicity of p as a root of the characteristic polynomial and the polynomial Q is determined via
equation (3.18) (or by direct substitution of (3.16)-(3.17) into (3.1)).

Example 3.4. Let us find a particular solution of the equation
u® +u” +u +u=xe*. (3.19)

Here = —1 is a double root of the characteristic polynomial of the homogeneous equation (see the
equation (3.13) in Example 3.3), and g(x) = x is a first-degree polynomial. We thus look for a particular
solution of the form

up(x) = x?(a + bx)e™.

In order to compute p(D) u, itis convenient to expand p(D) in powers of D +1, since (D + Dk ( f(x)e™ ) =
£%®) (x)e™ on account of equation (3.5). Using Taylor’s formula to expand A2 — A + 1 in powers of
A + 1 we obtain

P =A+D*3-3+1)+ R+ 3]

Thus
p(D)uy = [3(2a + 6bx) —3-6bJe™ =xe™* <= 3(2a + 6bx)—18b = x,

so that
6a—18 =0, 18 =1.

Hence, the sought-for particular solution reads
1
up(x) = E(x3 + 3x%)e ™. (3.20)

The general solution of the equation (3.19) is the sum of this particular solution and the general solu-
tion (3.14) of the homogeneous equation.

Example 3.5. Consider next the equation
u® 44y = x(1+e*cosx). 3.21)
The characteristic polynomial of the homogeneous equation is

p() =% +4,
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whose zeros Ay are the fourth roots of —4:
Ap = V26 GHED) g =0,1,2,3,

ie.,
A=14+1, A1=-14+1i, Ar=-1—-1i, Az=1-1.

Thus the general solution of the homogeneous equation is given by
up(x) = e*(cy cosx + cpsinx) + e *(c3cosx + c4sinx), ¢ €R. (3.22)

It seems that the method of undetermined coefficients cannot be applied to the equation (3.21), since the
inhomogeneous term is not of the form (3.15). However, since the right-hand side of (3.21) is the sum of
the terms

bi(x) = x, by(x) = xe*cos x,

the sum of the corresponding particular solutions u; (x) of the equations

u® 4 4y = b;(x), i=1,2, (3.23)

is (by linearity) a particular solution of (3.21). The inhomogeneous term of the first of these equations is
clearly of the form (3.15), with ¢(x) = x and u = 0. Since 0 is not is not a root of the characteristic
polynomial, we look for a particular solution of the form u;(x) = a + bx. Substituting it into the
corresponding complete equation (3.23), we readily obtain

up(x) = %

Turning to the second equation in (3.23), since by(x) = Re (xe(Hi)x ) we can look for a particular
solution of the form u,(x) = Reu(x), where u(x) is any solution of the equation

u® 4 4y = xe1HDx (3.24)

The right-hand side of the latter equation is again of the form (3.15), withg(x) = xandu =1 +1ia
simple root of the characteristic polynomial, so we try a particular solution of the form

u(x) = x(a + bx)e V¥ = f(x)el*
Substituting this expression into (3.24) and using the general Leibniz rule

k=0

we obtain

pretr 4 apderr £ 4 opZelt £ 4+ 4etF f = xet*  —  4pP(a +2bx) +6p%-2b = x,

where we have taken into account that u* = —4. Thus
1 7 1
8uh =1 h=—=——=——(+i
H . S5 ;- pdt
+3h=0 3b 5
a = a=——=—,
H w32
so that

u(x) = 3x_2 [3-(1+ i)x]e(1+i)x )
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Taking the real part of this function we get
X .
u(x) = ) ex[(3 —Xx)cosx + x smx] )

Therefore, the inhomogeneous equation (3.21) admits the particular solution

iex[(3—x)cosx +xsinx].

up(x) = u1(x) +uz(x) = % + >

The general solution of the equation (3.21) is the sum of the latter particular solution and the general
solution (3.22) of the homogeneous equation.

e In general, the method of undetermined coefficients can be applied to the equation (3.1) when the
inhomogeneous term is of the form

1
b(x) = bi(x). (3.25)

i=1

where
bi(x) = e*¥[q;(x) cos(Bix) + i (x) sin(B;x)] . (3.26)

with «;, B; € R (B; = 0), and ¢;, §; are polynomials. Note that if §; = 0 the function b; (x) is of
the form (3.15) with © = «;. It may be verified that the equation (3.1) with the inhomogeneous
term (3.25)-(3.26) possesses a particular solution of the form

l
up(x) = Y _ui(x), (3.27)

i=1

where
ui (x) = x"1e%*[Q;(x) cos(Bix) + 0 (x)sin(B;x)]. (3.28)

Here r; is the multiplicity of u; = o; + iB; as aroot of the characteristic polynomial of the homo-
geneous equation, and Q;, Q; are polynomials such that deg Q;,deg Q; < max(degg;,degg;),
with coefficients to be determined upon substitution of (3.27)-(3.28) into (3.1).

3.2 Systems with constant coefficients. Exponential of a matrix

In Section 2.4 we proved that if a fundamental matrix of the homogeneous system (2.4) is known,
then it is possible to express the general solution of the inhomogeneous system (2.1) by quadratures
(cf. eq. (2.26)). The problem is that in general it is not possible to determine such a fundamental matrix
explicitly. In this section we will show that when the matrix A(x) of the system (2.1) is constant it is
possible in principle to construct a fundamental matrix of the corresponding homogeneous system

Y =4y, AeMR).| (3.29)

More explicitly, we shall prove that the canonical fundamental matrix at xo = 0 of the system (3.29) is
given by the matrix exponential e¥4, whose definition shall be discussed next.
Let E(x) denote the canonical fundamental matrix at xo = 0, which satisfies the matrix initial value
problem
E'(x) = AE(x),

EO) — 1. (3.30)
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Differentiating repeatedly the above equation it follows that
E®(x)=A*E(x), k=01,..., (3.31)
where by definition B = 1 for any matrix B, so that
E®©) =4k, k=o0,1,.... (3.32)

It may be shown (see, e.g., [EDI2009]) that for any matrix A the Taylor series of E(x) centered at the
origin converges for all x € R, that is,

Ex)=) ——=xF.  vxeR. (3.33)

By analogy with the scalar case, the exponential of a matrix B € M, (C) is defined as

= Z ik (3.34)
k=0

Again, it can be shown (cf. [EDI2009]) that the previous series converges for any matrix B. From the
latter definition and (3.33) it follows that

E(x) = ¥4

Hence, the solution of the initial value problem

y'= Ay
y(0) = yo
is given by
y(x) = ey . (3.35)
In this course we shall make use of the following properties of the matrix exponential:
i) e DA — gxdgtd _ otdgxA Vx,t €R, (3.36)
i) (@)=, VxeR, (3.37)
iiiy ePBP™' = peBp-1, (3.38)

where A € M,,(R) and B,P € M, (C), with P invertible!.

Proof. For any fixed ¢ € R, the matrix E(x + ¢) (regarded as a function of x) is a fundamental matrix
of the system (3.29), since it is invertible everywhere (recall that E(x) is invertible for all x € R, for it
is a fundamental matrix) and satisfies

d
d—E(x+t)=E’(x—|—t)=AE(x+t), Vx eR.
X

On the other hand, E(x)E(¢) is also a fundamental matrix of (3.29), since E(¢) is constant invertible
matrix. At x = 0, both E(x + ¢) and E(x)E(¢t) take the same value E(¢) (since E(0) = 1), so that
E(x +1t) = E(x)E(z) for all x,r € R. This establishes the first property. Property ii) follows from
property i) taking f = —x and noting that ¢4 = E(0) = 1. Regarding the third property,

o0 k k 1 1
B B P PBP
PeBP_l_—P<E k')P e E E ( ) = PBPT

k=0

O

IIn fact, property i) is a consequence of the following more general property [EDI2009]: if any two matrices A y B commute
(ie., [4,B] = AB — BA = 0), then edAtB — ¢4eB — ¢Be4,
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From the identities (3.36)-(3.37) we deduce that e¥4(e¥04)~1 = ¢(—%0)4 g the canonical funda-
mental matrix of (3.29) at xo. Thus, the solution of the initial value problem

y'(x) = Ay(x)
y(x0) = Yo

is given by

y(x) = A0 o |

On the other hand, from the identities (3.36)-(3.37) and the variation of constants formula (2.26) it
follows that the general solution of the inhomogeneous system associated with (3.29)

y' = Ay + b(x), conb : I — R" continuous,
is given by
X X
y(x) = e¥c 4 ¥4 / e SAp(s)ds = e¥c + / e =9p(5)ds,  ceR”. (3.39)
If we impose the initial condition y(xg) = Yo, the solution thus obtained reads (cf. eq. (2.27))
X
y(x) = edx=%0) +/ e 4p(s)ds |. (3.40)
x0

Example 3.6. Let us determine the canonical fundamental matrix at the origin of the system y’ = Ay,
where

001 0
000 —1

4= 1 00 ol (3.41)
010 0

directly from the definition (3.34). Since the matrix (3.41) satisfies 4> = —1, its powers are given by
A% = k1, A = kA, k=01,

Splitting the series for the exponential into even and odd powers of A and using the above expressions
we obtain

o0 2k o0 2k+1

X X
=3 —DFI+ ) ——— (-D*4
| !
= (2k)! = 2k + 1)!
COS X 0 sin x 0
. 0 COS X 0 —sinx
=cosx1+sinx A= )
—sinx 0 COS X 0
0 sin x 0 CcoS X

e In most cases it is not convenient to use directly the definition (3.34) to compute the canonical
fundamental matrix e*4 of the system (3.29), since it is not easy to obtain a general expression
for the powers of the matrix A, let alone summing the resulting series for the exponential. There
are many different practical methods for computing the matrix exponential (see, e.g., [EDI2009]),
most of which presuppose the knowledge of concepts in linear algebra that may not have been
explained in the first year of the Degree. In the next section we will discuss some practical methods
for computing the matrix exponential which require only a basic knowledge of linear algebra. In
any case, if a fundamental matrix Y (x) of the system (3.29) is known (obtained by any method),
then it is always possible to compute the matrix e*4 using the formula

e =y(x)Y(0) ! (3.42)
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Example 3.7. Let us determine the canonical fundamental matrix at the origin of the system

Y1 =
Vy =y1+2m (3.43)
yé =)Y1—)3.

In other words, we have to compute e* A, where
1 0
A=[1 2 0
1 0 -1
Let us first find a fundamental matrix of the system. To this purpose, note that the equation for y; is
uncoupled from the remaining ones, and it can be readily solved as it is a homogeneous equation with
constant coefficients (the characteristic polynomial is p1(1) = A — 1):

yi(x) =cre, c1 €R.

Substituting this expression into the equations for y, and y3 we get the following inhomogeneous equa-
tions with constant coefficients:

The solution for y; is of the form
ya(x) = cre® + y2,p(x), cs eR.

with y; ,(x) = ae” for some constant « (according to the method undetermined coefficients). Substi-
tuting y2 ,(x) into its corresponding equation we easily obtain @ = —cj. Thus

ya(x) = c2e®* —cie*.

Similarly,

c
y3(x) =C3e_x+zlex, c3 €R.

In summary, the general solution of the system (3.43) is given by

y1(x) 1 0 0 c1
y@)=[yax) | =cre™ =1 +ce® | 1| +cze™|0] =Y(x)|c2 ],
y3(x) 3 0 1 3
so that
e 0 0
Y(x) = |- e2* 0

is a fundamental matrix. The canonical fundamental matrix of the system (3.43) at the origin is thus

e 0 0 100 e* 0 0
=YY l=[—-* e* 0 1 1 0)=| e—e¥ 2 o
1 % 0 1 %(ex—e_x) 0 e~*
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3.3 Practical methods for computing the matrix exponential

In this section we shall present some practical methods for the computation of the canonical fundamental
matrix e¥4 of the system y’ = Ay, with A € M, (R). We shall distinguish two different cases, depending
on whether the matrix A is diagonalizable or not. Let us start with a brief reminder of some basic notions
of linear algebra.

e We say that A € C is an eigenvalue of the matrix A if there exists a nonzero vector v € C” such
that Av = Av. In this case, we say that v is an eigenvector of A with eigenvalue A. The matrix
A is diagonalizable if there exists an invertible constant matrix> P such that J = P71AP is a
diagonal matrix. The elements of the main diagonal of J are the eigenvalues of the matrix 4, and
the columns of P are a basis of C” formed by eigenvectors of A.

e It is well known that the eigenvalues Aj,..., A, of the matrix A (where we are assuming that
Ai # Aj if i # j) are the roots of the characteristic polynomial of A, defined as

] pa() = det(A1 — A) \ (3.44)

In other words, the characteristic polynomial factors as

pat) = [T =27 |. (3.45)

i=1

The integer r; = 1 is called the algebraic multiplicity of the eigenvalue A;. Since p4 is an n-th
degree polynomial, from (3.45) it follows that

Y ri=n. (3.46)

i=1

e An elementary result in linear algebra states that A is diagonalizable if and only if the algebraic
multiplicity r; of each eigenvalue A; coincides with its geometric multiplicity s;, defined as’

s;i = dimker(A4 — ;). (3.47)

Thus s; is the maximum number of linearly independent eigenvectors corresponding to the eigen-
value A;. It is well known that the geometric multiplicity cannot exceed the algebraic one, i.e.,
s; < r; for all i. Therefore, when all eigenvalues are simple (i.e., if r; = 1 for all i) the matrix A
is always diagonalizable.

e Another criterion for determining whether a matrix A is diagonalizable is based on the notions of
minimal polynomial and index of an eigenvalue. Recall that the minimal polynomial ¢4(1) of a
matrix A is the monic polynomial* of lowest degree annihilating this matrix (i.e., ¢4(A4) = 0). The
existence of the minimal polynomial is a consequence of the Cayley—Hamilton theorem, according
to which p4(A) = 0. It can be proved that if the characteristic polynomial is given by (3.45), then
the minimal polynomial is of the form

m
¢aV) = [ —21)%, 1<d; <ril.

i=1

2In general, complex.

3For simplicity’s sake, from now on we shall write A — A instead of A — A1.

4A polynomial is monic if the coefficient of the highest degree term appearing in that polynomial is equal to 1. For instance,
from (3.44) or (3.45) it follows that the characteristic polynomial of any matrix is monic.
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Note, in particular, that the minimal polynomial always divides the characteristic polynomial. The
multiplicity d; of A; as a root of the minimal polynomial is known as the index of the eigen-
value A;. It can be shown (see, e.g., [EDI2009]) that

ri =8 — d;=1. (3.48)

Thus
A diagonalizable <<= d;j=1,Vi=1,...,m. (3.49)

3.3.1 A diagonalizable

In this section we shall see that when the matrix A is diagonalizable it is straightforward to compute the

matrix exponential e¥4. Indeed, let {v!,...,v"} be a basis of C” formed by eigenvectors of A, and let
M1, ..., n be their corresponding eigenvalues:
Avi =o', i=1,...,n. (3.50)

M1
J = , P=@' - "),

MUn

then
A= PJP !,

From the equation (3.38) it immediately follows that

e =pelp, (3.51)
where
o xkyj]l(
k Z k! nwix
0ok ok My k=0 €
xJ * gk ~ . — —
=2 wml =g
k=0 k=0 Mﬁ § xk ik elnX
k!
k=0
e Since e*4 is a fundamental matrix of the homogeneous system (3.29) and P is an invertible matrix,

multiplying the equality (3.51) from the right by P it follows that

Perd = M5yl .. ehnyn) (3.52)

is also a fundamental matrix of this system (see the remarks on page 25). In fact, it is usually easier
to determine Pe*’ than e¥4, since for the former it is not necessary to compute P ~!. However
(unlike e*4, which is always real when A is real) the matrix Pe*”/ may be complex, so that it
might be necessary to take linear combinations of its columns in order to obtain a real fundamental
matrix.

o If the matrix A is diagonalizable, from the previous remark it follows that
fel1Xyl L etnXy) (3.53)

is a fundamental system of solutions of the homogeneous system. If an eigenvalue u; is real we
can always choose v’ to be real, so that the corresponding solution e*i*v* is also real. On the
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other hand, if u; = a 4+ ib € C\R, there exists another eigenvalue ;; = jt; = a — ib with the
same algebraic multiplicity as p; (since the characteristic polynomial is real), and we can always
choose v/ = vi. If v/ = u + iv (with 4, w € R™), we can substitute the two complex solutions
associated with p;, u;

e@EDX () 4 jyy)

by the real and imaginary parts of any of them:
e® (u cos(bx) — wsin(bx)), e® (u sin(bx) + w cos(bx)). (3.54)

(Note that the functions (3.54) are still solutions of the system, on account of the general remarks
on page 22.)

Example 3.8. Let us determine the solution of the inhomogeneous system
/A 2x
] =5y1 —6y2 + 3e
vy =3y1 —4y2

satisfying the initial condition y1(0) = 2, y»(0) = 1. We shall first compute the matrix exponential e*4,

where
5 —6
=3
is the matrix of the homogeneous system, and then determine the sought-for solution making use of the
equation (3.40). The characteristic polynomial of A4 is

=56 | o
pA()t)—’_?’ A+4‘_x ~A-2=(A-2)(A+1).

Since the eigenvalues A; = 2 and A, = —1 are simple, the matrix A is diagonalizable. Thus the
homogeneous system possesses a fundamental system of solutions of the form ehi*yl (i = 1,2), where
v! is an eigenvector with eigenvalue A;. The eigenvectors can be easily computed solving the linear
systems (A — A;)v! =0 (i = 1,2), with the result

2 1
11=2201=(1); kz=—1:v2=(l).

From the equation (3.51) it follows that the canonical fundamental matrix at the origin is given by

A _ p e 0 p-1_ (21 e?* 0 1 =1\ _ [2e** —e™ 2e7F —2e%*
© = 0 e AL 1)V o e )\-1 2) T\ eF—e® 2e7F—e* )

Finally, we determine the solution of the homogeneous system satisfying the given initial condition using
2s
equation (3.40) with xg = 0, yo = (?) =vl,b(s) = (3% ):

X 2s X 2x 35—x
_ xA(2 (x—s)4 [ 3¢ 2x (2 2e?* —e
y(x)=-¢e (1) +/0 e ( 0 ds=e L)+ 3 A 2% _ 3s—x ds

_ 2 +3 [262xs - %ess_x]g _[(6x+ 1)e* +e7*
e2x [ez)cs . %635_)6]?; 3x e2X 4+e ¥ .

Notice that in the second equality we have taken into account the following general property: if v is an
eigenvector of A with eigenvalue A, then
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3.3.2 A non-diagonalizable

In this section we shall present a general method for the computation of the exponential e*4, valid for
any A matrix (whether or not it is diagonalizable). The method is based on the following result, which is
a direct consequence of the existence of the minimal polynomial of the matrix A:

Lemma 3.9. Let A € M, (R), and let p4(A) be its minimal polynomial. Then each matrix element u(x)
of ¥4 is a solution of the linear equation with constant coefficients ¢4 (D)u = 0.

