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1 Lecture 1: Analytic Functions of a Complex Variable

1.1 Definitions and Basic Properties

A complex number has the form z = x + iy. We denote the real and imaginary parts respectively as
z = Re(z) and y = Im(z). We may also think of z as a point in the complex plane,which in polar coordinates
has absolute value r = |z| = \/gﬁy2 and argument o satisfying x = rcos p and y = rsin . Note that ¢
is defined periodically with period 27 and may also be denoted ¢ = arg(z).
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Figure 1: A complex number visualised on the com-

plex plane.

Complex numbers obey the following algebraic properties:

21+ 20 =(x1 + x2) +i(y1 + y2)
2122 =(21 +iy1) (22 + iy2) = (122 — Y1y2) + (Y122 + T1Y2)

i.e. they have the same algebra as the real numbers, with the convention i = —1.

*dturaev@imperial.ac.uk; lecture notes from previous years are available at https://wwwf.imperial.ac.uk/~dturaev/
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Figure 2: Complex conjugate z* = x — iy is defined

il

by reflecting in the z-axis.

If z = = + iy then the complex conjugate is defined as z* = x — iy, which is the symmetric image of z with

respect to the x-axis. Note the following properties of the complex conjugate:

r2) =@ 4y = (=)
p(z) = —o(z7)
22t =(x +iy)(x —iy) = 2 +y° = |2
This helps us to obtain a useful formula for the division of complex numbers:

2 Az (1 +iy1) (22 — iy2)

z2 %2 3 +y3

We may also do multiplication in polar coordinates:

2122 =(7r1 €08 1 + iry sin @y ) (1 cos Yo + irg sin p9)
=779 [COS 1 COS o — sin 1 sin g + i(cos @1 sin pa + sin ey cos 3]

=ry79 [cos(p1 + p2) + isin(p1 + ¢2)]
where we use the double-angle formulae for sin and cos. Then we see that
|z122| = |21] |22

and
arg(z122) = arg(z1) + arg(zz).

Thus, we may take the nth power and, after that, nth root of z as:
2" =r"(cos(ny) + isin(np))

" 27k 27k
vz = cos (4,0—&-7177) + isin (W) for k=0,..,n—1

Each non-zero z has n different nth roots and these are related by rotations in the complex plane, see
Figure 3.



Figure 3: The nth roots are related by rotation
through angle 27 /n in the complex plane.

1.2 Functions of Complex Variables

A standard notation we use for a complex function is
f(z) = u(z,y) +iv(z,y)

Examples

1. The simplest complex functions are f(z) = a = constant and f(z) = z. By doing multiplication and

addition with these, we obtain
2. Polynomials:
P(z)=ap+ a1z + ... + apz"
Employing division operation, we obtain

3. Rational functions:

where P and @ are both polynomials.

4. A more advanced example is given by

Sums of convergent power series:

flz) = Z anz"
n=0

If there exist C > 0 and p > 0 such that |a,| < Cp~™ then the series is convergent for all z with
|z| < p. The maximal such p is called the radius of convergence of f. In particular, if the sequence a,,
is bounded, then f is convergent at least for |z| < 1.

For example, consider the following function (the sum of geometric progression):

f)=> 2"
n=0



In this case a,, = 1 for all n, thus the radius of convergence p = 1. However, we may define an analytic

continuation of f outside the range |z| < 1, as:

which is defined for all z # 1. So f is undefined for z > 1, but for all z < 1 we have f(z) = f(2).

Consider also the exponential function:

o0 Zn
exp(z) = €* := Z o

n=0

Here a,, = % and the radius of convergence is p = co. The coefficients of this series are exactly the
same as for the real exponential function, so, because the algebraic operations on real and complex
numbers obey the same rules, the exponential function defined on complex numbers obeys the same

algebra as the exponential function on real numbers:
%1 %2 :eZ1+Z2
Hence, we have
et = e cosy + ie” siny
once we prove that

e = cosy +isiny

To establish the latter formula, we write

X n,n o k, 2k S k,2k+1
w3 fzﬂ -Z%, -
e’ = ol _k,o 250! Jrzkio 2k + 1! =cosy + sy

n=0

From the formula
e’ = cos p + isin g,
we see that e’ is 27-periodic in ¢:
elPt2mhi — i for keZ
This periodicity implies that the inverse of the exponential function is multi-valued:
In (re’?) =Inr+i(p + 2km) for keZ
We may use the logarithm to define arbitrary complex powers of a complex number z:
2% = e2In?

This function is also multivalued (when « is not an integer).



5. The previous examples are ‘good’ functions, in the sense that they are analytic, as we will see later.
However, we may also define ‘bad’ functions of complex variables, such as:

f(2) = Re(z)
9(2) = ||
h(z) = 2"

These functions are non-analytic.

The analyticity is the main topic here. While a typical complex function is not analytic, many important
functions are analytic and, as a consequence, possess non-trivial and useful properties. The analyticity can

be defined in several equivalent ways. We start with the notion of the derivative.

Definition 1.1. The derivative of a complex function f at the point z is given by:

Note that this limit Az — 0 may be taken in many directions; for the derivative of f to exist, the limit must
exist and be the same regardless of the direction in which the limit is taken. In particular, we may write

Az = re*?, so the limit Az — 0 must be independent of ¢, the direction along which Az approaches zero.
Definition 1.2. A function f(z) is analytic at the point z, if it has a derivative at all points close to z.

Note that f(z) = |z|2 is not analytic at z = 0, even though it has a derivative at z = 0, because one can

show that it does not have a derivative for any z # 0.

Definition 1.3. A function f(z) is analytic in an open region D if the derivative f’(z) exists at every points
z€D.

Let us write f(z) = u(z,y) + iv(z,y). In order for f to have a derivative at z, the functions v and v must
be differentiable at the corresponding point in the x — y plane; however, the differentiability of v and v does
not guarantee the existence of f’(z), i.e., it is a necessary but not sufficient condition.

Theorem 1.4 (Cauchy-Riemann Conditions). Let f(z) = u(z,y) + iv(z,y). The derivative f'(z) exists at

z =+ 1y if and only if u and v are differentiable and satisfy the Cauchy-Riemann equations

ou v

% = 87y, (23,)
ou ov

B = " ge" (2b)

Proof. Suppose f’(z) exists. Then the limit in eq. (1) exists and is independent of the direction in which the
limit is taken. Therefore set Az = Az and we see that:

/ T U($+A$,y)+l’l}($+A$,y) fu(ac,y)+w(a:,y) . % @
Fiz) = Aligo Az oz oz

Similarly, if we take Az = iAy then we find:

iy e u(@y + Ay) Hiv(e,y + Ay) —u(z,y) Hiv(z,y) 0w dv
Fz) = Alalvgo iAy N Zay * Ay




Equating the real and imaginary parts gives eq. (2).

Suppose conversely that u and v satisfy eq. (2). We keep a general form for Az = Az + Ay and then

expand:
f(z4+ Az) =u(z + Az, y + Ay) +iv(z + Az, y + Ay)

u(z + Az, y + Ay) =u(z,y) + %Am + %Ay +o (\/ Ax? + Ayz)

0 dy
v v
v(z + Az, y + Ay) =v(z,y) + %A(E + a—yAy +o (\/Ax2 + Ayz)
ou ou [ Ov Ov
= flz+Az) = f(2) —(%AerayAerz(axAerazJAy) +o(|Az]).