Proof. From the identity
DkexA = gkex4 (3.55)

(cf. eq. (3.31)), it immediately follows that P(D)e*4 = P(A)e*4 for any polynomial P. In particular,
ga(D)e = ga(A) et =0

by the definition of the minimal polynomial. In other words, each entry of ¥4 is a solution of the scalar
equation ¢4 (D)u = 0. O

The obvious question that arises in view of the previous lemma is which concrete solution of the equation
$4(D)u = 0 appears in each matrix element of ¥4, a question that we shall answer next. Let d be the

degree of the minimal polynomial, and let {¢1,...,¢;} be a fundamental system of solutions of the
equation ¢4 (D)u = 0, which will be assumed to be real. By virtue of Lemma 3.9, each matrix element
(e*4); j 1s a linear combination of {1, ..., @4}, that is, there exist d real constants cilj, cee, cldj such that
xAy.. _ 1 2 d
(e*%)ij = Cij P1(x) + Cij @2(x) + -+ + Cij ®d(x) . (3.56)
Equivalently, if
k k k
i1 - iy
k k k
Ce= |2 2 | k=14,
k k k
n1 Cn2 Cnn

we can express the equality (3.56) in matrix form as
C1
A C2
= p1(X)C1 + @2(X)Ca + -+ 94 (x)Cqg = (p1(x) @2(x) ... @a(x)) .- G5D
Ca

Differentiating repeatedly this expression taking into account equation (3.55), and evaluating the result-
ing expression at x = 0 we obtain

o) C1+ 9RO Co + -+ 9RO Cs = 4F,  k=0,....d-1. (3.58)

These d equations are equivalent to the formal matrix equation

=

©1(0) ©20) ... @q(0) C1
901(0) ¢§(0) coﬁi (0) C, A

o 1)(0) o™ 1’(0) gl ”(0) Cy Ad-1
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ie.,
C 1
C, A
20)| . | = :
C 4 Ad -1
where @(0) is the Wronski matrix of the solutions ¢1, . .., ¢ evaluated at x = 0. Since @(0) is invertible

(why?), from the latter equation it follows that

Cy 1
= ¢0)!
Cy Ad—l
Substituting this expression into (3.57) we obtain the following formula for computing e*4:
1
xA -1 A
= (p10) () ... ea)eO || (3:59)
Ad—l

e A variant of the method just explained consists in using the characteristic polynomial p4(A) in-
stead of the minimal polynomial ¢4 (A). In that case we would obtain a formula analogous to (3.59)
substituting d by n, and @(0)~! would be the inverse of the Wronski matrix evaluated at x = 0 of
a fundamental system of solutions {¢1, ..., ¢, } of the scalar equation p4(D)u = 0. The advan-
tage of this variant is that it is not necessary to determine the minimal polynomial, but if n > d
it has the disadvantage of having to compute higher powers of the matrix A and inverting @(0),
which in this case would be an n x n matrix.

Example 3.10. Find the solution of the initial value problem

' — 4 _
=4 with A= (3 4), o = (é)
y(0) = yo, I -1

From the equation (3.35) it follows that the sought-for solution is

y(x) = e ((1)) ,

that is, the first column of e*4. The characteristic polynomial of 4 is

_|A=3 4 | 5

so that A only has the eigenvalue A; = 1 with algebraic multiplicity 2. Since A is not diagonalizable
(any matrix with just an eigenvalue is diagonalizable if and only if it is a multiple of the identity) the
index of A; is 2, and the minimal and characteristic polynomials coincide. A fundamental system of
solutions of the equation

¢a(Dyu = (D — 1)>u =0

consists of the functions ¢; = e* and ¢, = xe*, whose corresponding Wronski matrix is

ex

xe*
P(x) = (ex (x + l)ex)'
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_ 1o\ " 10
*(0) 1:(1 1) :(—1 1)'

Using the formula (3.59), we have

e e (1) (3) = me e () = 0moeena = (VL)

so that the sought-for solution is

Thus

) = ((l + 2;6) ex) ‘

X€

Example 3.11. Let us apply the formula (3.59) to determine again e*4, where 4 is the matrix (3.41) of
the Example 3.6. The characteristic polynomial of A is

A 0 -1 0
0 A 0 1
pa) = =AA2+ D+ A% +1=@A%>+1)%,
1 0 A 0
0 -1 0 A
and thus its eigenvalues are =i, both with algebraic multiplicity 2. Since the matrix A satisfies A2 = —1

and the minimal polynomial divides the characteristic one, in this case ¢4(1) = A% + 1. (Note that the
indices of the eigenvalues =i are both 1, so A4 is diagonalizable). A fundamental system of real solutions
of the equation

pa(Dyu=MD*+NDu=u"4+u=0

is made up by the functions ¢1 = cos x, ¢ = sin x, with Wronski matrix

D(x) = (

cosx sinx
—sinx cosx/’

From equation (3.59) it then follows that

—1
e = (cosx sinx) (é (1)) (111) = (cosx sinx) (1]411) =cosx1+sinx A4,

in agreement with the expression previously obtained.

Example 3.12. Let us compute the canonical fundamental matrix at x = 0 of the system

I 1 1
y =Ay, A=12 1 —-1]. (3.60)
0o -1 1
The characteristic polynomial of the matrix A reads
A—-1 -1 -1
paAM) = =2 A—-1 1 [=QA-DA*=21)+22-1) =A-2)(A?=1=2) = A+1)(A-2)>.
0 1 A—1
The eigenvalues of 4 are thus Ay = —1, A, = 2, with respective algebraic multiplicities ry = 1, rp = 2.

Since
1 1 —1 1 1

2 e
A+1HA-2)=[2 2 -1 2 -1 -1)=[- - -]=#o0,
0 —1 2 0 -1 -1 -2 .
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the index of the eigenvalue A, is np = 2, so that the minimal and characteristic polynomials coincide
and A is not diagonalizable. (Alternatively, since the rank of

-1 1 1
A-2= 2 -1 -1
0 -1 -1

is clearly 2, it follows that
sp = dimker(4A —2) =3 —rank(4—-2) =1 < ryp,
so that A is non-diagonalizable and n, = 2.) A fundamental system of solutions of the equation
¢a(D)u = (D + 1)(D —2)*u =0

is made up by the functions ¢ = e, g5 = e?¥, p3 = xe>*, with corresponding Wronski matrix

e X er xe2x
&(x)=[—-e* 2e2* (14 2x)e**
e™  4e** 4(1 + x)e**
Thus )
1 1 0\ | 4 —4 1
-1
o' =(-1 2 1] =5[ 5 4 -
1 4 4 -6 -3
From the formula (3.59) it follows that
1 4 —4 1
4 = 5 (e_x e xezx) 5 4 -1 A
-6 =3 3] \4?
1 1
= — (4e7* + 5e** — 6xe>* —4e™* 4 4e?* — 3xe?* e ¥ —e? 4+ 3xe?) | A
9 42
3e™* + 6e2* 3e2X _ 3e* 3e2X — 3eX

1
=5 2(3x +2)e®* —4e™* de ¥ 4+ (3x +5)e?*  4e™* + (Bx —4)e?* |,
2(1 —3x)e?* —2e™* 2™ —(3x +2)e** 2e 4 (7 —3x)e**

where in the last equality we have taken into account that

3 11
A2=| 4 4 0
-2 -2 2



Chapter 4

Analytic functions

4.1 Algebraic properties of complex numbers

Definition 4.1. C = {R?, +, -}, with sum and multiplication defined as

(x1, 1) + (x2,32) = (x1 + x2, 1 + ¥2)
(x1,y1) - (x2,y2) = (x1X2 — y1y2, X1y2 + X2)1)-

Justification:
e The sum and product of pairs of the form (x, 0) coincides with those of the real numbers x € R
= we can identify the complex number (x, 0) with the real number x € R
— we can identify R with the subset {(x,0) : x € R} C C (real axis)

Note that for all A € R we have A(x,y) = (A,0)(x,y) = (Ax,Ay). Thus the set of complex
numbers can be regarded as the vector space R? (with the usual operations of sum of vectors and
scalar multiplication) with an additional operation of multiplication of complex numbers).

ei=(0,1)=i2=i-i=(0,1)-(0,1) = (=1,0) = —1
e (x,y) =(x,004+y(0,1)=x+1iy

’

—> | (v Fiy) (2 +iy2) = (¥1x2 — y1y2) +ilx1y2 + x21)

which is the usual rule for multiplying the complex numbers x; +iyj and x5 4 1y>.
o Ifz=x+41y (x,y € R), we define
Rez = x, Imz=y
(real and imaginary parts of the complex number z)
e Since C = R? (as sets), equality in C is defined as
z=x+iy=w=ut+ivE=Sx=u,y =v.

In particular,
z=x+1y=0x=y=0.

Proposition 4.2. C is a field: for all z, w,s € C we have

z+tw=w+z Zw=wz
z+(w+s)=C+w)+s z(ws)=(zw)s
z4+0=z lz=1z
d—-zeCtq.z+(—2)=0 7#40=37'eCtqzz'=1

Z(w+s)=zw+zs.

49
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Proof. Obviously, z = x +iy = —z = —x —iy. The existence of the inverse with respect to the
product for all z = x + iy # 0 is deduced from the following calculation:

1 1

7T =utiv=2zz =@@u—yv)+ixv+yu) =1
xu—yv=1
yu+xv=0
- * _ Y 2., .2
@M—m, U——m (notethatz#O:x +y #O)
-1 X - y
— 2z = —1 .
2z X2 + y2 X2 + y2
The remaining properties can be easily checked from the definition of the operations in C. O

e Asin every field, the inverses —z and z ! (if z # 0) of the number z € C with respect to the sum and
product are unique.

Z _
=zwl, "=z-z----z (neN).
N ——— ——

Notation: —
w

n times

e (C is not an ordered field: if it were so, then

i“=i-i=-1=20.

4.1.1 Square roots (algebraic method)

Ifz=x+iy,letusfindall w = u + iv € C such that w? = z:

w? =7 &= u?—v? +2iuv = x +1iy
u? —v? =x
—
2uv =y
= x? + 32 = W +v*)? = u? +v? = /x2 + y2

1 1
— u? = E(x—l— \/x2+y2), v? = E(—x—l— \/xz—l-yz)

Since (by the second equation) the sign of #v must coincide with that of y, it follows that

/ /%242 [_ /52 2)
:I:( x+ )2c+y —|—isgny X+ 2x +y ) y;éO
w =
+./x, y=0, x=0
+i/—x, y=0, x <O0.

The square roots of a complex number z # 0 are therefore two distinct complex numbers (of opposite
signs). The square roots of z are real if and only if z € R™ U {0}, and pure imaginary if and only if
zeR™.

Example: The square roots of 3 — 41 are

(f512) oo
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e Any quadratic equation with complex coefficients can be solved using the usual formula:

1
az’?+bz4+c=0 z=2—<—b:izvb2—4ac), a,b,ceC, a#0,
a

where ++/b2 — 4ac denotes the two square roots of the complex number h? — 4ac. Indeed, it
suffices to complete the square

b\* 1
az>+bz+c=alz+=—) —— (b*—4ac)
2a 4a
and apply the previous result on the existence of square roots in C.

Example 4.3. The solutions of the equation z2 — 8iz — (19 — 4i) = 0 are the complex numbers

2+3i

4it/—-16+19-4i=4i+V3—-4i=4i£2—-1) = 24 50
— 1.

e Newton’s binomial theorem is valid in the complex case:

n
(a—i—b)”:Z(Z)akb"_k, a,beC,neN.

k=0

Indeed, as in the real case, the proof of this identity uses only the field properties of the complex
numbers.

4.1.2 Modulus and conjugation

Geometrically, complex numbers can be regarded as points on the plane by identifying the complex
number z = x + iy with the point with coordinates (x, y). Hence the set C is often called the complex
plane. When using this geometric representation of C it is also common to refer to the horizontal axis
the as the real axis, and to the vertical one as the imaginary axis, cf. fig. 4.1.

A

\

N|

Figure 4.1: Complex plane.

o If z =x +1iy € C, its modulus and complex conjugate are respectively defined as

|z| = \/x2 + y2 (distance of z to the origin)

Z=x—1y (reflection of z with respect to the real axis)
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1 1
= |Rez==(z+72), Imz =—=(z—-2)]|.
2 21

The number z € C is real if and only if z = Z, and purely imaginary if and only if z = —Z.
e Properties:

NVzZ=z

i) z+tw=z+w
w

i) Z7w=z-w = 1/z=1/Z (ifz #0)
v) [z] = Iz]
1 Z
B ) z#0 = 2z =—3
v) zZ = |z|7” = |z]
1

z| =1 <= zZ=2z"
vi) |z - w| = |z]| - |w| (square this equality to prove it) —> ‘z_1| = |z|7' siz #0)
vi) w #0 = z/w=7Z/w, |z/w|=]z|/|w| (consequence of iii) and vi))

viii) [Rez| < |z|], |Imz| < |z (i.e., —|z] <Rez,Imz < |z])

e Triangle inequality: ’ lz +w| < |z]| + |w] ‘

In fact:

lz+w?=@E+wEFw =z>+ [w?+ @w+zZw) = |z]> + |w|* + 2Re(zW)
<z + Jw)? +21zw] = |22 + w4+ 2z] [w] = (2] + [w])>.

e Consequences:

D lz] = wl|| < |z —w|
Indeed:

2] = [z —w) +w[ < [z —w[ + [w] = [z] = [w| < [z —w]

and interchanging z and w one obtains the inequality |w| — |z| < |z — w|.
1 _ 1

i) |z] > |lw| = <
|z —w|  |z] = |w]

4.1.3 Argument

\

Figure 4.2: Definition of argument.

e If 0 #£ z € C, there exists 8 € R such that

Z = |z| (cos € + isinB) (cf. Fig. 4.2).
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Geometrically, the number 6 is the angle formed by the positive real axis with the vector z, and is
thus defined up to an integer multiple of 2. For instance,

t=i = fe¢ g,gizn,gﬂn,...}={g+2kn:kez}.

Definition 4.4. arg z (argument of 7): any 8 € R such that z = |z| (cos 8 + isin 8).

In other words, arg z is any of the oriented angles formed by the positive real axis with the vector z.
Thus arg z takes infinitely many values, which differ from each other by an integer multiple of 2. Note,
in particular, that arg is not a function.

Example:
argi € {%—i—an:k EZ} , arg(—1—1i) € {%“—i—2krt:k EZ} = {—37“+2kn:k EZ}.

e The argument 6 can be made unique by imposing the additional condition that it belongs to a

certain half-open interval I of length 27 (such as [0, 27), (—m, 7], ( — %, 37“], etc.). In so doing

we say that we have chosen the branch / of the argument, denoted as arg; . In other words:
Definition 4.5. arg; (z) = unique value of arg z which belongs to the interval /.

Note, in particular, that
arg; : C\ {0} —> I

is a function.
Example: argpg 5py(—1—1) = %", arg_p (=1 —-1) = _%_

e Principal value or main branch of the argument:

Arg = arg(_y x]

Z 1|14 i —14+i|-1| -1-i —i 1—i

Example: Argz |0 | n/4 | /2| 3n/4 | = | —3n/4 | —w/2 | —n/4

e Clearly, Arg : C \ {0} — (—m, nt] is a discontinuous function on R™ U {0}. Likewise, argpg ) is
discontinuous on R U{0}. In general, the branch arg(g,,6,+2m) (Or argg, g,+2x]) is discontinuous
on the closed half-line forming an angle 6y with the positive real axis.

e Polar or trigonometric form of a complex number:

z#0 = z =r(cosf +isinb), r=|z|, 6 =argz.

ez w#0; z=w < (|z]=|w|, argz=argw mod 2m).

e Geometric interpretation of the product of complex numbers: if 7 = ri(cos 0 + isin6) # 0
(k =1,2) then

2122 = r1(cos By + isinbq) ra(cos 62 + isin 6;)
= r1ry [(cos 61 cos B, — sin 61 sin ) + i(cos 61 sin G2 + sin B1 cos 65)]
=rir2 [COS(91 + 92) + isin(91 + 92)]

From this calculation it follows that |z1z2| = |z1] |z2| (property vi) on page 52), together with

’arg(le) =argz; +argzp, mod 2xw ‘ 4.1)
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e Note that, in general, Arg(z122) # Argz; + Argz,. For example,
3
Arg(—i) = —g # Arg(—1) + Argi = 77[ .

e Consequences: given nonzero Z, w, then

(zz7'=1=) arg(z™!) = —argz mod 27
(zZ=z* > 0=) arg(z) = —argz mod 2w
== arg(z/w) = argz —argw mod 27.

4.1.4 De Moivre’s formula

e If z = r(cos 8 +isin @), from (4.1) it may be proved by induction de Moivre’s formula

Z" = r"[cos(nf) +isin(nb)], neN|.

e 7 = r_l[cos(—G) + isin(—@)] — the formula is valid for all n € Z.

e De Moivre’s formula can be used to express cos(n8) or sin(n6) as a polynomial in cos 6 and sin 8.
For instance:

(cos 0 + isin0)3 = cos(36) + isin(360)

= (cos> 8 — 3 cos 0 sin 0) + i(3 cos? @ sin 6 — sin> 6)

cos(30) = cos> @ — 3 cos @ sin? §
=
sin(30) = 3 cos? 0 sin 6 — sin> 6.

4.1.5 n-th roots

If z = r(cosf +isinf) # 0 and n € N, the n-th roots of z are the solutions w € C of the equation
w" = z:

w#0 = w = p(cose +ising)
w" = p"[cos(ng) +isin(ng)] = r(cosf +isin6)

Pl=r = p= Yr=ri/n
—
npg =0+2kn, keZ

2 2
= |w= f/7|:cos(€+ﬂ)+isin(€+ﬂ)], k=01..,n-1 (4.2)
n n n n

(since k and k + In, with [ € Z, yield the same number w).
.". A nonzero complex number has n distinct n-th roots. In particular, Q/E is not a function.

Example: the cube roots of i are the numbers

n+2kn Lisi n+2kn K —0.1.2
w=cos|—+— isin{ —+ —, =0,1,
6 3 6 3

— w= %(\/ngi), %(—«/ngi), —i.
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e Geometrically, the n n-th roots of a number z # 0 are the vertices of a regular polygon with n
sides inscribed in the circle of radius {/|z| centered at the origin.

o In particular, the n n-th roots of unity (z = 1) are the numbers

2k 2k
Enk =COS(—R) +isin(—n), k=0,1,...,n—1.
n n

e From de Moivre’s formula it follows that &, ; = (¢n)¥, where
&n =€, =COS| — | +1sin| —
n n

Example: the six sixth roots of unity are

[cos (g) + isin (g)]k = zik(l +i«/§)k, k=0,1,...,5
=1, %(1 +iv/3), %(—1 +iv/3), —1, _%(1 +iv/3), %(1 —iv3).

Exercise. Let z be a nonzero complex number.

i) Show that its n-th roots are given by
a)o-(en)k, k=0,1,...,n—1,
where wyq is any n-th root of z.

ii) Prove that the sum of all n-th roots of z is 0.

4.2 Elementary functions

4.2.1 Exponential function

Ift e R,
[e.e]
O
k!
k=0
cost = ,;)(_1) 0!

l2k+1

sint. = Z( D e Qk + 1)

If z =x+1iy € C (with x, y € R), the identity /! 722 = e’le’2 suggests defining e = e*e'”. On the
other hand, proceeding formally we obtain

o 2k+1

e = 2:: Z (Zk)' (2k 1)

=cosy +isiny (ya quel = (12)k = (—l)k).

Definition 4.6. Given z = x + iy € C (with x, y € R), we define

’ez =e¥(cos y —i—isiny)‘.
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Remark: If z € R, the complex exponential obviously reduces to the real one.

Particular cases:

el = 1, em/z =i, e™=_1, e31':1/2 — e2m — 1|

Properties: For all z, w € C we have
i) |e?| = eReZ, arg(e?) = Imz mod 2m, e% = e%.
i) e2TW = eZe¥.
iii) e # 0, forall z € C.
iv) ¢ =1 & z = 2kmi, withk € Z.
v) e? is a periodic function with periods 2k i, where k € Z.
Proof:

1) Immediate consequence of the definition.

il) If z =x +1iy, w = u + iv, from the previous property and equation (4.1) it follows that

e“e?” = e e¥ [cos(y + v) + isin(y + v)] = e¥ ¥ [cos(y + v) +isin(y + v)] = *TY.

iii) efe = =1 = (&) ! =e72.

iv) e¥ =e*(cosy +isiny) =l<=e* =1, y=0 mod2n < x =0, y =2kn (k € Z).
v) e2 = efT¥W &= e¥ = | &= w = 2kmi (k € Z).

fargz_

o z =|z]e

e From the definition of the complex exponential and the formula (4.2) it follows that the n-th roots
of a nonzero number z are given by

Yz en@eat2km e — 01, n—1. (4.3)

4.2.2 Trigonometric and hyperbolic functions

If y is real then

e” =cosy+isiny, e =cosy—isiny = cosy =

(eiy +e ). siny = % (eiy —e TV ).

| =

Definition 4.7. For all z € C we define

(e + e_iz) , sinz = % (eiz —e 7).

| =

COSZ =

Note that for real z, both cos z and sin z reduce to the corresponding real-valued functions.

Properties: forall z, w € C we have

i) cos(—z) = cos(z), sin(—z) = —sinz.

1) COSZ = cosZ, sinz = sinZ.
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iii) cos(z + w) =coszcosw —sinzsinw, sin(z + w) = sinz cosw + cos Z sin w.
iv) cosz = sin (¥ £ z).
v) cos?z +sin®z = 1.
vi) sinz =0 z=kn(k€Z), cosz=0=z=%+kn (k € Z).
vii) cos z y sinz are periodic functions with periods 2k, where k € Z.
Proof:

1) Immediate.

ii) Consequence of e” = e%.

iii) For instance,

% (eiz _ e—iz) (eiw _ e—iw)

(el + e Ze™ %) = cos(z + w).

CcOSZ Ccosw — sinzsinw = (eiz + e—iz) (eiw + e—iw) 4

S N

iv) Particular case of iii).
v) Take w = —z in the formula for cos(z + w).

vi) sinz =0 &= el? —e 2 =0 &= 22 =1 &= 2z =2kni(k € Z) &= z = kn (k € 7).
From item iv) it follows the corresponding formula for the zeros of cos.
vii) By item iv), it suffices to prove the statement for the sine function. From the identity
w

n(e +w) —sing =sin (24 5+ 5) —sin (3 4+ 5 = 5) =26 (3 )eos (24 3)
1n —Sinz = Sin - — ) — sSin - — =)= my\ — -
S g w Smzg S Z ) > S Z > 5 S 2COSZ )

it follows that sin(z + w) — sinz = 0 for all z if and only if sin(w/2) = 0 (take z = —w/2). By
the previous item, this condition is fulfilled if and only if w is an integer multiple of 2.

As in the real case, the remaining trigonometric functions are defined in terms of sin and cos:

sin z b1

tanz = , secz = (z # = +kmn, kel
Ccos Z CoS Z 2
Ccos Z 1

cotz = — = , cscz = —— (z#kmn, keZ).
Sin Z tan Z Sin Z

Hyperbolic functions: for all z € C we define

coshz = (ez + e_z), sinhz = (eZ - e_z) .

| =
| =

— |coshz = cos(iz), sinhz = —i sin(iz)‘

e The properties of the hyperbolic functions can be deduced from the latter equalities. For instance:
cosh? z — sinh? z = cos?(iz) + sin?(iz) = 1.

e The remaining hyperbolic functions are defined just as in the trigonometric case. For instance,

sinh z

tanhz = = —itan(iz) (z # g + ki, k € Z), etc.

cosh z
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e sinz = sin(x + iy) = sinx cos(iy) + cos x sin(iy) = sin x cosh y + icos x sinh y.

In particular, notice that sin z is real if z is real, or if z = 7 + iy + k= with arbitrary y € R and
k € 7. Likewise, cos z isreal if z € R, orif z = iy + k7 with arbitrary y € R and k € Z.

Exercise. If z = x + 1y (with x, y € R), show that
|sinz|? = sin® x + sinh? y , |cos z|? = cos® x + sinh? y .

Deduce the inequalities | sinh y| < |sinz| < coshy and |sinhy| < |cosz| < coshy. In particular,
note that sin and cos are not bounded on C.

4.2.3 Logarithms

e In the real case, exp : R — R (where exp(t) = e’) is a bijection. Its inverse is the function
log : Rt — R. By definition

logx =y<=x=¢" (= x>0).

¢ In the complex case, exp is not invertible for it is not injective (since it is periodic). By definition,
the logarithms of z € C are all complex numbers w such that e = z. We then have:

eV =7z = z#0;
w=u+iv = e¥(cosv +isinv) =z #0
e¥ = |z| & u = log|z]
—
v=argz mod2x
< w =log|z| +iargz mod 2i.

If z # 0, the equation e” = z thus have infinitely many solutions, differing from each other by an
integer multiple of 2mti. These solutions w are called the logarithms of z # 0. In other words,

]z;«éo — logz =log|z| +iargz + 2kmi, keZ‘.

Note, in particular, that log (just as arg) is not a function.
e Example: .
log(—2i) = log 2 — g +2kni, keZ,

where log 2 € R is the real logarithm of 2.

Notation: In general, if x € R™ we shall denote by log x the real logarithm of x, whereas logc x =
log x + 2k i (with k € Z) will denote its complex logarithms.

Definition 4.8. Given a half-open interval / of length 21, the branch / of the logarithm is defined as

llogzz = log|z| +-iargyz,  Vz ;ﬁo\.

37

For instance, logpg o) (—2i) = log2 + 3.

e Note thatlog; : C\ {0} — {s € C :Ims € I} = R x [ is a function.

e The principal branch of the logarithm is defined by

Log = 10g(_y x] |-
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. | i
Example: Log(—2i) =log2 — %1, Log(—1) = wi, Log(—1—1i) = 3 log2 — Tm

Properties:
i) Forall z # 0, ¢el°¢12 = 7,
ii) log;(e"”) = w mod 2mi. In particular, log; (e¥) = w <= Imw € I.

iii) log; : C \ {0} — R x [ is a bijection, with inverse function given by exp : R x I — C \ {0},
where exp(z) = e%.

iv) z,2w #0 = log;(z - w) = log; z + log; w mod 2i.
Proof:
i) 2 # 0= elotr 2 = gloglzl+iare; z _ gloglzlgiarg; 2 — || elares 2 = 7,
i) If w = u + iv then
log; (") = log(e¥) +iarg;(e¥) =u +iv=w mod 2i.

since [e”| = e¥, arg;(e”) = Imw mod 27. On the other hand, from the previous calculation it
follows that
log;(e¥) =w <= arg;(e¥’) =v<=v=Imwel.

iii) In order to establish that log; is a bijection, one must show that for any w withImw € I thereis a
unique z € C \ {0} such that log; z = w. But this clearly holds in view of the previous properties,
with z = e = exp(w).

iv) The exponentials of both sides of the equality coincide, so that this property follows from ii). As
an alternative proof observe that

log; (zw) = log |zw]| + iarg; (zw)
= log |z| + log |w| + i(arg; z + arg; w) mod 27i
= (log|z| + iarg; z) + (log |w| 4+ iarg; w) mod 2mi
= log; z +log; w mod 2.

Note: In general, Log(zw) # Logz + Log w. For example,

i ™ . .omi 3mi
Log(—i) = 5 # Log(—1) + Logi = i + 5 =7

4.2.4 Complex powers
Ifa,b € C and a # 0, e, we define

b _ ebloga

a ,  where loga =log;a+2kmi, keZ|.

Therefore, in general a denotes a collection of complex numbers:

ab — eZkbnieblogl a  kel.

More precisely, it can be shown that:
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i) beZ = aP takes a single value:

a-a-----a if b > 0,
N ——
b times
1, ifb=0
al.gb.....qgb if b <O0.
—b times

ii) If b = p/q € Q, with p € Z and 1 < ¢ € N coprime, then a? = a?/4 takes exactly ¢ values (the
q g-th roots of a?).

iii) If b € C \ Q, a? takes infinitely many values which differ from each other by a factor of the form
k0™ with k € Z.

Example:
(—1 + i) = oillog(=1+D)+2kni] _ —2kmwi(3 log2+3) (k € 7)
— oA H2nm log2 € 7).
e If a # 0, e, each branch of log defines a function a5 = e* loga

Exercise. Givena,b,c € C with a # 0, e, discuss the validity of the equality

4.3 Cauchy-Riemann equations

4.3.1 Basic topological concepts
i) A neighborhood of a € C is any open disc centered at @ with radius r > 0, i.e.,
D(a:r)y={ze€C:|z—al<r}.
We shall denote by D (a;r) = {z eC:lz—a| < r} the corresponding closed disc.
ii) Punctured neighborhood of a € C = D(a;r) — {a} = {z eC:0<|z—a|< r}.
iii) A set A C C is open if it contains a neighborhood of each of its points:

Yae A, Ir >0 st. D(a;r) C A.

iv) Aset A C C is closed <= its complement C \ A4 is open.

v) Aset A C C is compact <= A is closed and bounded (A4 is bounded if A C D(0; R) for some
R > 0).

vi) An open set A C C is connected if for any two points z, w € A there is a continuous curve
y 1 [0,1] — A such that y(0) = z, y(1) = w. [Note: it can be shown that in the latter definition
the term “continuous” may replaced by “differentiable” or even C°°.]

vii) A region is a non-empty connected open subset of C.
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4.3.2 Limits

Notation:
f:C->C

z=x+iy > f(2) =ulx,y) +iv(x,y).
Note: The notation f : C — C does not imply that f be defined on all of C.

eu :R?> - Rand v : R? — R (the real and imaginary parts of f, respectively) are scalar
real-valued functions

Definition 4.9. If f : C — C is defined on a punctured neighborhood of @ € C and / € C, we shall
say that 1i_1>n fl)=1if
Z—a

Ve>03§>0st. 0<|z—al<d = |f(r)—I|<e.

e Since the modulus of the complex number w = u + iv is equal to the norm of the vector (u, v) €
R2, the latter definition of limit coincides with the usual one for a function f : R? — R?2.

Properties:
i) If the limit lim f(z) exists, it is necessarily unique.
Z—a

ii) lim f(z) =/ <= lim u(x,y)=Rel and lim v(x,y)=Iml/.
Z—a (x’y)_>a

(x,y)—>a
iii) 3 lim f(z), lim g(z) = lim [f(2) + g(2)] = lim f(z) + lim g(2).
Z—a Z—a Z—a Z—a Z—a

iv) Hzliggl f(Z),zliggz g(z) = Zlgrgl [f(2)g(x)] = zli’% f(Z)-Zlig}l g(2).

1 1

31 li = .

V) Jm g(2) #0 = Jlim c@ " Tm e
zZ—>a

Proof:

i)iii) are well-known properties of the limits of functions R? — R?
iv)—v) are demonstrated as in the real case, replacing the absolute value by the modulus.

4.3.3 Continuity

Definition 4.10. Let f : C — C be defined on a neighborhood of ¢ € C. We shall say that f is
continuous at g if

lim f(z) = f(a).

Z—a
We shall say that f : C — C is continuous on a set A C C if and only if f is continuous at every point
of A.

Properties:

i) f and g continuousata = f + gy fg continuous at a.
ii) If, in addition, g(a) # 0, then f/g is continuous at a.

iii) f : C — C continuous ata and h : C — C continuous at f(a) == ho f continuous at a.

Proof:

1)—ii) are an immediate consequence of the properties iii)—v) of limits, whereas iii) is proved as in the
case of functions R — R.

e A polynomial or a rational function is continuous at all points of its domain.
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4.3.4 Differentiability
Definition 4.11.

e A function f : C — C defined on a neighborhood of a € C is differentiable at a if there exists

i L@ @ _
im ————— =

z—a z—a

@]

The number f”/(a) € C is called the derivative of f at a.
e f :C — C is analytic (or holomorphic) on an open set A if it differentiable at each point of A.

e f is analytic on an arbitrary set B if it analytic on an open set A D B, or, equivalently, if it is
analytic on a neighborhood of each point of B.

In particular, f is analytic at a point a € C if it is differentiable on a neighborhood of a. Therefore, f
analytic at a is a stronger condition than f differentiable at a.

Proposition 4.12. f : C — C differentiable ata € A — [ continuous at a.

Proof. Indeed,

_ @ f@
= lim ¥—"————~

z—a zZ—a

-Zli_rBl(Z—a) = f'(a)-0 = 0.

f&)—f@)%z_aﬁ
Z—a

lim [f(z) = f(a)] = Zh_lgl[
O

Algebraic properties:
If f:C— Candg:C — C are differentiable at z € C, and a, b € C, then:

i) af + bg is differentiable at z, with (af + bg)'(z) = af’(z) + bg'(z) (linearity).
ii) fg is differentiable at z, with (fg)"(z) = f'(2)g(2) + f(2)g'(z) (Leibniz rule).
iii) If g(z) # 0, then f/g is differentiable at z, with

g(2) f'(2) - f(2)g'(2)
g(z)? '

(f/8)(z) =

e Polynomials and rational functions are differentiable at all points of their domain, and their deriva-
tives are computed as in the real case.

4.3.5 Cauchy-Riemann equations
o Ifa =aj +iay € C,let M, : R? — R? be the linear mapping
M, -z=az, VzeR?2=C.
Since

My,-(1,0)=M,;-1=a=(a1,a2), My-(0,1)=M,-i=1a = —ay +ia; = (—az,ay),

. . . . . o ay —a
the matrix representing M, in the canonical basis of R? is given by (al p 2) .
2 1



Cauchy—Riemann equations 63

e Recall that a function f : C — C defined on a neighborhood of z¢ € C is differentiable in the
real sense at zg if there is a linear mapping Df(z¢) : R? = C — R? = C such that

. 1f(@)— f(z0) = Df(z0) - (2 — z0)| _
lim =0].
Z—>20 |z — zo|
(Notice again that the modulus of z = x 4+ i1y € C is the norm of the corresponding vector

(x,y) € R2.) The linear mapping Df(z¢) is called the derivative in the real sense of f at zo. The
matrix representing Df(zo) in the canonical basis of R?, called the Jacobian matrix of f at zg, is

given by
Jf(zo) = (ux(Zo) ”y(ZO))’

vx(20) Uy (zo)

. du .
where we have used the customary notation u, = ——, and similarly for uy, vy, vy.

dx

Theorem 4.13. Let f = u +iv : C — C be defined on a neighborhood of zo = xo +1yg € C. Then
f is differentiable at 7 if and only if the following two conditions hold:

i) f is differentiable in the real sense at (xg, Vo).

it) The Cauchy-Riemann equations

av du av
—(x0,y0) = =—(x0.¥0), = (x0,y0) = —=—(x0, yo)
0x dy dy ox

are satisfied.

Proof.
=) f isdifferentiable in the real sense at zo = (xo, yo) with derivative Df(zo) = M/ (), since

lim @) = f(2o) = f'(zo)z—z0) _ . |f(2)— f(zo) — f(z0)(z —20)
im = lim
720 |z — zo] z2=20 Z—2o0
~ lim M_f’(z())‘ —0,
Z—>20 Z—20

u
for f is (by hypothesis) differentiable at z. Let us denote a—(xo, Yo) as Uy, and similarly for the other
X

partial derivatives of u and v at (x¢, yo). Equating the matrix representing Df(z¢) in the canonical basis
of R? —that is, the Jacobian matrix J f(zo)— with that of M £1(z0)» ONE obtains

(ux My) _ (RC f(zo) —Im f'(Zo))
Ux Uy Im f'(zo) Re f'(z0) )’

which yield the Cauchy—Riemann equations, together with the relations

. 1 .
f(zo) = ux +ive = Y(uy +ivy).

<=) From the Cauchy—Riemann equations it follows that the Jacobian matrix of f at z¢ is of the form

Ux —Uyx
vx  Uux )’

which thus corresponds to the matrix representing the linear operator M., with ¢ = u, + ivy. This
implies that Df(z9) = M., thatis, Df(z¢) - (z — z0) = ¢(z — Zg), so that

oo @S-z _ [ @)~ fGo)
=1 = lim |[——— —c
Z—>2Z0 |z — zo] 220 Z—2o0

— im L@ G0 _
220 Z—20
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This shows that f is differentiable (in the complex sense) at z¢, and

) 1 )
f'(zo) = ¢ =uyx +ivy = (uy +ivy),

where the last equality follows again from the Cauchy—Riemann equations. O

e From the proof of the previous theorem it follows that if f = u +iv is differentiable at zog = x¢ +1iyo
then

f'(z0) = ux(xo, yo) + ivx(xo, yo) = %(Zo)

= 0y 0. 30) + 0y (0. 30) = § -G

These equalities can also be easily deduced from the definition of derivative of f in Definition 4.11
(exercise). Note also that the Cauchy—Riemann equations are equivalent to the relation

af _ 19f
5(20) = ;5(10) .

e Theorem 4.13 can also be rephrased in the following alternative form:

Theorem 4.14. A function [ : C — C defined on a neighborhood of zo = xo +iyo € C is
differentiable at 7 if and only if the following two conditions hold:

i) f is differentiable in the real sense at (xg, yo)

ii) There is a complex number ¢ such that Df (xo, yo) = M..

In addition, if the above conditions are satisfied then f’'(z¢) = c.

An immediate consequence of Theorem 4.13 is the following

Proposition 4.15. If f : C — C is analytic on a region A, and f'(z) = O forall z € A, then f is
constant on A.

Proof. Indeed, f differentiable (in the complex sense) at z € A implies that f is differentiable in the
real sense at this point, with Df(z) = My/(;) = 0. The statement then follows from the analogous result
for functions R” — R™. O

4.3.6 Derivatives of the elementary functions

Derivative of the exponential

f(z) =e¢ = u(x,y) =e*cosy, v(x,y) =e*siny = u and v are of class C*(R?) =
f differentiable in the real sense on all of R%. Moreover,

Uy =e*cosy = vy, Uy =—e'siny = —vy.

Thus e? is differentiable (in the complex sense) on C, with

’(ez)/=ux—|—ivx=excosy—i—iexsiny=eZ , VzeC.
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Chain rule:

Proposition 4.16. If f : C — C is differentiable at 7 and g : C — C is differentiable at f(z), then
g o f is differentiable at z, with

(go )@ =¢(f) ). 4.4

Proof. Indeed, using the continuity of f at z and the fact that g is defined on a neighborhood of f(z)
(for it is differentiable at this point), it is easy to check that g o f is defined on a neighborhood of z.
On the other hand, by the previous theorem f y g are differentiable in the real sense at z and f(z),
respectively, with

Df(z) =Mpy,  Dg(f(2)) = Mgi(s2y -

By the chain rule for functions R” — R™, it follows that g o f is differentiable in the real sense at z,
and we have:

D(go f)(z) = Dg(f(2)) - Df(2) = Mg(sz)) - Mprz) = Mg/ (£2)) £/(2) »

which implies (4.4) by Theorem 4.14. O

Derivatives of the trigonometric and hyperbolic functions.