By eq. (2), the right-hand side of this formula is

Oou .Ov
= (3:1: +285U> Az +o(|Az])

and therefore f/(2) = (9% +i9%) exists. O

Note the word "differentiable” in the formulation of this theorem. It means more than just the existence

of the partial derivatives g—;, %Z’ g—;, and %Z' Namely, we want that v and v have derivatives along any

direction (not just along the z- and y- axes). Or, equivalently, we want to have expansions

0 0
u(z + Az, y + Ay) =u(z,y) + a—qu + 8—uAy +o (\/ Az? + Ayz)
x y
v v
v(x 4+ Az, y + Ay) =v(z,y) + —Az+ —Ay+o (\/Ax2 + Ay2>
or dy
A sufficient condition for that is the continuity of g—;, g—;, %, and g—;.

Thus, an equivalent definition of analyticity is this:
the function is analytic in an open region D of the complex plane if its real and imaginary parts are

differentiable and satisfy Cauchy-Riemann conditions at every point of D.



2 Lecture 2: Derivatives and integrals

2.1 Derivatives and integrals, Cauchy theorem

We repeat that a function f(z) is analytic (or holomorphic) at the point zg if it has a derivative at all points

z close to zg. The derivative of f is defined like in the real case:

Az—0 Az

)
which is independent of the direction along which Az — 0. This independence condition is equivalent to the
Cauchy-Riemann condition, i.e. letting f = u + iv, we have

ou Ov ou ov

or  dy 8y  Ox
The derivative satisfies the same rules as in the real case: for any analytic functions f and g, we have
L(f+g9)=1+4d,

2. (fg)' =fg+ fd,

3. (5)/: fgg—zfy ,

4. (chain rule) for any z in the domain of g, (f(g9(2))) = f'(g9(2))d'(2).

Remark If g is the inverse of f, i.e. for any z in the domain of f, g(f(z)) = z, then ¢'(f(2)) = 70 and
! _ 1
9'(2) = 7y

Some examples of how to derive the derivatives are given in what follows.

Example i. Suppose f(z) = ¢ for any z € C, where ¢ is a constant complex number. Since for any

z,AzeC
&) +Az () _e—e
Az Az
the derivative of f is 0.
ii. Suppose f(z) = z for any z € C. Since for any z, Az € C,
f(2)+ Az~ f(z) z+Az—=z _1

Az Az
we get f'(z) = 1.
iii. Using the product rule, for any z € C, we get
(z") =nz"t
iv. Now, for any z € C, letting P(z) = ap + a1z + ... + a, 2", we get the derivative of P as follows:
P'(2)=a1 + ... +na,z""
P

@7
, we obtain that rational functions are analytic everywhere except for the points where Q(z) =

v. Since any rational function can be written as
P'Q-PQ’
QZ

0.

where P and @ are polynomials, and since (%)’ =



vi. Suppose f is a power series, i.e. f(z) =ao+ a1z + ... + a2z + ..., then
f'(2) = a1 +2a02 + ... + anz""' 4 ...

n

Furthermore, given that |a,| < ¢p™, which implies that

[nan,| < ( )p_(” YD < ép~ Y| where j < p, and ¢ large enough,
p

we conclude that f’ has the same radius convergence as that of f.

oo "o, . . .
Example. For e* =) = 2, its derivative is

n_

nz
(€)' =14z+..+

oo
ZZ
n!
=0

The inverse function of e* is denotes as In z (recall that In(re’¥) = Inr + i(x) + 2k7)). Using the rule
for the derivative of the inverse function, we find

1 1
[ —
vii. For any o € R and z € C,
(Za>/ (ealnz) 76a1nz _aza—l
z

viil. Letting ¢ be a Riemann Zeta function, i.e. {(z) =Y.~ n~7, then its derivative is:

Zn (Inn).

Holomorphic functions have many wonderful, or even magical properties. For example, let D be a simply
connected open region in C, as in Figure 4.

¥

Figure 4: A simply connected region D.

Then, as we will show later, the following two statements are equivalent for a complex function f defined in
D:

(a) f'(z) exists for all z in the domain D,

b) fzzo f(&)d¢ exists for all z and zp in the domain D.



It is indeed, unexpected: we know that for real functions of a real variable the existence of the derivative
does not follow from the existence of the integral.
Moreover, property (b) implies, in fact, that for any z € D,

16 =5 [ e 3)

This is Cauchy formula, which plays the central role in this theory (here « is the boundary of D; we move
along ~ anti-clockwise).

We will explain the notion of the integral along the path = in a moment. Before that, we just note that
this is indeed a magical formula: the values of the analytic function f at any point inside the domain D are
determined by the values of f on the boundary of the domain only!

Magical formulas have magical consequences: using the Cauchy formula, we will also show later that f has
derivatives of all orders and the Taylor series of f converges to f. Nothing similar happens for real functions
of a real variable, they may have first derivative, but not second derivative, or first and second derivative,
but no third derivative, etc; or derivatives of all orders may exist, but the Taylor series may diverge, or
converge to a wrong function - all these complications disappear for complex-valued functions of complex
variables.

In order to properly formulate these results, we need to introduce the notion of an integral over a path in
the complex plane. Let v := {z = z(¢)| t € [0,1]} be a continuous curve parameterized by a real parameter
t. Figure 5 shows a path connecting points z(0) and z(1).
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Figure 5: A path 7 in D.

a - - A ~ -

We define the integral over v as:

n—1
[ £z = i 3 et} el - 2(00) (4)
v k=0

Here {to = 0,t1,...,t, = 1} is any partition of [0, 1] such that tx; — t; tends uniformly to zero as n — +oo.

The main (and the simplest) example is when t;, = £

.
Remark It is important to remember that (z(tg+1) — z(tx)) in (4) is a complex number, not the length
|2(te 1) — 2(t)]-

The path ~ is smooth when the function z(t¢) is smooth (i.e., continuously differentiable). In this case, one

uses the following formula for the computation of the integral:

Lf(z)dz = /01 F(2(8)2 (t)dt.



The integral has the following basic properties.

1. If 4 is the same curve as v, just with opposite orientation, (i.e. Z(t) = z(1 —t)), then

Lf(z)dz:—éf(z)dz.

2. Let the end point of 7; be the starting point of 5. Then

/%U72 f(2)dz = /71 f(2)dz + Lz F(2)dz.

Note that Property 1 together with Property 2 implies that if v = 7; U 2 where -5 is the same path as v,
just with opposite orientation (i.e., v is a closed path obtained by traversing the same arc twice, forwards
and then backwards), then [ f(z)dz = 0.

We note that the integral over a path ~y is well-defined for any continuous function f, which does not need to
be analytic. However, we will show in the next lecture that for analytic functions the integral fv f(2)dz does
not change when we slightly deform + without moving the end points, so we can write f;l f(¢)d¢ without
indicating the path connecting the points zy and z;.

10



3 Lecture 3: Cauchy formula and consequences

We will now prove the claim made in a previous lecture: the innocent looking condition of the existence
of the derivative f’(z) at every point of an open region imposes severe restrictions on the behaviour of the
function f. Thus,

1. the integral f7 f(€)d¢ of the analytic function f is independent of the path of integration, i.e., it is the
same for any two paths with the same end points if one path can be continuously deformed to the other
within the domain of analyticity of f (without moving the end points)' in fact, the path-independence
of the integral and, hence the existence of the anti-derivative ®(z) = [ f(z)dz such that ®'(z) = f(z)
gives an equivalent definition of the analyticity;

2. the value of f(z) at any point inside an analyticity domain is completely determined by the values of
f at the boundary of the domain: by the Cauchy formula

()

~ omi 5—2

3. the function f has derivatives of all orders and is the sum of its Taylor series:

Z f(n) (2 o)

within the radius of convergence of this power series, which always equals to the distance from a to

the nearest singularity of f;

4. the following formula (obtained by differentiating (5)) holds for the derivatives of f:

ney ! f(&) _
[r(z) = i % Wdf, (6)
this formula implies that
|f(")(z)| < n!%7 (7)

where R is any number such that f is analytic everywhere in the disc | —z| < R and M is the maximal
value of | f| on the boundary of this disc: M = max|¢_.|—r |f(z)]; hence, the derivatives of an analytic

function can be estimated via the absolute value of the function itself.