From the properties of the complex derivative (linearity and chain rule) and the derivative of the expo-
nential function f(z) = e, it follows that sin and cos are differentiable on C, with

ie? +ie %

L. . .
, =cosz, (cosz) = =(ie* —ie™™@) = —sinz|.
21 2

(sinz) =

From the latter formulas we deduce that the remaining trigonometric functions are differentiable on their
respective domains. For instance,

cos? z + sin? z

(tanz)' = =sec’z, Vz# g +kn (k € 7).

cos2 z

As in the real case, the derivative of the exponential together with the chain rule immediately yield the
derivatives of the functions sinh y cosh:

’(sinh z) =coshz, (coshz)’ = sinhz ‘

Again, from these formulas one can readily deduce the expressions for the derivatives of the remaining
hyperbolic functions. For instance,

cosh? z — sinh? 7
(tanhz) =

i
=sech’?z, Vz # — +kmi (k € 7).
cosh? z 7 2 ( )

Inverse function theorem:

Theorem 4.17. Let f : C — C be analytic on the open set A (with [’ continuous on A). Ifa € A
and f'(a) # 0O, there are two open sets U > a and V > f(a) such that U C A, f’does not vanish on
U and f : U — V is bijective. Moreover, f~ : V — U is analytic on V, with

—1y/ _ 1
) = Sy eV

Remark. We shall see later on (Section 5.3.3) that if f is analytic on A4 then f’ is automatically contin-
uous on A.
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Proof. f is differentiable in the real sense for all z € A, and the determinant of its Jacobian matrix

1) = (ux(z) —vx(z))

vx(2)  ux(z)

isu2(z) +v2(z) = |f’(z)|2. In particular, det Df(a) = |f/(a)|2 # 0. By the inverse function theorem
for functions R? — R? (notice that the continuity of f’ implies the continuity of the partial derivatives
of u and v), there are two open sets U > a and V > f(a) suchthat U C A, f : U — V is a bijection,
Df isinvertibleon U and f~! : V — U is differentiable in the real sense on V, with

D(f ) = [DF(fT )], YweV

Note that f’ does not vanish on U, since |f/(z)|2 = det Df(z). Calling z = f~!(w) and using
Theorem 4.14, we have

D(f (W) = DRI = Myl = Mypiz) .-

Again by Theorem 4.14, it follows that f 1 is differentiable in the complex sense at w, with derivative

1/f'(2). O

Derivative of log;.

e Log:C\{0} - {z € C: —t < Imz < 7} is discontinuous on R~ U {0} (due to the discontinuity
of Arg), and thus it is not differentiable on the latter set.

e However, Log is differentiable on the open set B = C \ (R™ U {0}). Indeed, Log is the global
inverse of
exp: A={ze€C:—n<Imz < n}— B,

and exp satisfies the conditions of the inverse function theorem at each point of 4 (since exp’ = exp
does not vanish and is continuous on A)

o Ifz € Aand w = e* € B, there are twoopen sets U > zand V > w suchthatexp: U C A — V

is invertible on U, and
1 1 1
=1y = = — = —,
(exp™ ) (w) = @) & w

1

Since U C A we have exp™ " = Log, and thus

(Logw)" = % Yw e C\ (R™U{0Y|.

In the same way, one can prove that the derivative of log; (with I = [y, yo+27) or (yo, yo+27])
on the open set C \ ({w : argw = yo mod 27} U {0}) is also given by log} (w) = 1/w.

4.3.7 Harmonic functions

Definition 4.18. A function u# : R? — R is harmonic on the open set A C R? if u € C?(A) and it

satisfies Laplace’s equation
?u  %u
Viu=s — 4+ — =0
"5 + dy2

at each point of A4.

Proposition 4.19. If f : A — C is analytic on an open set A, thenu = Re f and v = Im f are
harmonic on A. (The functions u and v are then said to be harmonic conjugates on A).
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Proof. Indeed, we shall see later on (Section 5.3.3) that f analyticon A = u,v € C°(A). From the
Cauchy—Riemann equations it then follows that

vy, ouy
Uxx = W = VUyx = Uxy = _W = —Uyy,
and similarly for v. (Note that vy, = vyx, since v is of class C 2(A).) U

Proposition 4.20. Ifu : R? = C — R is harmonic on the open set A, zo € Aand U C Ais a
neighborhood of zo, there is a function f : U — C analytic on U such that Re f = u.

Proof. Indeed, if z = x +iy € U then v = Im f should satisfy:

y
Vy = Uy = v(x,y)z/ Uux(x,t)dt + h(x);
Yo
y y
o) = [ s de 41 ) == [y e de )
Y0 Y0

= —uy(x,y) +uy(x, yo) + 1'(x) = —uy (x. y) < I'(x) = —u, (x, yo)

X

= h(x) = —/ uy(t,yo)dt +c (c eR)

X0

y X
= |v(x,y) = / Ux(x,t)dt —/ uy(t,yo)dt +c V(x,y)eU. 4.5)
y x

0 0

If v is given by the above formula, the function f = u+iv satisfies by construction the Cauchy—Riemann
equations in U, and is differentiable in the real sense in that set (since u, and thus v, are of class C2 on
U) = f isanalyticon U. O

e The previous proposition guarantees the existence of a harmonic conjugate of u in any open disk
contained in A (although not necessarily in all A, as we shall see below).

e In a region, the harmonic conjugate v (if it exists) is determined up to a constant. In fact, if v; and
v, are harmonic conjugates of a harmonic function u in a region A, then the functions f; = u+iv;
and f, = u +1iv; are analytic on 4, so that f = f; — f, = i(v] —v2) is also analytic on A. Since
Re f = 01in A, the Cauchy—Riemann equations imply that the partial derivatives of Im f vanish
in A. Since A is a region, Im f = v; — v, must be constant in A.

o We may rewrite the formula (4.5) for the harmonic conjugate v as
v(z) = (uy dy —uy dx) +c = (—uy,ux)-dr+c, VzeU,
Yo Yo

where dr = (dx,dy) and yy is the broken line formed by the horizontal segment joining z9 =
Xo + iyo with x 4 iyg and the vertical segment joining the latter point with z = x + iy. Since
the vector field (—uy, uy) is conservative (since u is harmonic), this line integral is independent
of the path, so we can also write

v(z)=/(uxdy—uydx)—|—c, VzeU,
y

where y is any (piecewise C1) curve contained in U joining z¢ with z.
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e The existence of the harmonic conjugate of a harmonic function on an open set A is not globally

guaranteed in A. Consider, for instance, the function u : A = R?\ {0} — R defined by u(x, y) =
% log(x2 + y2). If U is any open disc contained in A, then the function log; z = log|z| +1i arg; z
is analytic on U if the branch / is chosen so that the ray on which arg; is discontinuous does not
cut U. Thus Relog; = u is harmonic on U, and v = arg; z + ¢ (with ¢ € R) is a harmonic
conjugate of u in the disc U. This shows, in particular, that u is harmonic in all 4, as can be easily
checked by computing its partial derivatives.

Let us now see that u cannot admit a harmonic conjugate defined on all A. Indeed, if there existed
an analytic function f on A with Re f = wu, then f and (for instance) Log would differ by a
(purely imaginary) constant in the region B = C \ (R™ U {0}) C A (since Log is analytic in B,
and Re Log z = u(z)). But this is impossible, due to the fact that for x < 0 one would have (since
f =Log+cin B and f is continuous on A)

2ni =

i, [Log(x+iy)—Log(x—iy)] = i [f(x+iy)—f(x—=iy)] = f(x)—f(x) =0.



Chapter 5

Cauchy’s theorem

5.1 Contour integrals

e If h1,hy : R — R are integrable (e.g., continuous) on an interval [a,b] C R and h = hy + ih; :
R — C, we define

/abhz/abh(t) dt=/abh1(t) dz+i/abh2(,) dt e C.

T T 7
Example: / el dt = / cost dt + i/ sint dt = 2i.
0 0 0

e A continuous curve or contour is an application y : [a,b] — C which is continuous on [a, b]
(i.e., Re y and Im y are both continuous on [a, b]).

e A continuous curve y is piecewise C L if there is a (finite) partitiona = ag < a; < -+ < dp—1 <
an = b of [a, b] such that Y’ exists and is continuous on each subinterval [a;—1,a;] (1 <i < n).
In other words, y is continuous on [a, b] and C ! on [a, b]\{ayo. . . ., an}, and the limits lim; 4+ y'(¢),
lim,_,p— y'(¢) and limy_4; 4+ y'(¢), i = 1,...,n — 1, exist, although the left and right limits at
each point a; do not necessarily coincide.

e In what follows, we shall refer to continuous piecewise C'! curves simply as arcs.

Definition 5.1. If f : A C C — C is continuous on the open set A and y : [a,b] — C is an arc such
that y([a, b]) C A, we define

b n a;
= dz = "(t)dt = "(t)d C .
/yf /yf(Z) : / Foopyoa=3 [ rpopoae

i=1v4i-1

Note that f (y(t))y/ (z) is continuous on each subinterval [a;_1,a;], so that all integrals in the latter
formula are well defined.

o If f =u—+ivand y(t) = x(¢) +iy(t), then
b
/ f = [ [u(x (@), y(©)) +iv(x (@), y(©))][x'(t) + iy’ ()] de
Y a
b
_ / [u(x (1) y(6)) X'(1) — v (x(1). (1)) y'(1)] dit

b
i / [ (x(1). () ¥'(0) + v(x(0). () ¥'(1)] dt

= /(u dx—vdy)+i/(v dx +u dy)|.
y y
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5.1.1 Properties of [ f
Linearity. For all A, u € C we have

/y(/\f+ug)=k/yf+lt/yg-

Chains. If y : [a,b] — C is an arc, the opposite arc —y : [a, b] — C is defined as

(=y)(®) =y(@a+b—1), Yt € [a,b].

In other words, —y is just the arc y traversed in the opposite sense. If y([a, b]) is contained in the open
set Aand f : A — C is continuous on A we have

s=a+b—t

b a
/_yf=/a Flra+b—0)(—y'@+b—n)d ™ /bf(y(s))y’(s) ds

b
— [ rrop e as=- s 5.)
a Y

If y1 : [a,b] — C and y5 : [c,d] — C are two arcs satisfying y1(b) = y2(c), we define their sum
yi+y2:la,b+d—c]— Cas

y1(2), t € la,b]
(r1+y2)@) =
ya(c—b+1), te[b,b+d—c].

If y1([a, b]), y2([c,d]) C Aand f : A — C is continuous on the open set A, it is immediate to check
that

/ f=[ s+ 1 (5.2)
Y1+v2 Y1 V2

The general sum y; + --- + y;, is defined similarly provided the final endpoint of the arc y; coincides
with the initial one of the following arc y; 41, and we have again

n

/m+-~-+yn f=2 vi /

i=1

Likewise, if the final endpoints of the arcs y; and y» coincide, we define y; — y» = y1 + (—y2). From
equations (5.1) and (5.2) it follows that

/;’I_V2f5[/l+(_72)f: y1f+/—yzf: )’lf_/)’Zf‘

The above considerations can be summarized as

n
/ f=Ye s
g1y1t+envn

i=1 Vi

where ¢; = %1 for all 7, and it is assumed that the final endpoint of the arc ¢; y; coincides with the initial
one of €;+1Y;+1. The expression €1y1 + -+ + &, V, shall be referred to as a chain.

Invariance under reparametrization. Given an arc y : [a,b] — C, a reparametrization thereof is a
curve y : [a, b] — C of the form y = y o ¢, where ¢ : [a,b] — ¢([a,b]) = [a,b]isa C'! function with
positive derivative on (a, b).
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Note that since ¢’ > 0 on (a, 15), the change of parameter ¢ is an increasing function on [a, l;]. Since
¢ is also surjective by hypothesis, it follows that ¢(a) = a, ¢(15) = b. Moreover, if y is piecewise C!
sois y, and y([a, b]) = y([a, b]). Thus ¥ is an arc with the same range as y. In addition, since ¢ is an
increasing function, the arcs y and y have the same orientation.

Example: j(s) = €' (s € [%.2F]) is a reparametrization of y(1) = —t +iv/1—12 (t € [-3.3]).

Indeed, 7(s) = y(—coss), so that in this case ¢(s) = —coss is of class C! and ¢’(s) = sins > 0 on
n 21

[§’ T]

Proposition 5.2. If y : [d,l;] — C is a reparametrization of y : [a,b] — C, y([a,b]) C A, and
f A — C is continuous on the open set A, then

[r=]s

Proof. Lety =y o ¢, with ¢ : [a, 5] — [a,b] = [¢p(a), q&(l;)]. We then have:

b ~ ~/ b ’ / t=¢(s) b /
/yf /a f([7())7'(s) ds f F(y@))y' (¢(5))9'(s) ds fa fy@)y' @) de /yf

a

O

5.1.2 Integral with respect to the arc length

If f : A — C is continuous on the open set A and y : [a,b] — C is an arc with y([a,b]) C A, we
define

b
[ r@ = [ roo)yola)
Y a

o If y(r) = x(¢) +iy(¢) then |y'(¢)| dt = /x'2(¢t) + y'2(¢) dr is the element ds of arc length
along the curve y. If f = u + iv, it follows that

/yf(z) |dz|=/yuds+i/yvds.

e In particular,

/|dz_| =/ds = I(y) = lengthof y |.
y Y

Properties:

) /(/\f(z)+ pg(z)) ldz| = k/ f(2) |dz| +u/ g(z) |dz|, ViA,pecC.
Y Y 14

ﬁ)/ f&)Md=i/f&)Md-
—y V4

iii) f@) 1Azl =) | f(2) ldz].

e1y1++envn i=1"VYi

iv) If y is a reparametrization of y, then / f(z) |dz|] = / f(z) |dz|.
y Y
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/y f(z) dz

I rticular, if = M th
n particular, i thsz] |/ (y®)] en

Fundamental inequality:

s[|f(z>||dz| .
V4

< M I(y).

/y f(z) dz

Indeed, the second inequality is a consequence of the first one (by the properties of the integral of real-
valued functions of a real variable). If fy f = 0, the first inequality trivially holds. Otherwise, calling

0 = Arg(fy f) we have:

/yf‘ :e—iO/yf — Re (e—iefyf) _ /abRe [e_ief(y(t))y,(t)] dt

b, b
< / 7 ()Y 0] ar = / ()| |y )] de = / @Iz,
a a v

5.1.3 Fundamental theorem of calculus. Path independence

Lemma 5.3. Ify : R — C is differentiable at t € R (that, if Re y,Imy : R — R are both differentiable
att)and f : C — C is differentiable at y(t), then f oy is differentiable at t, with derivative

(feor)®O) = f'r®)y'®.

Proof. By Theorem 4.13, the function f is differentiable in the real sense at y(¢), with Df (y(t)) =
Mp1(y(t))- The chain rule for functions R” — R™ implies that the composite function f o y is differen-
tiable at ¢, with derivative

(foy) () =Df(y®)y' () = Mpiepy v' (1) = f(y(0)) ¥' (@)

Fundamental theorem of calculus. Let F : A — C be analytic on the open set A (with F’ continuous
on A). If y : |a,b] — C is an arc such that y([a, b]) C A, then

/y F' = F(y(b)) — F(y(a)).

In particular, if the arc y is closed (i.e., y(b) = y(a)) then

/F/ZO.
y

Note: We shall see in Section 5.3.3 that if F is analytic on A4 then F’ is automatically continuous on A.

Proof.
/ F = / (@) Y1) dt = / (F o)) di = F(y(®)) — F(y(@)).

by the fundamental theorem of Calculus for function R — R applied to the real and imaginary parts of
Foy. O
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Path independence theorem. If ' : A — C is continuous on a region A, the following statements
are equivalent:

i) fy f is path independent: -/Vl f = fyz f for every pair of arcs y1 and y, contained in A
having the same endpoints.

iM) fF f = 0forany closed arc I' contained in A.

iii) f admits an antiderivative (or primitive function) on A, that is, there is a function F : A — C
analytic on A such that F'(z) = f(z) forall z € A.

Proof.

ii) = 1) If y; and y» are two arcs contained in A joining z; € A withzp, € Athen ' = y; —yp isa

closed arc, so that
Y1 V2 Yi—Y2 1

i) = 1i) Since I is closed, its opposite arc —I" has the same endpoints as I". From i) it follows that

ol ool = [

iiil) = 1) By the fundamental theorem of calculus (since F’ = f is continuous by hypothesis).
i) = iii) Let z¢ be an arbitrary (fixed) point in A. If z is any point in A4, since A is a region there is an
arc y C A joining zo with z, and let
Fo = f
Y

By virtue of i) the function F does not depend on the arc y C A used to connect z¢ with z.

Let us finally prove that F is differentiable at every point z € A, with F’(z) = f(z). If ¢ > 0, since
A is open and f is continuous on A, there exists § > 0 such that | f({) — f(z)| < eif ¢ € D(z;8) C A.
Given any point w € D(z;d) distinct from z, let L C D(z;8) C A be the segment joining z with w. We

then have:
1%@—“@=Lﬂf—ﬁf=£f

By the fundamental theorem of calculus, w — z = [, d{ (since 1 = {’), and thus (w — z) f(z) =

f2) [, dt = [, f(z)d¢. Hence

FWD—F&)_fﬁﬂzIFW)—ﬂ@—%w—@f&NZL&f@ﬁﬁ—fbﬂ@dﬂ
w—2z |lw — z| |lw — z|

_ L@ - fordd] el _

B w—z| w—z|

5.2 Cauchy’s theorem

5.2.1 The Cauchy—Goursat theorem

e Aclosedarc y : [a,b] —» Cissimpleifa <s <t <b = y(s) # y(¢t).

Cauchy’s theorem (original version). If y is a simple closed arc and f : C — C is analytic with

continuous derivative on and inside y, then | f = 0.
4
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o
Proof. By Green’s theorem (traversing the curve counterclockwise, so that the interior D of y lies to the
left of ), if f = u + iv we have

/fdz = /(udx—vdy)+i/(vdx+udy) = —/ (uy+vx)dxdy+if (ux —vy)dxdy =0,

14 14 1 D D

by virtue of the Cauchy—Riemann equations. O
e This result is insufficient for our purposes, since it is not necessary to assume that f’ is continuous

(we shall prove that this assumption follows from the analyticity of f). Moreover, the result holds
for much more general arcs than simple closed ones.

Cauchy—Goursat theorem for a rectangle. Ler R be a closed rectangle with sides parallel to the
axes, and let dR be the boundary of R. If f : C — C is analytic on R then

f=0.
oR

Proof. Assume that dR is traversed counterclockwise (the result is obviously independent from the ori-
entation of dR). If we divide R into four congruent subrectangles R (i = 1,...,4) (also oriented

counterclockwise) then
4
r=/ .

since the integrals along the inner sides of the rectangles R @) cancel each other. Thus, there is some

k € {1, PP ,4} SuChthat

Let us call R; = R%). Repeating indefinitely this bisection process, we obtain a sequence of closed
nested rectangles R = R D Ry D Ry D -+ D Ry D Ry4+1 D ... such that

/aRn_lf /azznf‘ = /aRf‘gM /8Rnf‘, Vn € N.

Moreover, if P; y D; respectively denote the perimeter and the diagonal of the i-th rectangle and P =
Py, D = Dy, we have:

<4

<4

P D .
Pl'=—., Di=—., Vi € N.
2 2
From Cantor’s intersection theorem it follows that (| R, = {a}, witha € R (for R, C R for all n).
neN

Notice that
zZ€R, = |z—a|<D,=2""D,

since a € R, for every n € N. Given ¢ > 0, take § > 0 sufficiently small so that f be analytic on
D(a; $) and also

/@)~ fl@)—(z-a)f'(@)| <elz—al, YzeD@d). z#a.

(Note that by hypothesis f is differentiable on a neighborhood of each point of R.) Take now n suffi-
ciently large so that D,, = 27" D < §, and thus R, C D(a;§). On the other hand, by the fundamental

theorem of calculus,
/ dz = / zdz =0.
oR;, oR;,
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From these considerations it follows that

futl=# o=

< 4"/ glz—a||dz| <4"-27"De- P, =4"-27"De-27"P = PDes.
R,

n
<4

/a - f@ - f@G @)

Since ¢ > 0 is arbitrary and PD is constant, the theorem is proved. g

Generalized Cauchy—Goursat theorem. Let a be an interior point in R, and assume that the function
f : C — C isanalyticon R\ {a} and li_1)n [(z—a)f(z)] =0. Then[ f=0.
z—a IR

Proof. Let Q C R be a square centered at a with sides parallel to the axes of length [ > 0 sufficiently
small so that |(z —a) f(z)| < eif z € Q \ {a}. By prolonging the sides of Q we can subdivide the
rectangle R into 9 subrectangles O, Ry, ..., Rg. Thus

8
Ju? = ho? * X

The function f is analytic on each of the rectangles R;, since a ¢ R; C R. By the Cauchy—Goursat
theorem faR,» f=0fori =1,...,8, and hence

d 2
/f‘Z/ f'<8/ 1dz] <e - -4l =8¢,
R 90 90 |z —al [

and the theorem follows. O

5.2.2 Homotopy. Cauchy’s theorem. Deformation theorem

e Let A C C be aregion, and let y; and y, be two continuous curves in A with the same endpoints
71,22 € A (21 # z2), or two closed continuous curves in A. We shall say that y; is homotopic
to y» in A if it can be deformed in a continuous way into y, without leaving A. In the first case
(homotopy of open curves with fixed endpoints), the endpoints of all deformed curves must remain
equal to z1 and z,, whereas in the second one (homotopy of closed curves) all deformed curves
must be closed.

e [t is important to note that the concept of homotopy A depends on the region A considered. In
other words, two homotopic curves in a certain region A may not be homotopic in another region
A

e Note that a point zg € A is a constant closed curve: y(t) = zg, V¢ € [a,b]. In particular,
Jz, £ = 0 for any function f.

Cauchy’s theorem. Let y be a closed arc homotopic to a point in a region A. If f : A — C is

analytic on A then
/f:Q (5.3)
Y

Sketch of the proof. Let us assume, for simplicity, that y C A is a simple closed arc. Since y is homotopic
to a point in A, it is intuitively clear (and can be rigorously proved) that the interior D of y is contained
in A. Given ¢ > 0, we cover the plane with a lattice of closed squares Q; with sides parallel to the axes
of length § > 0. Let us denote by J the collection of indices such that Q; C D if j € J. (The set J is
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finite, for D is bounded since the image of the arc y is a compact set.) It can be shown that if § is chosen

sufﬁciently small then
4 90

where dQ is the boundary of Q = |J Q; traversed counterclockwise!. On the other hand, it is clear
jeJ

<e, (5.4

that

AQf=§: f (5.5)

jeJ 00,

(where 0Q; is the boundary of the square Q; traversed counterclockwise), since the integrals along the
sides of the squares Q; not belonging to dQ cancel in pairs. Since Qj C D C Aforall j € J and f is
analytic on A, the Cauchy—Goursat theorem implies that

=0, Vjeld,

00,
Lf

Since ¢ > 0 is arbitrary, the theorem is proved. O

and from (5.4) and (5.5) it follows that

<é&.

Definition 5.4. A region A C C is simply connected if every continuous closed curve y contained in A
is homotopic to a point in A.

Note: Intuitively, a simply connected region is an open set that “consists of only one only one piece” and
“has no holes”. For example, C or an open disk are simply connected regions, but an open disk without
one of its points is not. However, the complex plane minus a ray is simply connected.

Applying Cauchy’s theorem to a simply connected region, we deduce the following two corollaries:

Corollary 5.5. If A C C is a simply connected region and f : A — C is analytic on A then

Lf=&

for any closed arc contained in A.

Proof. Indeed, if A is a simply connected region any closed arc y contained in A is homotopic to a point
in that set, so fy f = 0 by virtue of Cauchy’s theorem. O

Corollary 5.6. If f : A — C is analytic on a simply connected region A then f admits a primitive
function on A.

Proof. By the previous corollary, fy f = 0 for every closed arc y contained in A. This implies that f
possesses a primitive function on A, by virtue of the equivalence ii) <= iii) of the path independence
theorem on page 73. O

Using Cauchy’s theorem one can prove the following general result, which plays a fundamental role
in complex analysis.

'Without loss of generality, it may be assumed that y is positively oriented, since fy =0 f_y f=0.
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Deformation theorem. Let y; and y, be two homotopic arcs in a region A, and let [ : A — C be

analytic on A. Then
[ =]
V1 V2

Sketch of the proof. Assume, to begin with, that y1, y» C A are two homotopic arcs in A with the same
endpoints z1 # z». It is intuitively clear that y; — y, is a closed arc homotopic to a point in A. By

Cauchy’s theorem,
o= [ s=[r-] 1.
Yi—Y2 Y1 Y2

which establishes the theorem in this case. Consider next two closed arcs Y1, y» C A homotopic in A.
Suppose, for the sake of concreteness, that y; and y, are both simple and (for instance) y; is interior to
y» (cf. Fig. 5.1 left). Since y; and y, are homotopic in A, it is intuitively clear that the set D bounded
by both arcs is entirely contained in A. Let z; € y; and z, € y», and call L the segment joining z; with
Z2. The arc L + y» — L — y; is closed, is contained in A (since L C D C A) and is homotopic to a point
in that region (cf. Fig. 5.1 right). By Cauchy’s theorem,

L KA R Ra R R NG

which proves the theorem also in this case. O
. - -= =~ ~ .
Phe ’ Z \\
’ - 2 A
1 A
--— - \
e A
Vi \
I Y
1 1
-’
\ Ve
A% )/2 1
\ 1
! 1
! 1
/! '
1 1
1 1
\ 1
\ P - = ~ 1
S~ \ ]
\ 4
\ ’
~ 4 A

Figure 5.1: Homotopic arcs y; and y5 (left) and intermediate curve of the deformation of the closed arc
L + y» — L — y; to a point (right).

We will also need the following generalization of Cauchy’s theorem, which is proved using the de-
formation theorem together with the generalized Cauchy—Goursat theorem:

Generalized Cauchy’s theorem. Let y : [a, b] — C be a closed arc homotopic to a point in a region

A, and let zg € A\ y([a, b]). If [ is analytic on A\ {zo} and lim [(z—2z¢) f(2)] =0 then/ f=0.
Z—20 y

Sketch of the proof. If z¢ is in the exterior of the curve, then y is homotopic to a point in the region
A\ {zo}, and fy f = 0 by Cauchy’s theorem applied to that region. Alternatively, if z¢ lies in the
interior of y, since this curve is homotopic to a point in A it can be shown that there is a sufficiently
small square Q C A centered at Zo such that y is homotopic to dQ in A \ {z¢}. By the deformation
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theorem applied to f in the region 4 \ {Zo},

/yf= [ 1=0.

where the last equality follows from the generalized Cauchy—Goursat theorem. O

5.3 Cauchy’s integral formula and its consequences

5.3.1 Index

e If y is aclosed arc and a ¢ y, we define the index of @ with respect to y as

1 dz

nra) =5 ) =al

e If y is the circle with center ¢ and radius r > O traversed m times counterclockwise (y(t) =
a+re'’, witht € [0,2mm]) then

n(y,a) = 2_31:1 o reit

Likewise, if y is the circle with center a and radius r > O traversed m times clockwise,
n(y,a) = —m.

By virtue of the deformation theorem, this suggests that n(y, a) provides the number of turns that
the curve makes around a, counting as positive the turns made counterclockwise.

Example: If 7 is exterior to a circle (or any other simple closed curve) y, then (z —z¢) ™! is analytic on
A = C \ {zo} and y is homotopic to a point in A = n(y, z9) = 0, by Cauchy’s theorem.

Proposition 5.7. n(y, zo) is an integer. I

Proof. Assume, for simplicity, that y : [a,b] — C is C! on [a, b]. Let

A0
n) _/a y(s) — zo &

so that n(y, zo) = h(b)/(27i). On the other hand, / is differentiable on [a, b] (the integrand is continu-
ous, since the denominator does not vanish), and

TN y' () d —h() . .
W =~ < (e D[y (1) zO]) —0, Vielab]

Thus e ® ()/(t) — zo) is constant on [a, b], and hence (since i(a) = 0)

Zo#y
y(a)—zo0 = e_h(b)(y(b) —20) = e_h(b)()/(a) —20) 0:> eThh) =1 — h(b) =2n7i, n € Z.

O
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5.3.2 Cauchy’s integral formula

The following result, which can be easily proved using the generalized Cauchy theorem, is one of the
cornerstones of complex analysis.

Cauchy’s integral formula. Let f : A — C be analytic on a region A, let y be a closed arc homotopic
to a pointin A, and let a € A be a point not on y. Then

f(2) d

yz_a

") fla@) =5

Proof. The function

f(@) = f(a) "y
g(z) = z—a
f(a), Z=a

is analyticon A \ {a} and lim [(z —a)g(z)] = lim[f(z) — f(a)] = O (since f is continuous on a for
Z—>a zZ—a

it is differentiable at that point). From the generalized Cauchy theorem it follows that

J@Q—-fla [ f@ f@
0—/ / Z_/),Z—a dz — f(a) / dz — f(a) - 2min(y, a).

z—a yz—a

O

If f : C — C is analytic on an open set 4 and z € A, we can apply Cauchy’s integral formula to
the circle y centered at z with radius r sufficiently small so that D(z;2r) C A, since y is homotopic
to a point on D(z;2r) and hence on A. If the circle y is positively oriented then n(y,z) = 1, and thus
Cauchy’s integral formula makes it possible to express f(z) as

JACII

27 yW—2

f@)=—

Taking formally the derivative with respect to z under the integral sign we obtain

k) S(w)
PO = 27[1/ e dw, VkeN. (5.6)

In particular, if (5.6) holds, f is differentiable infinitely many times at any point 7 € A. Let us see next
how the differentiation under the integral sign leading to equation (5.6) can be rigorously justified:

Lemma 5.8. Consider the Cauchy-type integral

G(z)=/ LACO R
Y

w—=2

where g : C — C is a continuous function on an arc y (not necessarily closed) and 7 ¢ y([a, b]).
Then G is differentiable infinitely many times at any point zo ¢ y([a, b]), with

GP(z9) = k!/ w& dw. (5.7)
Y

_ ZO)k+1

Proof. The proof proceeds by induction on k.
i) Assume, to begin with, that k = 1. Let zo ¢ y([a, b]), and define
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\/

y(la. b))

Figure 5.2: Cauchy-type integral

20 = min ly(t) —zol >0, M = trer[lgle}g(y(t))\-

Note that n > 0 and M < oo by the continuity of y and g o y on the compact interval [a,b]. If
z € D(zo;n) with z # zo we have

6= Gen) _ [ _!

1 1
— g(w) dw.
Z—20 yZ—Zolw—2z w-—2g

But

1 [ 1 1 ]_ 1 _ 1 —20 _ 1 (1+z—zo)
z—zolw—z w-zo] W-2)w—-2z0) W-2z02w—2z (w—20)?2 w—z )

(5.8)
If w lies on the curve y, from the definition of M and 7 it follows that
lgw)| < M, lw —zol = 27, lw—z|=n
Thus
‘G(z) — G(zo0) / g(w) ‘ — 2 — 2| / g(w) dw'
Z—20 (w — z0)? (w—20)%(w —2)
MI(y)
< |z —2zol- — 0.
4n?-n z-z0
ii) Assume now that the lemma holds for k = 1,...,n — 1, and let us prove it for k = n. Let us first

show that G~ is continuous at zg € C \ y([a, b]). Indeed, by the induction hypothesis we have

G Dz n—1 '/ O dw.
O
Multiplying the first equality in (5.8) by 1/(w — z)"~! we obtain
1 _ 1 Z—20

Ww—2  (w-2"(w—z0)  (W—2)"w—z0)"

and thus
60 -6 Ve = - 11| [ i dw = [ S
y >
g(w)
+ -1 (z—- Zo)/}: 0 —2)"(w —29) dw. (5.9)
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By the induction hypothesis applied to g(w)/(w — zo¢) (which is also continuous on y, since z¢ ¢

y([a, b])), the function
/ g(w) dw
y (w— 2)" N (w — zo)

is differentiable, and hence continuous, if z € C \ y([a, b]). This implies that the term in brackets in the
right-hand side of (5.9) tends to 0 as z — zp. As to the integral in the second term of the RHS of the
latter equation, proceeding as in the case k = 1 it can be shown that

g(w) dw' MI(y)
—2)™"(w — Z0) 2n”+1 ’

Vz € D(zoin),

which implies that the second term of the RHS of (5.9) also tends to 0 as z — Zg.
Let us see, finally, that G~ is differentiable at z¢. Indeed, if z € D(zo: 1) \ {zo}, dividing (5.9)
by z — zo we obtain

G V() =G V(zg) (-1 [ / g(w) / g(w) }
Z—20 - z-2z0 Ly (w—Z)"_l(w—Zo) (w —zo)"

g(w)
+(n— 1)!/y T —— dw. (5.10)

Again by the induction hypothesis applied to g(w)/(w — Z¢), when Z — z¢ the first term of the RHS of

this identity tends to
g(w) _ dn! g(w)

- ZO/ (w dw = tn = / (w —2)(w — 2o) aw

g(w)

—Z)"_l(IU—Z()) d Jn—1

As to the second term of (5.10), from what was proved above about the continuity of GV (z) applied

now to the Cauchy-type integral
w
/ g'(l ) dw
y (W —2)"(w — 2o)
it follows that the latter integral is a continuous function at z¢, and thus it tends to

/ gw)
(w _ Z0)n+1

when z — zo. From these assertions it follows from (5.10) that G =1 ig differentiable at Z0, With
M e N — (T g(w) B o gw)
G (o) = (n =D w[( e [

—Zo)n+1
gw)
B n'[ (w— Zo)”Jrl

(n—l)' —

5.3.3 Cauchy’s integral formula for the derivatives

From the previous lemma it is easy to prove the following theorem, which generalizes Cauchy’s integral
formula to the derivatives of arbitrary order of an analytic function:
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Cauchy’s integral formula for the derivatives. Let f : A — C be an analytic function on a region
A. Then f is infinitely differentiable at any point of A. Moreover, if y : [a,b] — A is a closed arc
homotopic to a point in A and zo € A\ y([a, b]) then

S (w)

———— —dw, keN. 5.11
—Zo)k+1 ( )

k!
n(y,zo) - f(k)(Zo) = 2_m/ (w
14

Proof. Letzg € A\ y([a, b]), and let D be a neighborhood of z¢ contained in A not intersecting y (for
instance, the disc D(z¢; n) in the proof of the previous lemma). Since n(y, z) is a Cauchy-type integral
(with g = 1/2mi), it is a continuous function of z for all z € D, and since it must be an infeger number
it is necessarily constant on the latter disc. Thus, if

[ fw)

F(z) = y dw, z€D,
2w Jy w—2
from the Cauchy integral formula it follows that
F(z) = n(y,2) f(z) = n(y.20)f(2),  VzeD. (5.12)

Since F is also of Cauchy type, equations (5.7) and (5.12) imply that

k!
FOG) = E/y (w]—{(% dw =n(r.20 /D), VzeD.

Equation (5.11) then follows by setting z = zo. O

From the previous theorem one can easily prove the following fundamental property of analytic func-
tions:

Theorem 5.9. If f : C — C is analytic on an arbitrary set C, then f is differentiable infinitely many
times at every point of C.

Proof. Given a point z € C, it suffices to apply the previous theorem to any neighborhood A of z on
which f be analytic. O

The previous result makes it possible to easily prove the following theorem, a (partial) converse of
Cauchy’s theorem:

Morera’s theoerm. If f : C — C is continuous on a region A and fy f = 0 for any closed arc y
contained in A, then f is analytic on A.

Proof. The path independence theorem implies that there is a function F : C — C analytic on A such
that f = F’ on A. Since F is analytic on A, it is infinitely differentiable on this region. In particular,
f' = F” exists at every point of A. O

Exercise. Does the above result hold if we just assume that /. v f = Ofor any closed arc y C A homotopic
to a point in A?
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5.3.4 Liouville’s theorem

The following inequalities for the modulus of the derivatives of an analytic function can be easily proved
using Cauchy’s integral formula for the derivatives:

Cauchy’s inequalities. Let f be analytic on a region A, let a € A, and assume that D(a; R) C A. If
M(R) = max |f(z)| then

z—a =

k!
FO@| < g MB. VEk=0.1.2...

Proof. Note, to begin with, that the existence of the maximum of | f| on the circle is guaranteed, since
this set is compact and f continuous (being analytic on A). If y is the positively oriented circle of radius
R centered in a, then y is homotopic to a point in A and n(y,a) = 1. Cauchy’s integral formula for the
k-th derivative thus yields

®@|= 2

f(z) k! | f(2)] k M(R) k!
, (2 —a)kt1 Z‘ E/y o atH ldz| < Rk ZTtR:ﬁM(R),

O

From the previous result one can prove the following theorem, which is a key result in the study of
global properties of analytic functions:

Liouville’s theorem. If f : C — C is entire (that is, analytic on the whole complex plane) and | f |
is bounded on C, then f is constant.

Proof. The hypothesis implies that there is K > 0 such that | f(z)| < K forallz € C. If a € C, since
f is analytic on C we can apply Cauchy’s inequality for the first derivative to any closed disc D (a; R),
obtaining
M(R
| f(a)] < ()\—, VR>0.
R

Since the latter inequality is valid for all R > 0, it follows that | f'(a)| = O atalla € C. Since C is a
connected set, / must be constant on C. O

Liouville’s theorem provides one of the simplest proofs of the fundamental theorem of Algebra:

Fundamental theorem of algebra. A polynomial of degree n = 1 has at least one root in C. I

Proof. Let p(z) = > 71—, a;z!, witha, # 0and n = 1. If p had no roots, the function f = 1/p would
be entire. We shall prove that this is impossible by showing that in such a case the function f would be
also bounded and not constant, in contradiction with Liouville’s theorem.

In order to prove that f is bounded, notice that if z # 0

|an—1] laol
lp(2)| = |z|" (Ian|—”— ..... Ing

| ]

——>0 (k=0,...,n—1), thereis M > 1 such that

|lag| |an|
|Z|n—k 2n

, k=0,....,n—1.
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s anl\  lanl ]
a a a
Izl >M = |p@)|>lz|"(lan] —n- =) = — |z|" > == >0,
n 2 2
and hence )
zl>M = |f(2)] < :
|an|

On the other hand, since by hypothesis f is analytic (and thus continuous) on the closed disc of radius
M centered at 0, there is ¢ > 0 such that | f(z)| < c if |z] < M. (Recall that a function g : R” — R
continuous on a compact set K C R” is bounded on K.) Therefore, we have shown that

1 2
|f(Z)|=m$max(m,C), Vz e C.

This contradicts Liouville’s theorem, since f = 1/p is also entire but not constant (p is not constant,
fora, #0andn = 1). O



Chapter 6

Series representation of analytic functions

6.1 Power series. Taylor’s theorem

6.1.1 Sequences and series of complex numbers

Definition 6.1. A sequence of complex numbers {z, }o-, convergesto z € C ( < li)m Zn = 2)if
n o0

Ve >0, 3N € N such that YZZN:>|Zn—Z|<8‘.

e Note that the definition is identical to that of the real case, replacing the absolute value (or the
norm) by the modulus.