We will also describe other consequences of the analyticity - maximum principle, Liouville Theorem, and the

Fundamental Theorem of Algebra.

11



3.1 Cauchy’s integral theorem

We start with proving the path-independence of the integral [ f(§)dx

Theorem 3.1. If v bounds a simply connected region D, and f is analytic in D, then

ﬁf(z)dz =0

¥

Figure 6: A simply connected region D is a region with no “holes” inside.

Proof. We prove the theorem for a very special case first: D is a rectangle, i.e., it is bounded by the segments

A {y =Y1,T € [x17x2]}7 Y2 {l‘ =T2,Y € [ylva]}a 3 - {y =Y2,T € [l‘Q,.’El]}, Y4 - {J) =T,y € [yQayl]}-

- .\/
4 =L rs 7(24;.72

P s
gL

L

ﬁ
Xit1 Yy K{_

Figure 7: A rectangle.

We need to show that f,y fd¢ = f,ﬂ fd€ + fw fdé + f% fd€ + fm fd¢ vanishes. Note that

Zs Y2
fdz = / (@ + iyr)da, fdz = Z/ fl2 + iy)dy,
T 1 V2 v

xTr1 Y1
fdz = / f(@ + igo)de, fdz=i [ fa+iy)dy.
Y3 T2

Y4 Y2
Denoting f(x + iy) = u(z,y) + iv(z,y), we obtain

Re / iz [ [, 1) — (e, y)do + / [o(@1,3) — v(w2, y)ldy
= —//D g)?;dydx—//D %dmdy = —//D[gz + %}dxdy.

12



Now note that the Cauchy-Riemann conditions imply that the integrand in the last formula is zero (see

(2b)), so
Re / fdz=0.
gl
In the same way, condition (2b) (see Theorem 1.4 in Lecture 1) gives
Im / fdz =0,
2l

which proves the theorem for the case where D is a rectangle.

Now we can consider the case of a general simply-connected domain D.

P nan
'3
J D
¥
/
Q GG | & /
= ...aogl-@o T

Figure 8: General simply-connected region D can be approximated by a union D of small rectangles
such that the boundary « of D is sufficiently well approximated by the boundary % of D.

We take a sufficiently fine mesh of vertical and horizontal lines, so that the domain D is approximated by
the union D of small rectangles. Let ¥ be the boundary of D, then

/ fdz = Z fdz,
b Vi

where 7, denotes the boundary of the rectangle number k. This formula is true because fw is, for each k, the
sum of four integrals corresponding to the four boundaries of the k rectangle. In the total sum ) fv”k each
of the subintegrals corresponding to the vertical or horizontal segments which serve as a common boundary
of two rectangles enters exactly twice and with different signs (because going around the boundary of each
of these rectangles counter-clockwise means that the common boundary of the two rectangles is traversed
twice with opposite orientations), i.e., they cancel each other. Hence, the only tersm which are not cancelled
in, fv'k are the integrals over the vertical and horizontal segments which constitute the boundary of '5, ie.,
exactly the curve 7.

As we have proved before fw f(z)dz = 0 for every rectangular path v;. Therefore, fgy f(z)dz = 0. We
complete the proof of the theorem by noticing that the curves 4 and v can be made arbitrarily close to
each other (by taking the rectangular mesh finer), so fv f(2)dz can be arbitrarily well approximated by
J5 f(z)dz=0,ie., [ f(2)dz =0, as claimed. O

13



This theorem implies
Corollary. If f(z) is analytic in a simply-connected domain D, then f,yl fdz = f,m fdz for any curves v,

and 2 in D which have the same end points.

Figure 9: The integral of an analytic function in the simply-connected domain D can depend only on
the end points of the path of integration, and does not depend on the path itself.

To prove this, consider the curve v obtained by the concatenation of the paths y; and reversed 7,. We have
fﬂ/ = f'n _fw' The path « is closed, so f,y f(2)dz = 0 by Theorem 3.1, hence f,yl f(2)dz = f,yz f(2)dz, as
claimed.

In other words, we obtain that for an analytic function in a simply-connected domain [ f(z)dz is a function

of the end points of the integration path only, i.e., we have defined a single-valued function

20, - [ T F(Q)dc

for all @ and z in D. Like in the real case, one obtains

2 =16, 0
so ¢ is the indefinite integral, or the anti-derivative, of f. If we replace the initial point a by any other point
b € D, this will result in adding a constant to ®: indeed, by construction, [, f(¢)d¢ = fab FQd¢+ [7 f(¢)de,
ie.,

®(b, z) = ®(a, z) + D(a,b)
for all z € D. So, we do not need to specify the initial point and can simply state that an analytic function

in a simply-connected domain has a well-defined integral

@(z):/f(z)derC

that satisfies the Newton-Leibnitz rule (8) (so, ® is an analytic function in D). We can also write
z1
Ba) — Bo) = [ Q).
20

This all looks the same as in the real case, however one can show that the analyticity of f (i.e., the existence
of the derivative f’) is not only a sufficient condition for the existence of the integral ®, but it is also a

necessary condition, and this is not analogous to real functions of a real variable.

14



Indeed, take any function f(z) (we do not kn ow yet if it is analytic or not) with the property that fy f(z)dz
depends only on the end points of the path . As before, this fact allows us to introduce a single-valued
function ®(z) = [ f(z)dz and one can check that 42 = f(z). Thus, ® is analytic. We show in the next
section that the derivative of any analytic function is also analytic, which gives us the analyticity of f, as it
is the derivative of ®.

Caution: If the domain of analiticity of f(z) is not simply-connected, then [ fdz can be multi-valued. For
example, if f(z) = %, it has a singularity at z = 0), so its analyticity domain is C'\ {z = 0} and it is
not simply-connected. Then, flz f(Q)d¢ = Inz = Inr + iy + 2wki, where k can be any integer. The multi-

valuedness of [ f(z)dz implies that whenever we take an integral of f over a closed path which cannot be
dz

contracted to a point without hitting the singularity, it does not need to be zero. Thus, ﬁz\:l £ = 2mi, see
Figure 10.
u T pe'?
o2 g' c oA o5 ¢
x T i";}—‘? e #- 0
1:vei? o

Figure 10: The integral of an analytic function over a closed path surrounding a singularity can be

non-zero.

It is easy to generalise Cauchy’s integral Theorem 3.1 to the case of domains which are not simply-connected:
the integral over the outer boundary minus the sum of the integrals over the boundaries of the holes equals
zero. An example is given by

Theorem 3.2. If f(z) is analytic in an annulus bounded by v1 and 72, then f'Yl fdz = fw fdz.

f

Figure 11: The integral over the outer boundary equals to the integral over the inner boundary.

To see this, we take a cut (shown by blue in Figure 11) connecting the outer boundary +; and the inner
boundary 5. The closed path starting with the end point of the blue cut, then going along 7o clockwise,
then along the blue cut towards 71, then along ~; counter-clockwise, then back along the blue cut, bounds a
simply-connected domain (the annulus minus the blue cut). Therefore, the integral of f over this path is zero,
according to Theorem 3.1. Since the blue cut is traversed twice in opposite directions, the contributions of the
“blue parts” of the path cancel each other, which gives us that the integral over ; taken counter-clockwise

plus the integral over ~» taken clockwise equals zero, which gives the theorem immediately.

15



3.2 Cauchy Formula
Our next goal is to prove the Cauchy formula, central for this topic.

Theorem 3.3. Let f be analytic in a simply-connected region D bounded by a path -y, then

16)= 50 § Hae 0

(=22

Figure 12: The integral over v equals to the integral over a small circle around z.

Proof. Since f is analytic in D, it follows that % is analytic in D\{¢ = z}. Therefore, by Theorem 3.2,

SE) e f SO
ﬁgzdf— %S*Zda

where 1, is a circle of small radius € with center at the point z. This circle is given by equation & = z + e,
where ¢ € [0, 27]. After making this substitution into the integral, we obtain

§—=2 el 0 0

Now, taking the limit ¢ — 0, we obtain formula (9). O

27 ip ) 27T ) 27T
j{g(f)zdg 1O e 0 JEHee?) jeery =i [ flo +eei®)dp = z/ (f(2) + O(e))dep.

Corollary. An analytic function f(z) has derivatives of all orders.

Indeed, Z—ig has derivatives of all orders with respect to z when z # £. The latter condition holds true for
every £ € v in formula (9) (since z ¢ ), so we may differentiate (9) with respect to z as many times as we
want. The result is given by formula (6).

In other words, the derivative of an analytic function is analytic. We showed in the previous section that
this implies the equivalence of the existence of derivative and the existence of a path-independent integral

for functions of complex variables.
The existence of derivatives of all orders allows one to write the Taylor expansion of an analytic function f

at any point a of the analyticity domain. We know that for real functions of real variables the Taylor series

can diverge, however it is not the case for functions of complex variables.

16



() (g

' of an analytic function f at any point a
n!

Theorem 3.4. The Taylor series Z
n=0

converges to f for all z such that |z — a < p, where the convergence radius p equals to the distance from a

to the nearest singularity point of f.

Proof. By Cauchy formula (see (9))

_ L A1 f(©) vmise 1 £
f<z)_27riﬁ§zd§_2m']£fa(za)d N 71'z'j{(§fa)(lfu)d5

i<t 1 [ f(&) S urde = ! g)nd§:i<2lmﬁm> (z—a)"

Iy

2
2mi [, (€ —a) = mfg(gf(_gi)i%(z:

= fO)+ f'(@)(z—a) + ...+ f(rzl(“)

where we used formula (6) for the derivatives of f. As we see, the Taylor series converges to f if |u| < 1,

(z—a)"+...,

ie., if |z —a| < |€ — a| for all £ € . In other words, the radius of convergence p cannot be smaller than the
distance to the integration path v in the Cauchy formula.

Figure 13: Radius of convergence is the distance to the boundary of the analiticity domain.
The path can be taken as close as we want to the boundary of the analyticity domain of f, hence p cannot
be smaller than the distance from a to the nearest singularity. Of course, p cannot also be larger than
this, since the sum of a convergent power series is analytic (non-singular) everywhere within the radius of

convergence. O

We can summarise the above by the following diagram of logical relations between different (equivalent)

defining properties of analytic functions:
J lb"\s Mtvdf.'(/.e <=2 CR conelitious

T J

>
Dlz) - § A2l o2 — SJuidz Hdoes et

is wedl-clefruod on the path
ok e e 4145 et f

deviva;
e é‘7 C-auc 117 /farmtv&t
5 leons O&vatﬂfc'l/-eg = 5 Ly -{—m

o & oc 24 ov-clevs an,.vf_:/gllmé Pover Seyi€\
(Tay lor ceviey)
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3.3 Estimates on the derivatives of analytic functions

Letting v = {|¢—2| = R} in Cauchy formula (5) and its derivatives (6), we get & = 2+ Re'? and d = iRe*?dyp,
which gives

| 2 M
(n) <1/ |£(©)] do < M
|f (Z)‘— o7 0 Rn+1R Safana
where M (R) is the maximal value of | f| on . This proves estimates (7) for the absolute value of the function
f (the case n = 0) and its derivatives (n > 1).
If n = 0, then we have |f(2)| < maxj¢_.|—g[f(§)| for any R such that f is analytic in the disc of radius R

around the point z. One can infer from this the following

Maximum Principle: The absolute value of an analytic function takes its maximum on the boundary of

the analyticity domain.

This implies, in particular,
The Fundamental Theorem of Algebra: Every non-constant polynomial has a root in a complex plane,
i.e., there exists z € C such that P(z)=0.

Indeed, if not, then the function ﬁ

maximal value of ﬁ will be attained as z — oo, but this is impossible because ﬁ — 0 as z — oo for

would be analytic everywhere, hence, by Maximum Prnciple, the
any non-constant polynomial.

Another interesting fact is given by

Theorem 3.5 (Liouville theorem). If an entire (i.e. analytic everywhere in the complex plane) function f

is bounded, it is a constant.

Proof. The boundedness means there exists M such that |f(z)| < M for all z. By (7) with n = 1, we obtain

[F'(2)] <

=S

for any R, so
() =0 = f(z) = const.
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4 Lecture 4: Analytic Continuation

It was shown in the previous lecture that the value of an analytic function at any point z inside the analyticity
domain are completely determined by its values on the boundary of the domain only (by Cauchy formula).
Now our goal is to show somewhat opposite: an information about the local behaviour of an analytic function
near any point inside the analyticity domain completely determines the function globally, i.e., everywhere in
the domain.

Precisely, we show that an analytic function f defined on some connected domain D is uniquely defined by

any of the following local data:
e The values it takes in a small neighbourhood of any given point zg € D.
e The coefficients of its Taylor expansion around zg.

e The values it takes at the points of any given converging sequence z; — 2.

Figure 14: An analytic function is determined by its values in a neighbourhood of zg € D, or by its

Taylor coefficients at zp, or by its values at the points of any sequence converging to zg.

Note that the first and second statements in this list are equivalent: if we know the function at every point of
a however small neighbourhood of zy, we can compute all the derivatives at this point (by computing ratios
of finite differences and taking the limit), i.e., we know all the Taylor coefficients; conversely, the Taylor
series of an analytic function f converges to it in some neighborurhood of zg (Theorem 3.4), i.e., the Taylor
coeflicients determine the function f in some small neighbourhood of zy uniquely.

The third statement is stronger - it says we do not need to know f everywhere in a neighbourhood of zy, it
is enough to fix the values of f at the points of just one sequence converging to zy. So, we start with proving
that the values of f along any such sequence uniquely determine f everywhere in some neighbourhood of
20 (Theorem 4.1) and then show that this neighbourhood can be enlarged to cover the entire analyticity

domain (Theorem 4.2).

Theorem 4.1. Let f(z) be analytic at z = zy. Let zi, — zo as k — oo. If g is analytic at zo and g(zx) = f(zk)
for all k then g(z) = f(2) in some neighbourhood of z.
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Figure 15: If two analytic functions are equal on some convergent sequence then they are equal
everywhere in some neighbourhood of the limit of the sequence.

Proof. Tt is sufficient to show that g(z0) = f(20), ¢'(20) = f'(20), -, 9™ (20) = f™(2y) because these give
the Taylor coefficients of f and g around zg:

g(z—zo):ZgT('o)(z—zo)”, f(z—zo):ZfT('O)(z—zo)".
n=0 : n=0 :

Therefore, if we show that all the derivatives at zg are equal, then we show that f and g have the same

Taylor expansion at zg and therefore are equal inside the radius of convergence of the Taylor series.