Properties:
i) lim z,, if it exists, is unique.
n—00
ii) lim z, =z =x+1iy < lim Re(z,) = x, lim Im(z,) = y.
n—00 n—>oo n—>oo
i) lim z, =2z, lm w,=w = lim (z,+w,) =z4+w, lim z,w, =zZw.
n—>oo n—>0o0 n—>0o0 n—>oo
. . .. . Zn Z
iv) If, in addition, w, # O foralln € N and w # 0, then lim — = —.
n—00 Wy w

e The Cauchy criterion:

3 lim Zn <= Ve>0, 3N e N suchthat n,m >N = |2, — Zm]| < &|.
n o0

Proof.
=) |zn —zZml| < |zn — 2| + |zm — 2|

) Zn = Xn +iyn = X0 —Xm| < |2n —2Zml|, |Yn —Yml| < |2n — 2Zm| = {xn};.;o=1 y {Yn};.;o=1
convergent (Cauchy real sequences) = {z,},—, convergent. O

o0 o0
Definition 6.2. The series Z Zx convergesto s € C ( — Z Zk = s) if the sequence of partial
k=1 k=1
sums {Y % _, 2k}, converges to s, that is

o0 n
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o
° Z Zr convergent —> lim z, = 0. Indeed,
k=1 n—o0

n n—1 n n—1
lim = lim — = lim — lim =s5s—s5=0.
EETY 0 3UE) 35 EETD SEENTY 3

o0 o0
Definition 6.3. The series Z Zk 1s absolutely convergent if Z |z | is convergent.
k=1 k=1

o0
Proposition 6.4. An absolutely convergent series Z Z is convergent.
k=1

Proof. This is a consequence of the Cauchy criterion, since if (for instance) m > n we have

m n m m m n
M=y k= D < Yl =D ekl =D lzkl|-
k=1 k=1 k=n+1 k=n+1 k=1 k=1

6.1.2 Sequences and series of functions. Uniform convergence

Definition 6.5. A sequence of functions f,, : A — C defined on aset A C C (n € N) converges

pointwise to a function f on A if for any z € A we have lim f,(z) = f(z). Likewise, the series of
n—-oo

functions ) 7=, /i converges pointwise to the function g on A if forany z € A we have > po; fx(2) =

g(2).

Definition 6.6. The sequence of functions { f, },—, defined on A converges uniformly to f on A if

’V8>0, AN e N suchthat n > N = |fy(2) — f(2)| <&, forall zeA‘.

Likewise, Y pw; fx converges uniformly to g on A if the sequence of functions {ZZ:l fk}zc;l con-
verges uniformly to g on A, that is, if

Ve>0, AN € N suchthat n> N — <eg forall z € Al.

> fi(2) —g(2)

k=1

e Obviously, if a sequence or series of functions converges uniformly to a function f on A, then such
a sequence or series converges pointwise to this function. However, the pointwise convergence of a
sequence or series of functions does not imply, in general, its uniform convergence.

e Cauchy criterion for the uniform convergence: { f;,},=, converges uniformly on A4 if and only if

’V8>0, AN e N suchthat n,m = N = | f,(2) — fm(2)| < e, forall zeA‘.

Proof. First of all, clearly the uniform convergence of f, to f on A implies the Cauchy criterion.
Conversely, the Cauchy criterion for numerical sequences implies that the sequence { f, }5=, converges
pointwise to a function f on A. Taking the limit m — oo in the uniform Cauchy condition it follows
thatif n = N then | f,(2) — f(2)| < eforall z € A. O
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o0
Similarly, the series ) fi converges uniformly to a function g on A if and only if
k=1

m
Ve>0, 3N € N suchthat m>n>N = Z fr(z)| < e, forall z € A.
k=n+1

Weierstrass M -test. Consider the sequence of functions f, : A C C — C (k € N), and assume
that | fi(2)| < My, for all z € A and all k € N. If the numerical series Y pey My converges, then
Z,C;ozl fr converges absolutely and uniformly on A.

Proof. According to the Cauchy criterion for numerical series, for any € > 0, there is N € N such that

m
m>n=N — Z M| <e.
k=n+1
But then
m m m m
m>nz=N = | > fi@|< Y i@l Y Mc=|)Y M<e VzeAd.
k=n+1 k=n+1 k=n+1 k=n+1

By the Cauchy criterion for uniform convergence, Y p, fx converges absolutely and uniformly on A.
O

o If { f4},=, converges uniformlyto f on A and f, : A — C is continuous on A for alln € N, then f
is continuous on A. Similarly, if f, is continuous on A4 foralln € N and Yy, fx converges uniformly
to g on A, then g is continuous on A.

The proof of this result is identical to that of the real case, simply replacing the absolute value by the
modulus.

Lemma 6.7. Let f, be continuous on A for all n € N. If { fn}ow, converges uniformly to f over an

arc y contained in A then
dm [ =[5 = [ im )

In particular, if fy is continuous on A for allk € N and Y 3~ fx converges uniformly over y we have

/yifk=§::1/yfk-

k=1

Proof. Note to begin with that f is continuous on y C A due to the uniform convergence of f; to f on
y, and hence the integral fy f exists. Given ¢ > 0, there is N € N such that | f,(z) — f(z)| < ¢ for all
z € yandn = N. We then have:

e

Definition 6.8. We say that a sequence of functions f;, : C — C converges normally to a function f
on an open set A C C if f;, — f uniformly on any closed disc contained in A. Likewise, the series of
functions Y 2, f» converges normally to g on A if the sequence of partial sums Y 7 _; f, converges
uniformly to g on any closed disc contained in A.

n=N —

/(fn—f) s/|fn<z)—f(z)||dz| <el(y).
Y Y

O
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Clearly, if A C C is an open set we have
fn — f uniformlyon A — f, — f normallyon A — f, — f pointwise on A

and similarly

o0 o0
Z fn — g uniformlyon 4 — Z fn — g normally on A
n=1 n=1

o0
— Z fn — g pointwise on A .
n=1

Analytic convergence theorem. Let { f,}5> | be a sequence of analytic functions on an open set A
such that f,, — f normally over A. Then f is analytic on A, and f, — [’ normally over A.

Proof. In the first place, by the uniform convergence of f, to f on closed discs contained in A, f is
continuous on each closed disc contained in A4, and is thus continuous on A. Let D(a;r) C A. If yisa

closed arc contained in D(a;r) then
f, 7 = m [ 5 =0

by Lemma 6.7 and Cauchy’s theorem ( f; is analytic on D(a;r) C A and D(a;r) is simply connected).
By Morera’s theorem, f is analytic on D(a;r), and thus on A.

In order to show that £,/ — £’ uniformly on D (a; r), note that there is R > r such that D (a; R) C A.
Given ¢ > 0, there is N € N such that | f,(w) — f(w)| < e forallw € D(a;R)andn > N. If
z € D(a;r) and y is the (positively oriented) circle of radius R centered at @, from Cauchy’s integral
formula for the first derivative it follows that

Fulw) = f(w) I e _eR
/ (w—2z)2 dw $£(R—r)22nR_ (R—-r)%’

| f(2) = f'(2)| = Vn = N.

Corollary 6.9. Let Zlio=1 gk be a series of analytic functions on an open set A converging normally
10 a function g over A. Then g is analytic on A, and Y g, g;c converges normally to g’ on A.

In particular, notice that

d (o,] o0
L g=2 &) indp
T k=1 k=1

in other words, if the hypothesis of the latter corollary hold the series can be differentiated term by term
on A.

6.1.3 Power series

A power series centered at zg € C is a series of the form

o
Y arz—zo)f.  ageC (k=0.1...). (6.1)
k=0
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Abel’s theorem. For any power series (6.1) there is a unique R with 0 < R < 00, called the radius
of convergence of the series, satisfying:

i) The series converges absolutely and normally if |z — zo| < R.

ii) The series diverges if |z — zo| > R.

iii) If R > 0, the sum of the series is an analytic function on the convergence disk D(z¢o; R), whose
derivative is obtained by differentiating the series term by term.

Proof. Clearly, from i) and ii) it follows that R is unique if it exists. We shall prove that
R=supl, I ={r=0:{las|r"},—, bounded} .

Note that if {|a,| " };— is bounded, s0 is {|ax | p" }ne for all p < r, so that the set [ is an interval with
lower endpoint 0. In particular, R = oo if {|a,|r"}5—, is bounded for all » = 0. With this definition,
the assertion ii) is trivial: indeed, if |z — zo| > R the sequence

{|an| |z — ZOln};.,c;o ={lan(z — Zo)n|};.zo=0
is not bounded (since |z — z¢| ¢ I), and thus the general term of the series does not tend to zero as
n — oo.

In order to prove i), note to begin with that if R = 0 the series diverges for all z # z¢, and there
is nothing to prove. Otherwise, assume that R > 0, and let 0 < r < R. Then r € I (by definition
of supremum), and (again by definition of supremum) there are r < p < R and M > 0 such that
lan| p" < M for all n. If |z — z¢| < r we have:

n n

Z—20 r
lan(z — 20)"| = |an| p" (|—|) <M (—) )
P p

By the Weierstrass M -test, the series Y v an(Z2—20)" converges absolutely and uniformly on D(zo;1);
in particular, it converges absolutely on D(z¢; R). This also implies that the series converges uniformly
on any closed disc contained in D(zg; R), since a closed disc contained in D(z¢; R) is also contained in
some closed disc centered at z¢ with radius smaller than R. This establishes assertion i). Assertion iii)
then follows from the analytic converge theorem. O

o The radius of convergence of the derivative of a power series is equal to the radius of convergence of
the power series.

[e.e]
In fact, by Abel’s theorem, it suffices to see that the series Y kay(z — z0)*~ 1 diverges if |z —zo] > R,
k=1

o0
where R is the radius of convergence of the original series Y ax(z — zO)k . And indeed
k=0

k—1 -1 k -1 k
klaxllz —zol" " = lz = zol " -klar|lz = zol” = [z =20l "~ - lak|lz — zol" .

By definition of R, the last term is not bounded when |z — zo| > R. Then the general term of the
series Y peq kag(z — 20)*~1 does not tend to zero if |z — zg| > R, so that the latter series diverges if
|z —zol > R.

Repeated application of Abel’s theorem and the previous result yield the following



90 SERIES REPRESENTATION OF ANALYTIC FUNCTIONS

Theorem 6.10. Let 0 < R < o0 be the radius of convergence of the series f(z) = Z ar(z — ZO)k

k=0
Then f is infinitely differentiable on D(z¢; R), with
P = Z k(k— 1) (k —n + Dag(z — 20"
k=n
o0
=Y (k+m)k+n—1)(k+ Dagnc —20F. ¥neN, Vz e D(zo: R).
k=0

The radius of convergence of the above series is again R, and the coefficients a, are given by

(n)
o= sz) Vn=01.2.....
n!

Corollary 6.11 (Uniqueness of power series). If there is r > 0 such that
o0 o0
Y az—z0* =) bi(z—z0* Yz e D(zo.r)
k=0 k=0

then ay = by forallk =0,1,2,....

Proof. ap =by = f (k)(z()) / k!, where f(z) is the sum of either series. O

e The ratio and root tests are valid in the complex case. Indeed, let us consider the series Y pe, Zk, and
assume that lim, o0 |Zn+1|/|2n| = ¢, with ¢ € R4 or ¢ = 4o00. If ¢ < 1, the series of nonnegative
real numbers Y po, |z | is convergent, so that the series Y zo o Zx is absolutely convergent. If, on the
other hand, ¢ > 1 (0 ¢ = +00) then |z,] is not bounded as n — 0o, so that the series Zlio=0 zx diverges
(since its general term does not tend to zero as n — 00). The root test is established using a similar
argument.

o [f there exists (or is +00) lim lan] then

n—00 |ap 41|

R — qim _lanl

=00 |ant1| |

Likewise, if there exists (or is +00) nll)ngo V|an| then| R = 1/ nll)rrolo V0an||-

o0
Let us prove e.g. the first formula. By the root test, if z # z¢ the series Y ax (z — zo)* converges if

k=0
n+1
. a Z—2 . a
L 19n+1l] 0|n |z zo| lim lant1l _ 1.
n—o00 |an||z—z0| n—00 |an

and diverges if

a
| n+l| > 1.

|z —zo| lim
n—>oo

|an|
The second formula follows by a similar argument using the root test.
o The radius of convergence R of the power series Z;io ag (Z—Zo)k can be computed using Hadamard’s

formula
R = 1/limsup V/|an]||.

n—oo

Note: if x, = 0foralln € N,

lim sup x, = hm sup{xg : k = n}.
n—>00
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The limit superior always exist, is equal to infinity if and only if {x,},=; is not bounded above, and
coincides with the ordinary limit when this limit exists.

Example 6.12. Let us consider the geometric series with ratio z € C, given by Y 72 o zk. This is a
power series centered at zo = 0, with unit radius of convergence (since a, = 1 for all n). Thus the
geometric series converges absolutely if |z| < 1 and diverges if |z| > 1. This result can be proved in a
more elementary way noting that if |z| > 1 the general terms of the series is not bounded (its modulus
tends to infinity as n — 00), so that the series is divergent. On the contrary, if |z| < 1 the n-th partial
sum of the series is given by

n+1 1

n
S

o= 1—1z2 n—00 l—z’
k=0

—— Ofor |z| < 1. Note that the geometric series is divergent at all points of the boundary
n—oo

since |z|" !

of the convergence disc, since |z| = 1 implies that the general term of the series has unit modulus, and
thus cannot tend to zero as k — oo. In summary,

= 1
sz=—1_ ; lz] < 1.
k=0 ¢

6.1.4 Taylor’s theorem

In the previous subsection we have shown that the sum of a power series is an analytic function in its
convergence disk. We will now prove that, conversely, an analytic function on an open disk can be rep-
resented by a convergent power series on that disk:

Taylor’s theorem. If f is analytic on the disc D(zo;r) (with r > 0), it admits the Taylor series
expansion

X r(k)
f(z) = Z M(z — zo)k, forall z € D(zg;r). (6.2)

Ve ~
/ ¥ N
/ N
/ \
! \D( )
i
l | 7
\ /
\ /
\ /
\\ //

Figure 6.1: Taylor’s theorem

Proof. Let z be a fixed point in D(z¢; ), and let p > O such that |z — z¢| < p < r. If y is the (positively
oriented) circle with radius p and center zo, from Cauchy’s integral formula it follows that

1 f(w)
f(z)—ﬁfyw_z dw.
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On the other hand,

1 1 o o i(z—zo)k
w—z Ww—2Zo+Z0—2 W—20]_2"%0  w-—zg w—2Zo

k=0
w — 20

Note that the geometric series in the right-hand side is convergent, for w € y = |z — 20| < p =
|lw — zo|. Since f(w) is analytic on y, it is bounded y (which is a compact set), so that

k
Z—20
Jo

S (w)

w— 20

Z—20
w — 20

ko m
<_

p

, Ywey.

) . . ook
The numerical series (that is, independent from w) % > ‘M‘

is convergent (geometric series with

ration smaller than 1). By the Weierstrass M -test, the series

g(w) = Z S (w)

( Z—2Z0 )k
— 20 — 20
converges uniformly and absolutely over y. Integrating term by term (cf. Lemma 6.7) we obtain

! = f(w)
f@) = E/},g(u})dw - _gfy—(z—z())k dw

2mi 4 (w —zo)k+1
00 k)
1 S (w) B o) k
=D (@-z0" 5 / e w—E (2 205,
— +1 |
k=0 (w = 2o) iz K
where the last equality follows from Cauchy’s integral formula for the k-th derivative. O

Let f be analytic on a nonempty open set A C C. If zg € A # C, we define the distance of z( to
the boundary dA of A as
d(zo;0A4) = inf{|z — z0| : 2 € 04} .

It is easy to show that d(z¢; d4) € (0,00). If A = C, which has no boundary, by definition we shall say
that the latter distance is infinite. Clearly, the open disc centered at z¢ with radius d(z¢; dA4) is contained
in A. Applying Taylor’s theorem to the latter disc we obtain the following

Corollary 6.13. The radius of convergence of the Taylor series centered at 7o € A of a function f
analytic on A is greater than or equal to the distance of z¢ to the boundary of A.

e The radius of convergence of the Taylor series of f (6.2) may be greater than d(z¢; dA). This is
for example the case if f(z) = Logz and zo = —1 + i (see the following exercise).

Exercise. Show that the Taylor series of Log z centered at —1 + i has radius of convergence /2, while
the distance from —1 41 to the boundary of the analyticity region of Log is equal to 1. To which function
does the above Taylor series converge on D(—1 + i; +/2)?

Solution. The function f(z) = Logz is analyticon 4 = C \ (R~ U {0}), so that 94 = R~ U {0}. If
zo = —1 + 1then
d(zog;04)=1=d.

On the other hand,

Flo=t — f(k)(z):(_l)k—l(k_kl)!’
< z
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Therefore, the Taylor series of f centered at z¢ is

l)k 1

k
(z—1z 6.3
pas: 0) (6.3)

f(z) = Log(z) = Log zo + Z(

(notice that Log(zg) = % log2 + %, although this fact is not important). By the root test, the radius of
convergence of this series is

R = lim \/k|zolk = |zo| lim Vk =|z¢| =+v2>d =1.
k—o00 k—o00

The Taylor series of Log z centered at zo = —1 + i converges to F(z) = logjg ax) on D(Zo; V2).
Indeed, f and F clearly coincide on D(z¢; 1), so that

FOGzo) = f®ze),  k=01,....

Thus the Taylor series of F centered at 7 coincides with that of f. Since F is analytic on the disc
D(z0; ~/2), F(z) is equal on the latter disc to the sum of its Taylor series centered at z, that is, to the
sum of the series (6.3).

Proposition 6.14. Let f be analytic on A, let zo € A, and assume that f is not bounded on the disc
with center zo and radius d(zo; dA). Then the radius of convergence of the Taylor series of f centered
at 7 is exactly equal fo d(zg; 0A4).

Proof. Let R be the radius of convergence of the Taylor series of f centered at zo, and assume that
R > d(z9;04) =d. If

(k)
F()—Zf (ZO) z—z0), lz—zo] <R,

then F = f on D(zo;d). On the other hand, F is bounded on 5(@; d), for this closed disc is a compact
set entirely contained in D(z¢; R), and F is continuous (analytic) on the latter disc. In particular, F is
bounded on the open disc D(z¢; d). But this contradicts the hypothesis, since F = f on D(z¢;d). O

6.1.5 Zeros of analytic functions

In this subsection we shall summarize some fundamental properties of the set of zeros of an analytic
function.

Proposition 6.15. Let f : C — C be analytic on a point a € C, and assume that f(a) =
Then either [ vanishes identically on a neighborhood of a, or f does not vanish on a punctured
neighborhood of the latter point.

Proof. If f is analytic at a then f is differentiable on some neighborhood D(a;r) = D of a. By
Taylor’s theorem,

o0
f@ =) ak-af  |z-al<r.
If the coefficients ¢ are all zero, then f = 0 on D. On the contrary, if there is n € N such that

CO=.“=C}1—1=O’ Cn7é0,

and thus

f@Q=) atz-a*=c-a)") amc-*=@-a)gk). |z—al<r.
k=n

k=0
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The function g(z) is analytic on D (since it is the sum of a convergent power series on D), and g(a) =
c¢n # 0. Since g is continuous at a, there is 0 < § < r such that g(z) # 0 for all z € D(a;§). In
particular, f(z) = (z—a)"g(z) does not vanish on the punctured neighborhood D(a;§) —{a} ofa. O

e As before, let f be analytic at @ € C and not identically zero on a neighborhood of a. If f(a) = 0,
by the previous lemma there is n € N such that

f@)=(z-a)"¢g),

with g analytic an nonzero on a neighborhood of a. Moreover, in this case we have

fla)=--= f(n_l)(a) =0, f(n)(a) £0,

since f®)(a) = klck. We then say that f has a zero of order n at a.

o With the help of the previous proposition one can prove the following fundamental property of analytic
functions, which is the basis of the principle of analytic continuation:

Theorem 6.16. If f : C — C is analytic on a region A and vanishes on a neighborhood of a point
z0 € A, then f is identically zero on all of A.

6.2 Laurent series. Laurent’s theorem

6.2.1 Laurent series

A series of the form
00 by
Z) = EE— 6.4
Q=3 o (6.4)

k=1

is a power series in the variable w = (z — zo)~!. Thus, if p is the radius of convergence of this power
series and R = 1/p (with 0 < R < 00), the series (6.4) converges if |z — 79| > R and diverges if
|z — zo| < R, the convergence being absolute and uniform in the complement of any disc D(z¢; 7) with
r > R. Moreover, the function f is analytic on the region of convergence |z — zp| > R, since it is the
composition of the power series g(w) = Y g, bk wk, analytic for |w| < p = 1/R, with the function
h(z) = (z—z0)7".