So, we just need to show that the values of f and all its derivatives at zy are completely determined by
the values of f(zx) for k = 1,2,... with 2z — z9. Now, since f is analytic it must be continuous. Then by

continuity of f we may write:
f(z0) = lim f(zx)
k—o0
Similarly, f has a first derivative at zp, so we may write:
: + Az) — f(20)
! — 1 f(ZO
f(z0) = Jim, Az

20 = f(0)

Zk =720 ZE — 20

where we have set Az = 2z, — z0. As we see, the first derivative f/(zp) is indeed determined uniquely by the
values of f on the sequence zj.

We continue by induction in n (the order of derivative): suppose that f(zo), f'(20), ---, f™(20) have been
determined by the values of f on the sequence z;. Then by the analyticity of f, for all z close to zg we have:

n ) (, (n+1)(,
1= -y 4 e - o 40 ()
r=0 ' '

Then we may take z = 2 and re-arrange to get:

n 1 o) (g
f(n+1)(zo) :i (f(Zk) - Z fri(!o)(zk - ZO)T> +0(z — 20)

— +1
(Zk Zo)n r=0

n ! "Ly
= lim (ot (f(zk) - Z fri(!O)(Zk - Zo)r>

k—o0 (zk — Zo)”'H =

20



Thus, since the right-hand side is determined by the values of f on the sequence z; (by our induction
assumption), so is f("*1(zy). By induction, we can continue this up to infinity, and compute all the
derivatives of f at zg. O

Theorem 4.2. If f and g are analytic in a connected domain D and f = g in a neighbourhood of zy € D
then f =g in D.

Figure 16: Here, v is a curve in the domain D and we suppose that Z is the end point of the initial
arc of this curve where f and g are equal.

Proof. Let z be an arbitrary point in D and let v be a curve in D connecting zg to z. Suppose Z is the last
point on the curve v such that f = g on v between zg and Z. Take any sequence of points z; which lie on
the curve v between zy and Z and which converge to Z. Then, by Theorem 4.1, there exists a neighbourhood
of Z on which f = g. In particular, if Z is not equal to z, then f continues to be equal to g on «y after Z,
which contradicts the definition of 2. Thus we conclude that Z = z, i.e., f(2) = g(z), and, since z is taken
arbitrarily, we conclude that f = g everywhere in D. O

As we see, if we have an analytic function f defined in some neighbourhood of a point zg, we may try to
define the analytic continuation of f on a large domain D. The results above guarantee that when such
continuation exists, it is unique. One possible way to construct such continuation is to take any point z € D,
connect 2y and z by a continuous path v, and cover v by a finite sequence of open discs B; of some small
radius 12 and centers zo, 21, ..., 2 = 2 lying on « such that the distance between the two consecutive points z;
is smaller than R, i.e., zj41 € B;. We know f in By, so we can, theoretically, compute the Taylor coefficients
of f at z; (as it lies inside By). If the convergence radius of this Taylor series is not smaller than R, then we
get f defined everywhere in By, hence we can build the Taylor series at the point zo € B, and so on, until
we reach the point z after finitely many steps of this procedure.

In this way we define an analytic function f not just at a point z but also in a neighbourhood of the path ~
(in the above construction, this neighbourhood is the set By U ... U By). We say that we have the analytic
continuation of f to the point z along the path ~.

We do not know in advance whether this will work or not: a priori, the radius of convergence can get below
R and the continuation process would stop. In general, it might happen that any path connecting 2y and z
hits a singularity of f, then no analytic continuation of f to z will be possible. For example, the function
f(2) = 1/z cannot be continued from a neighbourhood of z = 1 to the point z = 0: by Theorem 4.2, if there
is an analytic at z = 0 function g(z) which coincides with 1/z near z = 1, then g(z) = 1/z everywhere where

f(z) = 1/z is analytic, i.e., for all z # 0, so g(0) = lim,_,¢ g(2) = 00, a contradiction.
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However, if the analytic function f can indeed be continued to some neighbourhood of =y, then the radius of
convergence of the Taylor series at any point of v will be not smaller than the distance from  to the set of
singular points. So, by taking R smaller than this distance, wee will obtain the continuation along v in a
finite number of steps of the above construction with making the Taylor expansion at a sequence of points
on 7.

In practice, this continuation algorithm can be difficult to implement. A typical way employed for the
analytic continuation is to find some “defining equation” which the function f satisfies near zy, make the
analytic continuation of this equation (whatever it means) outside a small neighbourhood of zg, and then

define f globally as the solution of this equation. This sounds wage and is easier explained in examples:

e the exponential function of real numbers satisfies the equation f' = f, with f(0) = 1, so we define the
exponent of complex numbers as the solution of the same equation; we have f = f/ = f/ = ... = f(™,

for any n, so the n-th coefficient of the Taylor expansion at z = 0 equals to 1/n!, which uniquely defines

z
ef = g —:
n!

n=0

e the real logarithm is the inverse of the exponent, so we define f(z) = In z as the solution of the equation

which gives Inz = In7r + ip for z = rei?.

Importantly, no matter which trick we use to construct an analytic continuation, an analytic continuation
along any two sufficiently close paths yields the same result (just by the definition of the continuation along
a path). It follows that the analytic continuation from zy to z returns the same value of f(z) for any two
paths between zy and z which are related by a continuous deformation, provided we do not hit a singularity
of f when transforming one path to the other (in particular, the result of analytic continuation does not
depend on the path v when we continue f to a simply-connected domain D).

However, as we saw with the example of f = 1/z, the position of the singularities of f (as well as all the other
information about f, by Theorem 4.2) is completely determined by the behaviour of f near zy. In particular,
if the Taylor coefficients a,, = f(™ (20)/n! computed at z = zy do not decay super-exponentially with n, then
the radius of convergence p of the Taylor series is finite, and we know by Theorem 3.4 that somewhere at a
distance p from 2y there is at least one singular point z* of f (a point where f is not analytic). In this case,
when we continue f to a point z beyond the radius-p disc there exist paths with the same end points zy and
z which cannot be continuously deformed one to another without hitting the point z*. Analytic continuation

along such paths may give different values for f(z) (see Fig.17).

Ata(%) = 5h."z) £

Figure 17: Different paths may be used to define analytic continuations. If the domain is not simply-

connected then choosing different paths may lead to different analytic continuations.
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Example. Let us consider the logarithm function defined by Inz = Inr 4 iy in some neighbourhood of

zg = 1. Then the value of Ini depends on the path we take from zg = 1 to z = 1.

Figure 18: The analytic continuation of the logarithm can take different values, depending on which
path is chosen.

Remark. It may appear that the idea of multi-valued analytic continuations contradicts Theorem 4.2.
However, the different possible continuations are, in fact, defined on different domains (simply-connected
neighbourhoods of the continuation paths). This domains are distinguished by the choice of the so-called

branch cuts, which we will discuss in the next lecture.

Complex numbers were invented to help solving problems about real numbers. The main observation of the
theory of complex analytic functions is that local data of an analytic function in a neighbourhood of any
given point contains all the information about this function anywhere else in the complex plane, however far
away from the initial point. In many situations this allows one to replace computations performed in one
part of the complex plane by simpler computations at a different part. We will see examples of this approach
in the next and following lectures. The powerful idea is that whenever we have to work with a function of
real variables which admit an analytic continuation to complex numbers, we continue the function to as large
domain as possible in the complex plane, and then perform computations anywhere in this domain in order
to obtain (with luck) as much information as possible about the behaviour for real values of the variables.

This method is applied extensively in various branches of physics because many fundamental physical objects
and phenomena happened to be described (or approximately modelled) by real-analytic functions, i.e., the

functions of a real variable which are given by convergent power series
oo
flx) =Y an(x — o)™
n=0

The (unique by Theorem 4.1) analytic continuation to a complex neighbourhood of z = xg is given by the sum
of the same series f(z) = > " j an(z—x0)™. As we mentioned, it can be beneficial to continue the function to
a larger domain, but then there can be a price to pay: if the coefficients a,, do not decay super-exponentially
with n, then singularities must emerge, the analyticity domain can become not simply-connected, and we

may have to deal with a multi-valued function as a result.
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5 Lecture 5: Residue formula

As we discussed in the previous lectures, the full information about an analytic function is always encoded
in local data. Extracting such information can be very hard, but in some cases effective methods exists.
A fruitful approach is the analysis of singularities, i.e., the points where the analytic function becomes
infinite, or loses continuity, or loses analyticity. There are in general two types of singularities: non-isolated

singularities and isolated singularities.

A non-isolated singularity is a point which is a limit point of a sequence of other singularities of the function.
For instance, for the function f(z) = @, let 2z, = Trl—n

singular points of f. The sequence {z,} has a limit point z* = 0, therefore z* is a non-isolated singularity

We have sin(1/z,) =0, so f(z,) = o0, i.e., 2, are
of f. I am not aware of a systematic theory of non-isolated singularities.

An isolated singularity is a singularity that has no other singularities in its neighbourhood. The isolated

singularities consist of
e branching points;
e poles;
e essential singularities.

Definition 5.1. A point z( is a branching point of f(z) if f is not single-valued in a neighbourhood of z,
i.e., for any z close to zy the analytic continuation of f from z to the same z along a path v around zj
returns a different value of f(z). A way to deal with multi-valued analytic functions is to decompose them

into several single-valued branches, by removing from the complex plane the so-called “branch cuts”.

Definition 5.2. A branch cut is a line v such that the multi-valued analytic function becomes a collection
of single-valued analytic functions in a complement to 4.  Obviously, a branch cut must go through all
branching points; often it has an arc which extends to infinity. Note that there is much freedom in the choice

of branch cuts, as one can see e.g. in the example below

Example 1. Let f(2) = Inz = Inr + ip + 2wk where k is any integer. This is a multi-valued function,
because ¢ is defined modulo 27. Take the positive real semi-axis v = {y = 0,2 > 0} as a branch cut
for f; note that this line goes from the branching point at z = 0 to infinity. Different branches of f
correspond to different choices of k. To keep every branch continuous in the complement to 7, we set
the values of ¢ to run the interval 0 < ¢ < 27. Note that the values of ¢ close to the line v above and
below it approach, respectively, 0 and 27w. Thus, each single-values branch has a discontinuity at the
branch cut v (another way to think of it is that each fixed-k branch is single-valued in the complement
to v and double-valued on «y, with the two values differing by 274). In fact any line extending from
zero to infinity can serve as a branch cut: one distinguishes different branches by different integers k
and just needs to properly define the range of change of ¢ such that ¢ would change continuously in
the complement to the cut and undergo the 27¢ jump on it. Thus, a natural candidate for another

branch cut is the negative real semi-axis {y = 0,2 < 0}, which corresponds to the choice —m < ¢ < 7.

2. Let f(2) = \/z = £y/re'Z. A possible branch cut for f is {y = 0,2 < 0}. The range of ¢ is chosen as
{=m < ¢ < 7}; the branches are distinguished by + or — sign in front of /r.
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3. Let f(z) = V22 —1=2,/1- % =2/1 — Ze 2%, Take the finite segment v = {y =0,-1 <z < 1}

as a branch cut. The two branches of f correspond to the “plus” and “minus” branches of the

square root, as in the previous example. Notice that the real part of {(z) = 1 — T%e’m equals to
1-— T% cos(2¢) and is greater than 0 if » > 1. Therefore, a closed path around the branch cut v in the
z-plane corresponds to a closed path which does not intersect the negative real semi-axis (the branch
cut of the square root in the previous example) in the ¢-plane. Hence, going around any closed path in
the z-plane which does not intersect v does not switches the branches of \/@ . On the other hand,
crossing 7 at a point z = x with |z| < 1 corresponds to ((z) =1 — :%2 being real and negative, so we

jump from iv/1 — 22 to —iv/1 — z2.

As we see, introducing branch cuts cancels the multi-valuedness problem and allows for using the theory
developed for single-valued analytic functions. One should be aware, however, that the analyticity domain
of the single-valued branches excludes the branch cut and that the single-valued branches become discontin-
uous at the cuts. Ignoring this could lead to mistakes (for example, when using Cauchy formula, one cannot
consider closed paths intersecting branch cuts). On the other hand, an information about the jumps of the

function across the branch cut can be useful in computations, see Keyhole Formula in the next lecture.

When an analytic function f(z) is single-valued in a neighbourhood of an isolated singularity zp, the main
toll of the analysis is the Laurent series. Namely, it is a theorem (we do not prove it here) that f is a sum

of a convergent double-infinite power series

flz)= Z bp(z—20)" =+ + b-1 +bo+bi(z—20)+-. (10)
ne—oo Z— 20

As we see, the Laurent series includes both negative and positive powers of z — zg; it can be represented as

" where

the sum of two series, the regular part Y,°% b, (2 — 2z))" and the singular part S (2 — 2y)”
both series are convergent in a small neighbourhood of z = 2y (with the point zq itself taken out for the

singular part). The coefficients b,, are uniquely defined by the function f. One can show that

b, = ! f(2)(z — 20) " ldz,

27 |z—z0|=¢

where ¢ > 0 is small enough (the integral does not depend on ¢ because of the analyticity). However,
this formula is not particularly useful: typically, we are more interested in evaluating the integral in the
right-hand side than determining b,,.

Therefore, one resorts to indirect methods of evaluating the Laurent coefficients. For example,

1. Let f(2) = % Then zy = 0 is its singularity, and b_; = 1, while b, = 0 for all n # —1.

2. Let f(z) = ex. By substituting % into the Taylor expansion for the exponent, we obtain
1, 1
f@)=+ =2+ 4 = +1,
n! z

i.e.,bnzlrlllfornSOandbnzoforn>O.

The coefficient b_; plays a special role and is called the residue of f at z = z3. The following notation is
used
b_1 = Res(f, 20)-
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We now use some simple examples to illustrate how to evaluate b_:
1. for f =32, we have Res(f,0) = 3;
2. for f = Z%, we have Res(f,0) = 0;
3. for f=cos(1)=1- 55 + -+, we have Res(f,0) = 0;

4. for f=sin(l)=1—- L+ ... we have Res(f,0) = 1.

z

Definition 5.3. If the Laurent series of f has infinitely many non-zero coefficients b,, where n < 0, then zj
is call an essential singularity. If the Laurent series contains only finitely many non-zero b,, where n < 0,

then zq is called a pole.

The pole is the simplest type of singularity. By definition, if zg is a pole, then f can be represented as:

b_n
)= ———— + - T+ bn(z — . 11
f() (Z—Z())*N + Z—Zo Zn ( )
Notice that g(z) = f(2)(z — 20)" is analytic at 2o, so the Laurent coefficients b;, can be computed as Taylor
coefficients of the function g at zy5. Thus, in the case of poles, this gives us a regular method of determining
the Laurent coefficients.