Consider next the more general series

oo

f@=3 Y gz -z0f = Y anz 20, (63)
k=0

_ k
= (z —zo)

k=—o0

The first series converges absolutely to an analytic function for |z — zg| > R;, while the second one
does so if |z — zo| < R». Thus, f is well-defined and analytic on the open annulus

C(zo; R1,R2) = {z : R1 < |z — 20| < R2},

called the annulus of convergence, whenever 0 < R; < Ry < oo. In addition (by the results on power
series) the convergence of both series (6.5) is absolute and uniform on any closed subannulus contained
in C(zo; Ry, R2). A series of the form (6.5) is known as a Laurent series centered at z.

Proposition 6.17. If the Laurent series

o0

f@ =) az—z0)*

k=—o00
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converges on the annulus C(Zg; R1, R2) (with0 < R1 < Ry < 00) then

1
anp = — Ldz, VneZ],

27 J,y, (2 —zo)"*!

where y, is the positively oriented circle with center zo and radius r (with R1 <r < R»).

Proof. Indeed, by definition of f* we have:

L A COR / k—n—1
— dz.
27i ’r (z — ZO)n—H 2].[1 " Zoo ax(z — zo) 4

The series under the integral sign is a Laurent series converging on the annulus C(zo; Ry, R2), and thus
converging uniformly on the circle y, (by the properties of Laurent series). Applying Lemma 6.7 we
obtain:

L Adz: Z ak-i. (z—z())k_”_1 dz.

1 _ +1
2 )y, G20 i,

By the fundamental theorem of calculus, for any integer j # —1 we have

: d | (z—z0)/ ™!
-2z ]dz=/ — | ———— | dz =0,
(z —zo0) e |: s

Vr

and thus
L/Ad_a T P
i . 2 —Zo)n+1 L ) 2 — 20 n Yr, 20 n-
O
Corollary 6.18 (uniqueness of Laurent series). If
o0 o0
Yo arz—z0f = ) alz—z0*,  Ri<l|z—z0l <Ra, (6.6)
k=—00 k=—oc0

then ay = ci forall k € Z.

6.2.2 Laurent’s theorem

As we have seen above, Laurent series are analytic functions in their annuli of convergence. Conversely,
we shall prove below that an analytic function on an open annulus is the sum of a Laurent series:

Laurent’s theorem. Let f be an analytic function on the annulus C(z¢; R1, R2), with 0 < Ry <
Ry < o00. If R1 <1 < Ry, let y, be the positively oriented circle with center zo and radius r, and

define
1
ay = — Lkl dz, Vk € Z. (67)
2mi Jy, (2 —20)* T
Then f admits the Laurent series expansion
o0
f@= > ax(z—z0%. Ri<l|z—z0l <Ra. (6.8)
k=—o0

where the series on the right-hand side converges absolutely and uniformly on each closed subannulus
contained in C(z¢; R1, R»).
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Figure 6.2: Laurent’s theorem

Proof. Let z € C(zo; R1, R2) and take rq y rp such that Ry < r; < |2 — Zo| < r2 < Ra, so that the
closed annulus A = C(z¢;71, rp) is contained in C(zo; R1, R2). Let us denote y,, = y1, ¥r, = V2.
The closed curve S + y» — S — y; is homotopic to a point in C(z¢; Ry, R») (see fig. 6.2). By Cauchy’s
integral formula,

=5 | P = o [ I - [ I = - .
S+y2—S—71 71

w—2z 27 Jy, w =2 271 w—2z

The proof of Laurent’s theorem basically consists in expanding f1 y f» as power series in (z —z¢) ! and
zZ — Zo, respectively. For f5, repeating the argument used in the proof of Taylor’s theorem one obtains

p@ =5z s

(Z_ZO) dw—Z(z—Zo)k — de,

0 fmp \w—20 27 J,, (w — zo)kH!

where the last step is justified by the uniform convergence of the series over y» (W € y2 = |2 — 20|/ |w — 20| =

|z —zo|/r2 < 1). Asto fi, it suffices to observe that if 11 < |z — Z¢| then

1 1 i(w—zo)k
w—z z-201_YT2  z-—z z—z0) "

k=0
Z—20

Again, the convergence of the geometric series of the right-hand side is uniform over y;, since

weEy — |w—zo|= 1 <1,
|z =20l [z — 2ol
Applying Lemma 6.7 we obtain
h@ =5z [ s )Z T L [ rwrw-zof aw
)k+1 = 27ti "

c 1 w
Z (Z—Zo)n'—./ __Jw) )n+1 dw

W 2mi Jy, (w — Zo)

By the deformation theorem, fyr fw)(w — z9)™ ! dw is independent of r if Ry < r < R,, which
proves (6.7)—(6.8). The annulus of convergence of the Laurent series (6.7)—(6.8) is at least C(z¢; R1, R2);
hence, from the properties of Laurent series it follows that the latter series converges absolutely and uni-
formly on any closed subannulus centered at 7z and contained in C(z¢; Ry, R3). O



Classification of isolated singularities 97

6.3 Classification of isolated singularities
Definition 6.19. A function f : C — C has an isolated singularity at zo € C if f is not differentiable
at zo, but is analytic in some punctured neighborhood C(z¢;0, r) (with r > 0) of zp.

By Laurent’s theorem, if f has an isolated singularity at z¢ there is r > 0 such that f admits a
Laurent expansion (6.5) on C(z;0, r):

o0

f(Z)ZZ( i )k Zak(z—Zo)k if 0<l|z—2zo|l<r]|.

k=1

i) If b = O for all k € N, we say that 7 is a removable singularity of f.
ii) If b, # 0 and by = 0 for all k > p, the point z¢ is a pole of order p of f.
iii) Finally, if there are infinitely many coefficients by # 0 we say that f has an essential singularity

at zo.

o0
Definition 6.20. The series Z bi(z — zo)_k is called the principal part of the Laurent series of f

k=1
at zo. The coefficient b of the Laurent series is called the residue of f at z¢:

Res(f:20) = b1 .

e If f has a removable singularity at z¢, there exists the limit

lim f(z) = ao. (6.9)

Z—>2Z0

If we define f(zg) = ao, the function f is analytic on D(z¢; r) (since the power series representing f on
0 < |z — zo| < r converges on the latter disc). Conversely, if f is analytic on a punctured neighborhood
of zo and equation (6.9) is satisfied, then f has a removable singularity at z¢. Indeed, (6.9) implies that

Jim [(z —z0)f(2)] =0/ (6.10)

From the generalized Cauchy theorem it follows that
1
aom =5 [ S@E-z0" ez =0, vmeN,
27 J,

Thus f has a removable singularity at zo if and only if f(2) has a limit when 7z tends to z¢. In fact, one
can prove the slightly more general result:

Proposition 6.21. Let zo € C be an isolated singularity of f : C — C. Then f has a removable
singularity at z¢ if and only if the condition (6.10) is satisfied.

Proof. Indeed, if f has a removable singularity at zo it has a limit at z¢, which implies (6.10). Con-
versely, if this condition is satisfied then the generalized Cauchy theorem implies that all the coefficients
ay with k < 0 of the Laurent expansion of f centered at z¢ are zero. O

Example 6.22. The function f(z) = sinz/z, defined for all z # 0, has a removable singularity at the
origin. Indeed, although formally f is not defined (and thus is not analytic) at z = 0, the condition (6.10)
is satisfied, since lim,; [z f(z)] = lim;—¢sinz = 0. The Laurent series of f on the annulus of
analyticity C(0; 0, oo) can be easily computed from the Taylor series of sin z:

k

s 2
f(z)—zkgo( )(ZkH), Z( (2k+1), Z#0.

If we define f(0) = lim;—o f(z) = 1, the function f coincides with the sum of the previous series for
all z € C, and is thus an entire function.
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e By definition, f has a pole of order p at z if and only if there is » > 0 such that
1 p—1
O0<l|z—zol<r= f@)=———=5|bp +bp-1(z —20) + - + b1(z — 20)
(z —2z0)?

+ ) ar(z— z0)k+”) = e

= ——_,
= (z —z0)

where F is analytic on D(zo;r) and F(zo) = bp # 0. Thus f has a pole of order p at z if and only if
(z — 20)? f(2) has a removable singularity at Zo, and

Elzl_i>rrzlo [(z—z0)? f(2)] #0|. (6.11)

In fact, one can prove a slightly more general result:

Proposition 6.23. Let f : C — C be analytic on a punctured neighborhood of zo. Then f has a pole
of order p at zo if and only if the condition (6.11) is satisfied.

Proof. Indeed, as we have seen above the condition (6.11) certainly holds when f has a pole of order
p at zo. Conversely, if such a condition is satisfied then z¢ is an isolated singularity of f, since (6.11)
clearly implies that f* does not have a limit when z — z¢, and thus it is not differentiable at this point.
Moreover, applying Proposition 6.21 to the function (z — z¢)? f(z) it follows that (z — z¢)? f(z) has
a removable singularity at zo. The remark just before this proposition then implies that f has a pole of
order p at zo. O

e If f has a pole of order p at z¢, then
F(z)

(z—2z0)?’

f@) = 0<l|z—2zo| <r,
where F is analytic on D(zo;r) and F(z9) = b, # 0. By continuity, there is 0 < § < r such that
F(z) # 0if |z — zo| < 8, so that

1 1
%=(z—zo)”— 0<l]z—2z0|l <8,

F(z)’
with 1/ F analytic and nonvanishing on D(z¢;38). Thus 1/f has a removable singularity (zero of order
p) at 7o. Conversely (see Section 6.1.5) if f has a zero of order p > 0 at 7 then 1/ f has a pole of order
p at zo. Hence:

Proposition 6.24. f has a pole of order p at z¢ if and only if the function

ﬁ, Z # 20
g(z) =
0, Z =20

has a zero of order p at z.

Example 6.25. Consider the function f(z) = csc? z, analytic at z # km, with k € Z. In this case the
function g(z) = sin? z has a double zero at each of the (obviously isolated) singularities z = k of f,
since sin z has a simple zero' at these points (for sin(km) = 0, cos(knt) = (—1)f # 0). Thus f has a
double pole at each of the points z = k7, with k € Z.

Tt is immediate to show that when A(z) has a simple zero at a point z, then for any n € N the function 4(z)" has a zero
of order n at this point.



Classification of isolated singularities 99

e Assume that f = g/h, where g and h are analytic functions at zo and with zeros of order n > 0 and
m = 1, respectively, at that point. If g and 4 do not vanish identically on a neighborhood of z¢, as we
have seen in Section 6.1.5 there exists r > 0 such that

lz—zol<r = g@)=(@—-20"G&), hz)=(z—-z20"H(),

with G and H analytic and non-vanishing on D(zo;r). In particular, since s(z) # 0 on a punctured
neighborhood of z¢, this point is an isolated singularity of f. Using the previous expressions for g and
h we obtain

g(z)  (2—20)"G(2)

o)~ Gzl - CTRE

0<|z—zol<r= f(2) =

with R = G/H analytic (quotient of analytic functions with H(z) # 0) and nonzero at z¢ (since
G(zo) # 0). Then:

i) If n = m, f has a removable singularity (zero of order n — m) at z.
ii) If n < m, f has apole of order m — n at 7.

From the above discussion it follows that the singularities of the quotient of two analytic functions which
do not vanish identically must be either poles or removable singularities

Proposition 6.26. Let f = g - h, with g analytic and nonzero at Zo, and assume that zg is an isolated
singularity of h. Then zg is an isolated singularity of f, of the same type as is for h.

Proof. Clearly f has an isolated singularity at z, since / analytic on C(z9;0,r) (r > 0) and g analytic
on D(zo;r) imply that f = g - h is analytic on C(z¢;0,r). Moreover, f cannot be differentiable at
Zo, since in such a case h = f/g would be differentiable at the latter point (quotient of differentiable
functions at z¢ with a nonvanishing denominator at zg).

If zo is a removable singularity of 4 then & coincides with an analytic function on a punctured
neighborhood of zg, and thus the same is true for f. Hence in this case f also has a removable singularity
at Zo. On the other hand, if / has a pole of order p at zg, then h(z) = (z —z0)”? H(z), with H analytic
on a neighborhood of zg and H(z9) # 0 = f(2) = (2 —20)"?-g(2) H(z) = (z—20)"? F(2), with
F = gH analytic on a neighborhood of z¢ and F(z0) = g(z0)H(z0) # 0 = f has a pole of order p
at Zo. Finally, if / has an essential singularity at 7 then the same is true for f, since otherwise h = él, - f
would have a removable singularity or a pole at z¢ (notice that 1/g is analytic on a neighborhood of z,
since g(zo) # 0). O

Example 6.27. The function f(z) = e'/Z is analytic on C \ {0}, and has an essential singularity at the
origin. Indeed,

11

@)= Zﬁz_k Vz#0.
k=0

By the uniqueness of Laurent series, this is the Laurent expansion of f on the annulus C(0;0, co). In

particular, since

1
b= A0 Vk=12...

z = 01is an essential singularity of f. Consider next the function f(z) = e“'%, analytic on C excepting
the points z = k with k € Z. The latter points are simple poles of cotz = cos z/ sin z (simple zeros
of sin z, while cos z does not vanish). Thus, on a punctured neighborhood of k1t we have

Ck

cotz =
z—km

+ gk (2),
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with ¢; # 0 and g analytic on the latter neighborhood”. Consequently

c
ecotz — eiz_lfm egk(Z) ,

where e&* is analytic at k7t (composition of analytic functions) and nonzero at this point. From Proposi-
tion 6.26 it follows that f has an essential singularity at k7 for all k € Z.

o If f has a pole at z¢ then
lim |f(z)| = oo; (6.12)
Z—>20

in particular, | f| is not bounded on a punctured neighborhood of zo. However, (6.12) does not hold

if / has an essenctal singularity at zo. For instance, f(z) = e'/% has an essential singularity at the

origin, and f(z,) = 1ifz, = 1/(2nni) —— 0, for all n € N. In fact, the following theorem implies
n—0o0

that (6.12) only holds if [ has a pole at z:

Casorati-Weierstrass theorem. If f has an essential singularity at zg and a € C, there is a sequence
{20} | such that z, — zo and f(zn) — a.

Note: As a matter of fact, it can be proved (Picard’s big theorem) that for any complex number a, with
at most one exception, there is sequence {z,}n; such that z, — zo and f(z,) = a foralln € N
(cf. f(z) = el/?),

Exercise. Let f : C — C be an entire function satisfying | llim | f(z)] = oco. Show that f is a
Z|—>00

polynomial.

2By Laurent’s theorem, the previous formula is valid if 0 < |z — k7| < 7.



Chapter 7

Evaluation of integrals using residues

7.1 Residue theorem

The following theorem is the basis for the application of the results of the previous two chapters to the
computation of definite integrals on the real line:

Residue theorem. Let z1,..., 2, be n distinct points in a region A, and let y be an arc homotopic to
a point in A and such that no z; lies on y. If f is analyticon A\ {z1,...2,} then

| £ =27 3020 Restf iz,
Y k=1

Proof. By Laurent’s theorem, for eachi = 1, ..., n there is a punctured neighborhood C(z;; 0, &;) of z;
on which f is represented by its Laurent series expansion

f@ =) biz—z2)F+ D anz-z)F =Si@ + fiR).  O<|z-zil <&,
k=1 k=0

with f; analytic on the disc D(z;;€;). Moreover, by the properties of the Laurent series the series
defining the principal part S; (z) converges absolutely to an analytic function on C\ {z; }, the convergence
being also uniform on the exterior of any open disc centered on z;.

Let us next show that the function

g@) =)= Si@).
k=1

which clearly is analytic on A\{z1,..., Zxn}, has a removable singularity on the points z; (i = 1,...,n).
Indeed, foreachi = 1,...,n we have

g@) =i +Si@) - Sk@=f) - > Si@).

k=1 1<k#i<n

on a sufficiently small punctured neighborhood of z;. Defining g(z;) = h_En g(2), the function g is
Z—>Z;
thus analytic on all A, so that by Cauchy’s theorem we have

/yg=O=>/yf= /ySk'

Consider now the integral fy Sk. Since C \ y is open (indeed, y is compact, and thus closed, for it is
the image of the compact interval [a, b] under the continuous mapping which parametrizes the arc), there

>

n
k=1

101



102 EVALUATION OF INTEGRALS USING RESIDUES

is 8 > 0 such that D(z;8x) Ny = @. Therefore, the Laurent series defining Si converges uniformly
on y, which by virtue of Lemma 6.7 yields

o0 o0
/Sk = / Y bz —zi) 7 dz = Z/bkj(z—zk)_j dz = by - 2min(y, zx)
Y Y j=1"Y

j=1
= 2mi-n(y,zx) Res(f;zk),

since fy (z — zx)~/ = 0 for any integer j # 1 on account of the fundamental theorem of calculus. This
completes the proof. O

7.2 Methods for calculating residues

o Let f(z) = g(z2)/h(z), with g, h analytic on a neighborhood of z¢, g(z0) # 0, h(zo) = 0 and
h'(zo) # 0. Then f has a simple pole at 7o (simple zero of the denominator and nonvanishing numera-
tor), with residue

g(zo)
h(zo) |

Indeed, by Taylor’s theorem, on a neighborhood of z¢ we have

Res(fz0) =

X 1(k) L)
h(z) = Z ™ (20) (z —20)* = (z — 20) Z (ZO) —z0)* ' = (z-20) H).

= k!

with H analytic at z¢ (power series convergent on a neighborhood of z¢) and H(z¢) = /#'(z¢). Thus

I 2@
(z—z0) H(z)

Since g/H is analytic at zo (for H(z9) = h'(zo) # 0), using again Taylor’s theorem we obtain the
expansion

f@) =

2@ _ 2lzo) I TCORAR U
H(z)  H(zo) * Zak(z = W(zo) +};ak(z z0)",

so that

. g(zo) 1 - _ k—1
S = 7= +k§ak (2 —20)*"

from where it follows that the residue of f at z¢ is given by 8(20) as claimed.

h(zo)’

Example 7.1. Let us compute the integral

1 :/ tanz dz .
|z|=8

The function f(z) = tanz is singular at the points zx = (2k + 1)5, with k € Z, none of which lies
on the circle |z| = 8. Besides, in the interior of any open disc there are obviously a finite number of
singularities of f', so that we can apply the residue theorem taking as the region A any open disc centered
at the origin with radius greater than 8. In this way we obtain

2
I =2mi Z Res(tan; z;) = 27i Z Res(tan; zz) ,
lzx|<8 k=-3
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since 57“ <8< 77“ In order to compute the residue of tan at the singularity zg, it suffices to note that
Zk is a simple pole (for sinz; # 0 and cos’(z;) = —sinzy # 0), so that
Res(tan; zx) = s11.1zk =—1.
—sinzy
Thus I =2mi- (—6) = —12m7i.
e If f has a pole of order n at 7o then
n—1
R ; = li —zo)" . 1
es(f2o) DA g [(z—z0)" f(2)] (7.1)

Indeed, on a punctured neighborhood of z¢ the function f is represented by the Laurent expansion

bn bn—l
(z—z0)"  (z—zo)"!

where g is analytic at zo (convergent power series). Thus, on a punctured neighborhood of zg we have

/) = bt 2,
Z—20
(z2=20)"f(2) = bp + bp—1(z—20) + -+ b1(z —20)" ' + G(z) = F(2), (7.2)

where G(z) = (z — z0)" g(z) is analytic at zo with a zero of order = n at this point, and F is analytic at
Zo- By Taylor’s theorem,

F@=D 1

Res(f;z0) = b1 = (n—1)! - (n —1)! z=z0

1 n—1

— li
(n—1)! 7520 dzn—1

[(z=z0)" f(2)].