When N = 1, the pole is called simple. In this case, we can write f as

f(z) = —|—Zb z—z)"

Z—Zo

As we see, b_1; = lim,_,,, f(2)(z — 2z9) for simple poles. If f(z) = ;ZE’Z, where ¢ and % are analytic and

¥(20) = 0, ¢(2) # 0, then

P(2) P(z0) P(20)

b= lim e = lim,,,, 2&  9/(z0)
— zZ—2Z0
This is a useful formula, so we repeat it:
$(20)
ReS(f, ZO) w/(zo) (12)

Example Let f(z) = Then the poles of f are the points such that z* + 1 = 0, which is equivalent to

z4+1

z=eTHE = :I:g + % By (12), the residue of f at z = z is:
1 2k —2k
R = —_— = —— = —
estha) =3 = 1=
(we use that z} = —1 here).
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The next theorem explains why we are interested in the residues of a function:

Theorem 5.4. For a single-valued analytic function f whose all singularities {z} inside a domain D

bounded by a closed path ~ are isolated and non-branching (either essential singularities, or poles), we have
]{ f(z)dz = 2mi Y " Res(f, z), (13)
R k

where the integration is taken anti-clockwise.

Proof. Figure 19 shows a domain D and {z}; are the isolated singularities of f.

T2 2 7

Figure 19: A domain D, bounded by ~, with {zx} as singularities of f. The paths ~; are small circles of radius € around zj.

Consider a small circle around zj, denoted by
Vi = {Z =2 + E€i¢|¢€[072ﬂ]}.

Since f is analytic function in D\ Uy {21}, we have

ﬁf(z)dz = ?}ik f(z)dz

(see comment before Theorem 3.2). Recall that f(z) is the sum of the Laurent series, i.e.,

+o00
F@) =3 WPz — )"

n=—oo

near z = z;. Notice that for the points z on 7, we have z = 2 + €e!?, and thus dz = ice??dyp. Therefore,
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¢., f(z)dz can be written as:

+oo
f(z)dz = Z bg’“)% (z — 2zx)dz
Tk

Tk n=-—o00
+oo 2m

_ Z bglk:)ign-‘rl/ eiw(n-‘rl)dw

n=—o00 0

p(n+1) 27 2T

= 3 bhient = — | + b%‘/ dip

n#—1 0 0
= 270 b* | = 2mi Res(f, z1,),

which finishes the proof. O

Example Let f(z) = H_% We already know that it has four poles: z = :I:g + # and the corresponding
residues are
— 2k
Res(f,z,) = -
We want to compute the contour integral of f over different paths, for example, v; and v, as shown in

Figure 20; the points z; and z4 are inside 73, and z3 and z4 are inside 7.

1 Ty
X Yy
l'] 11
xy |\3

Figure 20: The poles 21, ...,24 of f, and two paths 1 and 2.

We have:

mdz = 2mi [Res(f, z1) + Res(f, z4)] = _T(Zl +24) = —mi,

f 1 27i V2
Y1

and

f f(z)dz = f 1 dz = 2mi [Res(f, z3) + Res(f, z4)] = —%(z;), b)) = *ﬂ'\@'
72 v

z4 2

+
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6 Lecture 6: Integrals over reals

Space and time are real (not in the sense they really exist, which may be debatable, but in the sense they
are described by real numbers). Therefore, the structure and evolution of physical objects are described by
functions of real variables. We want to record these functions by means of sufficiently simple formulas -
this makes these functions analytic. Hence, we can analytically continue them, in a unique way, to complex
variables and use powerful tools of complex analysis for computations.

In our course, we employ this method by applying the residue theorem Theorem 5.4 to the problem of eval-

uating integrals over the real line.

Theorem 6.1. Let f(x) be a function defined on the real line, such that f admits an analytic continuation
f(2) to the upper half-plane {Im(z) > 0} with a finite number of non-branching singularities zx. If |f(2)| =

) (ﬁ as |z| = oo then:

L h f@)dz =2mi > Res(f,2) (14)

Im(z)>0
Proof. Let us choose 7 to be the curve shown in Figure 21. This consists of an interval (—R, R) on the real
line, as well as a semi-circle of radius R in the upper half-plane (the semi-circle is given by the equation
{z = Rewbe[om]})- Since the analytic continuation of f is defined in the upper half-plane, we may integrate

along ~, giving:

fi F(2)dz = /_ }; F(@)dz + /0 " iR F(Re'®)dy

=2mi > Res(f,z) (15)
Im(zr)>0
lzk|<R
The final equality is given by the residue theorem. Now we take the limit R — oo, and note that:
/ Z'Rewf(Rew)dgo‘ <m max |Rf(Re*)| —0 (16)
0 p€(0,m)

because |f(Re™)| = o(1/R) as R — co. We also note that as R — oo all of the poles of f will be contained
within the area enclosed by +; thus all of the upper half-plane residues of f are included in the sum in
eq. (15) as R — oco. Thus we obtain eq. (14)

R . s R

Figure 21: The curve « consists of the real interval (—R, R) along with a semicircle of radius R in
the upper half-plane, traversed anti-clockwise. As we take R — oo all of the singularities of f in the

upper half-plane will be contained in the area enclosed by =y.
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Remark

We may make a nearly identical argument in the case in which f may be analytically continued to the lower

half-plane. In that case we have:

/Oo fx)de = —2mi Y Res(f, 2) (17)
> Im(zx)<0
1

provided |f(2)] = o n7) as |z| = oco. Notice the minus sign here, arising from the fact that we traverse the

interval (—R, R) in the opposite direction, as in Figure 22. eq. (14)

¥ 2u

Figure 22: Now if we traverse the semi-circle anti-clockwise, we integrate over the real line in the

opposite direction, picking up a minus sign in (17).

Example

Consider the function f(z) = H% This has an obvious analytic continuation to the complex plane:

flz) = H%’ with poles at zy = +i. To compute the residues we write f(z) = 58 with ¢(z) = 1 and

¥(z) = 1+ 22, then the residues are given by:
d(z4) 1 1 1

R _ — - — 18
es(fze) = ZEL = o = 2 (18)
Moreover, the large-|z| behaviour of f(z) may be bounded above by:
1 1
1< =0 () (19)
|22 ||

Thus we may apply eq. (14) to find:

/Z F(x)dz = 2mi <21Z> _ (20)

We may also use the lower half-plane formula eq. (17):

/Z F@)de = —2mi <—212> o (21)

Finally, we may verify that this is correct by using techniques from real calculus:

< 1 7r 0
/Oo mdax = arctanz|” = 5 <—§> = . (22)

A variation of Theorem 6.1 (with a slightly relaxed condition on the decrease rate at infinity) provides a

formula for the so-called oscillating integrals.
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Theorem 6.2. Let [ be a real analytic function with an analytic continuation f(z) in the upper half-plane
such that |f(z)| = 0 as z = co. Then:

/ f@)erds =2mi S Res(f(2)e, 2) (23)
- Im(z)>0
Proof. As before, we consider an integral around a semi-circle in the upper half-plane:
. R . a . . ip . .
f f(z)e*dz = / fx)e™dz+ / f(Re™)e ™ iRe % dyp = 2mi Z Res(f(z)e*?, zi) (24)
v -k 0 Im(z)>0

[zk|<R

Now, let us consider the integral around the semi-circle part. We need to show that this converges to 0 for

large R. Note that || = |¢!fcose—Rsing| — o=Rsing e have

|2|=R,Im(2)>0

/ f(Rew)eiRewiRewdgp’ < R/ |f(Re¥)| e Bsnvdp < R max |f(2)] / e Bsineqy,,
0 0 0
Since sin ¢ = sin(w — ¢), we have