Note: from equation (7.2) it follows that (z — z¢)” f(z) has a removable singularity at zg, so that the
formula (7.1) is often written (with a slight abuse of notation) in the simpler form

1 n—1

Res(f:20) = 0=y  ggn

[(c—20" r0)]|

Z=20

Exercise. If f = g/h with g and h analytic at z¢, h(z9) = h'(zo) = 0 and g(z¢) # 0, h'(z0) # O,
show that f has a pole of order 2 at 7, with residue

g'(z0)  28(z0) h"(z0)

Res(f:z0) = 2h”(Z0) 3 W)

Solution. The function f clearly has a double pole at zg, so that we can apply the formula (7.1). By
Taylor’s theorem, on a punctured neighborhood of z¢ we have

h(z
(—)2 =hy + h3(z—2z0) + H(2),
(z —z0)
with | |
hy = Eh//(zo), hs = gh/"(zo) (7.3)
and H analytic at zo with a zero of order at least 2 at this point. Applying (7.1) one thus obtains

d [ g(2) ] _ h2g'(z0) — h3 g(z0)
dz [ ha + ha(z —z0) + H(z) | h? ’

Res(f;z0) = lim

Z—>20

Substituting in the latter equation /i, and /3 by the expressions (7.3) yields the proposed formula.



104 EVALUATION OF INTEGRALS USING RESIDUES

7.3 Evaluation of definite integrals

In this section we shall use the notation

H={zeC:Imz >0}, L={zeC:Imz <0}

to respectively denote the (closed) upper and lower half-planes.

7.3.1 /oo f(x) dx

e Conditions:

i) f analyticon H\{z1,...,2x}, Withz; € H\R (i.e., f has at most a finite number of singularities
in H, none of which can lie on the real axis)

il) dp > 1, R > 0y M > 0 such that

M
|f(Z)|<W’ VzeH, [z]| >R

n
e Result: |2mi Z Res(f;zx) |-
k=1

(Note that the sum is extended to the singularities of f in the upper half-plane H.)

Proof. Let y, be the positively oriented half-circle of radius r, with r > R large enough so that all the
singularities of f in H are in the interior of y, (see fig. 7.1).

Yr

Y

— r

Figure 7.1: half-circle y,

Since n(yr,zx) = 1 fork = 1,...,n, by the residue theorem it follows that

f=2mi) Res(fizx) = ' f(x) dx + fn Fre?yirel ao. (7.4)
k=1 —r 0

Yr

Since | f(x)] < M |x|”? with p > 1 for |x| > R, the first integral on the right-hand side converges
to ffgo f(x) dx when r — oo ( comparison test). As to the second one, its modulus is bounded by
M 7tr1=P  which tends to 0 as r — oo. Taking the r — oo limit in (7.4) we obtain the above mentioned
result.
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e Notes.:

i) If f is analyticon L \ {z1,...,2Zn}, with zz € L \ R, and condition ii) in the previous page holds
on the lower half-plane L, then

/00 f(x) dx = —2niZRes(f;zk) .
e k=1

The minus sign is due to the fact that in this case we have to integrate f along the semicircle
of center 0 and radius r in the lower half-plane traversed in the clockwise direction, and thus

n(yr.zx) = —1.

i) If f = P/Q, with P # 0 and Q polynomials such that Q(x) # 0 for all x € R, then f satisfies
the previous conditions (both on H and L) if and only if deg Q = deg P + 2.

o0

E I / x dx
® xample: .
P | 2+ 4x 1 13)2

In this example
z _ P(2)

&= ymr - o)

with singularities (double poles) at the zeros z = —2 &£ 3i ¢ R of the denominator Q. Since deg Q =
4 = deg P + 2 = 3, we have

o0 x dx
I = = 27iR ;—2 + 3i).
/_Oo G2 1 dx 1 1372 i Res( f + 3i)

The function f has a double pole at zo = —2 + 3i, with residue (cf. (7.1))
_d Z 1 2(=2+3)) 4 4
z=z0  dz (2 +2+30)2|,mppy (602 6i)3  (60)3 63

-0

8
Thus = —n = — %
& 27

27
7.3.2 Trigonometric integrals: / R(cos 6,sin0) db
0

e Conditions: R(x, y) rational function of two variables with a nonvanishing denominator on the unit
circle x2 4+ y? = 1.

o Result: |27 Z Res(f;zx)|, where

lzkl<1

f@) =R (% C+a)a —z_l))

and 7y are the singularities of f (necessarily in finite number, since f is a rational function).

Proof. The function f(z) has no singularities on the unit circle y, since f(e'?) = —ie™" R(cos 6, sin 0)
for 6 € [0, 2m). If we parametrize fy £ in the usual way as z = ¢, we obtain

27
/f =/ R(cos 0,sinf) d .
y 0

The result then follows from the residue theorem, since f (being a rational function of z) has a finite
number of singularities inside the unit circle. O
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E . /2“ do
e Example: —_
£ o (5—3sinh)?

In this case

f) = : _ 4iz 4iz
iz[5-5 (- %)]2 (322 —10iz =3)* 9 (z— %)2 (z —3i)? '

Thus the value of the integral is given by

87 ( i) . b 1 h(z)
I =——Res|g;-|, with g(z) = — — = —
? ’ G237 -3) (-3)
so that
i , 1 = i-3i-2 1 10 - 32
Res (gi5) =W/ = —— -2 -2 —3 0
(3-31)" (3-30) (3-3)" -3
10m 5=
Hence ] = — = —.
82 32
w .
7.3.3 Fourier transforms: / e f(x) dx
—OoQ

e Conditions:
)w>0

il) f analyticon H \ {z1,...,2n}, with 2z € H \ R (that is, f has at most a finite number of
singularities on the upper half-plane, none of which lying on the real axis)

iii) |f(z)] = Oas |z] = oo on H, that is

Ve>0,dR >0 suchthat |z| >R, z€e H = |f(2)| <e

n
e Result: |2mi Z Res (€'“% f(2); zk) |-
k=1

(Again, the sum runs over the singularities of f on the upper half-plane H.)

Proof. Given ¢ > 0, let y be the (positively oriented) rectangle with vertices at —x1, x2, xo +1y1, —x1 +
iy1, with x1, xp, y1 greater than R and large enough so that all the singularities of f on H lie inside y
(cf. fig. 7.2).

X HY, Xy,

xN.

X X5

Figure 7.2: rectangle y



Evaluation of definite integrals 107

Then

/ eiwzf(Z) dz = 27 Z Res (eiwzf(z)§zk)
14

k=1

X2 Y1 o .
- / O f(x) dx +1 / SO0+ [y +iy) dy

—X1 0

X o :
_/ em)(x-l—lyl)f(x + jyl) dx —i/ elw(—x1+1y)f(—x1 + iy) dy
0

—X1

=l +1,— 13— 14.
If y1 is chosen large enough so that (x; + x)e™®Y! < 1/w we have
Y1 e e
|| < 8/ e Wdy=—(1—-e*") < —,
0 w w
T3] <& (x1 + x2) e < =,
a)

€ )
[la] < —(1—e"®) < —.
w w

Thus
x2 " . 3e
/ e’ f(x) dx — 2mi Z Res (¢'% f(2):zk)| < — .
—x = 1)
Since ¢ > 0 is arbitrary, if x; and x, tend separately to infinity it is shown that the integral converges to
the above stated result. O
e Notes:

i) If w < 0 and f satisfies conditions analogous to ii)—iii) on the lower half-plane L, it can likewise
be shown that

/oo eia)xf(x) dx = —2mi Z Res (eia)zf(Z);Zk)

o k=1

where 71, ..., 2, are the singularities of f on L.
i) If f = P/Q, with P # 0 and Q polynomials with Q(x) # 0 for all x € R, the previous
conditions on f are satisfied (both on H and L) if and only if deg Q = deg P + 1.

©  cos(wx) 1/°° cos(wx) dv = I(@). > 0.

E l: —d = — - > 7
¢ Example /0 x4+ x2 41 . 2 ) o x4+ x2+1

The integral is the real part of
1 00 eicox
J(w) == / ———— dx.
2 ) o x*t+x2+1
In fact, since sin(wx) is an odd function Im J(w) = 0, and thus /(w) = J(w). We can apply the previous
result to the rational function f(z) = %(Z4 + z2 4 1)1 on the upper half-plane (f has no singularities
on the real axis). The singularities (poles) of f are the zeros of the quartic equation

27

1 T
z4+z2+1=()<:>z2=§(—1j:i\/§)=ei3 — 7 = +e*3 .

The only singularities on the upper half-plane are

i
3

1 T 1
Z1=e :§(1+i\/§), 2o = —e 3 :5(_1“«/5):_21.
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The residue of e“Z f(z) in any of these singularities z; can be easily computed, since e'®Z f(z) =
8(2)/ h(z) with g(z) # 0, h(zx) = 0 and 1 (z) # O

1 el®Zk
Res(fizk) = Q21D
Thus _ o _
I = n_l |: eVt —— e__leI i| = _—nIm |:—e“"11 i| = —nImA.
2 |z1Rz3+1) 712z + 1) 21222 + 1)
Since

= 2617&)(1_*—“/5) = Ze%ﬁ_ﬁ) = —1 + \/3 e%(i_ﬁ)
(1+iv3)iv3  V3(i—-+3) 2V3

we finally obtain

7.3.4 Cauchy principal value

Assume that f : R — R is not bounded on a neighborhood of x¢ € R, and that the improper integrals
ffoo f(x) dx and [, coo f(x) dx are convergent for all b < xo < c. In this case we define the improper
integral [0 f(x) dx as

oo

/_Oof(x) dx :81—i>r(1)1+/_oo_ f(x) dx+52161+/)c f(x) dx.

o+d

Clearly, if this improper integral exists then

/_: f(x) dx = 81_i>%1+ [/j:_s f(x) dx-l—/x:rsf(x) dxi|.

The right-hand side of the latter expression is called the Cauchy principal value of the improper integral,
and shall be denoted as

PV/_:f(x) dx =£1_i)r(r)1+ [/xo_af(x) dx+/oo f(x) dxi|.

—00 xXo+e&

(This definition can be generalized in an obvious way to the case where f has a finite number of singu-
larities on the real axis). Therefore, if the improper integral exists then its principal value also exists, and
the equality

/_:f(x) dszV/_Zf(x) dx

is then satisfied. Note, however, that the Cauchy principal value may exist when the improper integral
does not. For instance, if f is an odd function singular at xo = 0 but otherwise integrable at +co then
PV [% f(x) dx = 0.

Lemma 7.2. Assume that f is an analytic function with a simple pole at zo € C, and let y, be the arc
of a circle ye(t) = zo + e, witht € [to, to + o] (fig. 7.3). Then

li =iaR ;20)-
Jim | f =iaRes(fizo)
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%

Figure 7.3: curve y,

Proof. From Laurent’s theorem, it follows that

b
f@)= ——+g@). O0<l|z—zol<r
Z—20

with g analytic on D(z¢;r), so that |g(z)| < M for |z — zo| < r/2. If 0 < & < r/2 we have

dz
f=b1/ +/g
Ye V‘Z—ZO (3

But to+ it
dz 0T jee! , )
blf =b1/ — dt = ibja = iaRes(f;z0),
ye T 20 n  €e
whereas
/ gl S Mea——0
Ve e—>0+
O

e Assume that f : C — C satisfies:

i) f isanalyticon H\{z1,...,2n}, With zx € H (i.e., f has at most a finite number of singularities

on the upper half-plane), and the possible singularities of f on the real axis are all simple poles.

In addition, one of the following two conditions holds:

. M .
ii) 3p > 1, R >0, M >0 such that lf(Z)|<W if|z| > Randz € H;
<

i)  f(z) =¢e'“?g(z), with @ > 0and|g(z)| = 0 when |z] — coon H.

Then PV [ f(x) dx exists and is given by

PV/oo f(x) dx = 2mi Z Res(f;zx) + mi Z Res(f;zx) |-

Imzg>0 zx €R

7\[\].

Figure 7.4: curve y

Proof. Assume, for instance, that f satisfies conditions i) y ii). For simplicity, we shall restrict ourselves
to the case in which f has a single singularity xo on the real axis. If » > max(|xp|, R) is sufficiently
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large and ¢ > 0 is small enough so that all the singularities of f on H — {x¢} lie on the interior of the
curve y in fig. 7.4, integrating f along the latter curve we have

/yf:zm 3 Res(f;Zk)zfxo_sf(x)dx—/ygf+/xr feact | .

Imzx>0 - ote

By the discussion in Section 7.3.1, the integrals ffgo_g f(x) dx and [ xO: 1 J(x) dx are convergent, and

Taking the limit » — oo one thus obtains

X0—& fore)
omi Y Res(f:zk) =/ F(x) dx+/ fx)ydx— | f.
Imz;>0 > xo+e ve
The result then follows by making ¢ — 0+ and using the previous lemma with o = m. O

e Note: If we replace H by L and w > 0 by w < 0 in the previous conditions, then

PV/oo f(x) dx = —2mi Z Res(f;zx) — i Z Res(f;zx)|.

Imzx <0 zZx €R

o -
sin x
dx=1.

o Example: /
0 X

If we define f(x) = sinx/x for x # 0 and f(0) = 1 then f is continuous at 0 and even, so that

I=%/_(:f(x)dx.

This integral is not of the type studied in Section 7.3.1, since |sinz| = (cosh2 y — cos? x)l/ > 5

faster than any power of |z| when |y| — oo. Neither the relation

1 ooeix
I=—Im/ — dx,
2 oo X

is satisfied, since the real part of the integral on the right-hand side is clearly divergent at the origin (the
integrand behaves at this point as 1/x). However,

0
PV/ €O8Y 4x =0
X

—0o0

for cos x is even, while

* sinx ® sinx
PV dx = dx,
oo X oo X

due to the convergence of the integral on the right-hand side. Thus

1 ooeix
2i —o0 X

The function g(z) = e'¢/z has a simple pole at the origin and satisfies condition ii’) above (with & =

1 > 0), so that _
T el® T
I =—Res|{—;0) =—.
2 Z 2
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% sin? x

o Example: f >
0 X

In this case

1 [ sin?x 1 [*° 1—cos(2x 1 00 | _g2ix
1:—/ dxz—/ Adxz—PV/ dx
2 ) o X2 4 ) _o x2 4 oo X

since

PV/ SIn2x) 40— 0
oo X2

since the integrand is an odd function. If g(z) = (1 — e?%)/z? then
1+‘62iz‘ B 1+e—21mz 2

|Z|2 |Z|2 < Z_|2’ Imz >0, z#0,

lg(2)] <

and thus condition ii) is satisfied on the upper half-plane. Moreover, z = 0 is a simple pole of g (the
numerator has a simple zero and the denominator a double one at the origin), with residue

. d iz B4 ;
Res(g;0) = a(1 —2e )z=0 = —2ie'*|,_, = —2i.
Therefore,
I=2imio(op =T
= — +T1-(—21) = —.
4 2
o Example: PV / sy 2x =1.
oo (X =D (x%+4)
Here

[ee) E:ix dx
I =ImlJ, J =PV .
/_oo (x=D(x2+4)

The function )
elZ

(z—=D(=2+4

is analytic on C \ {1, £2i}, and the singularity at z = 1 is clearly a simple pole. Besides, condition ii")
is clearly satisfied on the upper half-plane (w = 1 > 0), so that

f(z)=

i -2 i -2
J = mi[Res(f; 1)+ 2Res(f;2i)] = mi [% + ﬁ] =mi |:e§ - 2(;+i)]
=T |:e_1 _ —(2 _ i)e_21|

5 10

Thus
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Index

Abel-Liouville formula, 26, 29
annulus, 94
of convergence, 94
antiderivative, 73
arc, 69
opposite, 70
simple, 73
sum, 70
argument, 52-54
branch, 53
main branch, 53
principal value, 53

Cauchy
criterion, 85
for the uniform convergence, 86
principal value, 108-111
Cauchy’s inequalities, 83
Cauchy’s integral formula, 79
for the derivatives, 81
Cauchy—Riemann equations, 62—-64
chain, 70
chain rule, 65
complex
exponential, 55-56
hyperbolic functions, 57
logarithm, 58-59
branch, 58
principal branch, 58
powers, 59-60
trigonometric functions, 56-58
conjugate, 51
contour, 69
convergence
disc, 89
normal, 87
pointwise, 86
uniform, 86
curve
continuous, 69
piecewise C1, 69
integral, 3,7, 10

de Moivre’s formula, 54

eigenvalue, 42
eigenvector, 42
equation
associated, 4
Bernoulli, 13-14
differential, 1
first-order, 2
ordinary, 1
partial, 1
exact, 7-11
homogeneous, 67
in normal form, 1
linear, 11-13
complete, 11, 26
homogeneous, 11, 26
inhomogeneous, 11, 26, 31-32
with constant coefficients, 33-38
Riccati, 14-15
separable, 3—5

Fourier transforms, 106—108
function
analytic, 62
continuous, 61
differentiable (in complex sense), 62
entire, 83
harmonic, 66
conjugates, 66
holomorphic, 62
homogeneous of degree zero, 6
primitive, 73, 76
fundamental
inequality, 72
theorem
of algebra, 83
of calculus, 72

Hadamard’s formula, 90
homotopy, 75

index
of a point with respect to a curve, 78
of an eigenvalue, 43

initial value problem, 2, 16, 17
for a linear equation, 27
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for a linear system, 21, 30, 40 root
integral test, 90
along an arc, 69 roots
Cauchy-type, 79 n-th, 54, 56
with respect to the arc length, 71-72 of unity, 55
integrating factor, 10-11 square, 50
isocline, 7, 10
sequence
Leibniz, general rule, 37 of complex numbers, 85
lemma of functions, 86
Schwarz, 8 series, 85
limit, 61 absolutely convergent, 86
linear superposition principle, 22, 27 geometric, 91
) Taylor, 91
matrix set
companion, 27 closed, 60

diagonalizable, 42
exponential, 39-46
fundamental, 23

compact, 60
connected, 9, 60

. open, 60
canor.ncal, 25 simply connected, 8, 76
of solutions, 24 singularity

Wronski, 28, 46 essential, 97
method ' . isolated, 97

of und'etf:rrmned coefficients, 35-38 removable, 97

of variation of constants, 12, 30-32 solution, 1
modulus, 51 general, 2

multipliCity. of a linear equation, 31
algebral&?, 42 of a linear system, 30
geometric, 42 of a second-order linear equation, 31

neighborhood, 60 Space )
punctured, 60 of solutions, 21-23, 27-28
system
path independence, 73 fundamental, 23, 28, 35
Picard’s big theorem, 100 linear, 21
polar form, 53 homogeneous, 21, 23-26
pole, 97-99 inhomogeneous, 21, 30
polynomial with constant coefficients, 38—48
characteristic, 33, 42 of differential equations, 16
minimal, 42, 45
power theorem
series, 88 Abel, 89

analytic convergence, 88

principal part, 97
Casorati—Weierstrass, 100

principle of analytic continuation, 94

Cauchy, 75

radius of convergence, 89-91 generalized, 77
ratio Cauchy—Goursat, 74

test, 90 generalized, 75
reduction of order, 29-30 Cayley—Hamilton, 42
region, 60 deformation, 77

simply connected, 76 existence and uniqueness, 17
reparametrization, 70 for a linear equation, 27

residue, 97 for a linear system, 21
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fundamental

of algebra, 83

of calculus, 72
implicit function, 3
inverse function, 65
Laurent, 95
Liouville, 83
Morera, 82
Peano, 17
residue, 101
Taylor, 91

Weierstrass M -test, 87
Wronskian, 24-26, 28-29
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