™ /2
/ e—Rsingod(p _ 2/ e_RSin¢dg0,
0 0

and since sin g > 2¢ for ¢ € [0, 7/2], we obtain

w/2 ) w/2 2
/ eiRsm“"ng < / 67R¢/2d¢ < =
0 0

Thus,
|f(z)] >0 as R — +oo,

Re'® iRei*"-Rwd <4
[ e i <

which completes the proof of the theorem. O

't

V-? cs

f e
‘-S\’ o

2. rd ir~'.| 3 7
Sq‘.((—.a =3

7

Rk

Y =

Figure 23: We split the integral up into three parts: two small intervals at the ends of the semicircle;
and the rest of the semi-circle, on which e?* = et cosz—Rsinz j5 yery small for large R.
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Remark

In the same way, under conditions of Theorem 6.2, we obtain the following formula
/ f@)eredr =2mi Y Res(f(x)e, 2,) (25)
> Im(z,)>0
for a constant A > 0. Note that this formula is no longer true when A > 0: as one can seen in the proof, it is
Az

crucial that e'** — 0 as z — 0 along the positive imaginary axis. This does not hold for A < 0, so we must

do the integration in the lower half-plan, which gives

/_Oo f(z)e?de = —2mi Z Res(f(2)e™*, z1) (26)

Im(z)<0

when A\ < 0.

Remark
We may use Theorem 6.2 to calculate two real integrals simultaneously:
/ f(x)coszdr = Re/ f(z)e™d,

[ fa@sinde =t [~ fa)eas (21)

Note that one cannot simply use an analytic continuation of cos or sin functions to the complex plane: these
functions grow to infinity along the imaginary axis both in positive and negative directions which would make
invalid the main tool in the proof of Theorem 6.2 (the smallness of the integral along the large semicircle).

Example

Consider the integral:

[e%e] o T
/ &Zdas:Re/ £ dx. (28)
oo Lt Co L+
So we consider the analytic function f(z) = Ii%, which has poles z+ = 414, with corresponding residues

et _ Q7 —%:. The function f obviously decays as |z| — co. Thus we apply Theorem 6.2 to obtain:

224 21
/oo " gr—omi() =T (29)
——dr =2mi | — | = —.
N 2i e

Then we conclude:

> cosx T
[m71+m2dz:g, (30)
> sinz

There is something magical in these formulas: almost out of nothing, just a few lines of simple arithmetics, one
obtains absolutely non-intuitive expressions for integrals that look inapproachable, in terms of fundamental
constants!
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Remark

If zp is a simple pole then we may use the formula:

Res(f(2)e'%, z0) = ¢'* Res(f(2), 20)- (32)
However, if 2z is not a simple pole, then this formula does not hold. Indeed, the formula Res (%, zo> = $,((?0))

give the result for simple poles only.

The next theorem deals with the integrals over the real half-line. Unlike the previous formulas, it takes into
account all singularities (not just those in the uper or lower half-plane). It also makes a very effective use of
a different idea: a single-valued branch of a multi-valued analytic function has a disconiuity along a branch
cut.

Theorem 6.3. Suppose that [ is a real-analytic function such that its analytic continuation obeys:
|f(z)zInz] =0 as |z| = o0 and as |z| = 0. (33)

Then we may compute the integral over the positive real line as:
[ee]
/ fz)de = — Z Res (f(2)Inz, zi) (34)
0 k

Proof. We integrate the function f(z)Inz over the keyhole path shown in Figure 24. However, Inz is a
multi-valued function, and so we must define a branch. We take the branch cut to be along the positive real
axis, i.e. Inz = Inr + ip with ¢ € (0,27). Then we have:

27
ff(z) Inzdz = — / f(e€e'?) In (ee'?) eie’?dyp
lo% J0O

‘R
+/ f(x) Inazde
27

+ f(Re*)In (Re'?) Rie'?dy
0

= 2mi Z Res (f(z)Inz, zp)
e<|zk|<R
Notice that the orange integral picks up an extra 27i term due to the fact that the logarithm is evaluated on
the lower side of the branch. The logarithmic terms in the purple and orange integrals cancel out, leaving
only this additional term. Taking the limits R — oo and € — 0, the green and blue integrals decay to 0 (by
(33)), thus giving exactly eq. (34).

33



Figure 24: Keyhole contour.

Example

Consider the following integral:

o
d
/ R arctan(z)|§>° =
0

s
1+ 22 2

Let us check that the Keyhole Formula (34) gives us the same result. Considering f(z) = lez, we can

compute residues:

Res( Inz Z:i>:1nz:ml T

T+ 2 22 4
Inz , In(—i) 3imr 1 3
RGS(HZMZ) 5 2 -2 4

Note that because of the branch we have chosen In(—i) # —im/2, contrary to what one could easily (and

mistakenly) assume. Applying Theorem 6.3 gives us:

/°° de__ _[m_37]_*=
o 14+z2 |4 4| 2

in accordance to Theorem 6.3.

34



7 Lecture 7: Principle value and half-residues

The integrals considered in the previous lecture diverge when the function f has singularities on the real
line, and the formulas we derived are not applicable in this case. However, there are situations when we
need to make sense of integrals of analytic functions along the paths going directly through singular points.
One way to do it is to consider the so-called principal value of the integral.

Suppose we have a function, as shown in Figure 25. The function f goes to infinity both on the right- and

‘{f[x/

—15.5
o xxr/ e X

left-hand side of its singularity x*.

S A~

Figure 25: A function f(x) ~ ZJI* near a real singular point z*.

We see that this function diverge when x — (2*)* and when z — (2*)~. Therefore we cannot, strictly
speaking, integrate f from a < z* to b > x*. However, we define the principal value of this integral (denoted
by v.p.) as follows:
b " -6 b
v.p. / F(2)dz = Tim ( / F2)da + / F@)da), (35)
a d—0 a 546

where z* is the singularity. The idea is that we remove a small segment around z* from the integration
path such that =* is exactly in the middle of the segment. When the length of the segment decreases to zero,
the integral acquires a large negative contribution on the left and a large positive contribution on the right;
the symmetry of the segment ensures that the absolute values of this contributions are, essentially, equal, so
they may cancel each other, and the limit (35) can be finite. We explain this in more details in the following

example.
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Example Let f(z) = L, and a < 0, b > 0 are two real numbers. The singularity =* of f is then 0. The

x?

b —61 bl
.D. dxr = li —d. —d.
vo. [ faya = pm( [ Ldes [ )

= lim (In(Je)[;* + (In(lo])[})

principal value of f is:

b
= lim(Ind — Inja| + Inb —Ind) = In|-|.
6—0 a

In this example, we see that Ind and —Ind (which both tend to infinity) cancel each other. Would the rates,
at which the left and right integration limits tend to zero, be different, this cancellation would not happen
and the integral would diverge: when computing lims_,0 5 —0( f;g %daz + J, 5b/ %dx), we would have the term
Ind’ — Iné which can tend to any limit depending on the ration between ¢’ and 4.

Next we discuss how to compute the principal value of an integral. Let f be a function of a real variable x
and let f be analytic (i.e., it admits an analytic continuation to complex z with small imaginary part) except
for one real singularity point at z = z*. Assume f(z) tends to zero sufficiently fast as ||z|| — oco. Let us
integrate f along the path v = 41 U~2 U~s as shown in Figure 26. More precisely, v, := {z < 2* —d,y = 0},
Yo i={z=a*+0e", €m0}, y3:={r>2"+4y=0}

X .
* S

Figure 26: 1 and -3 are parts of the real line, and 2 is a half circle of radius ¢ centered at z*, a singularity of the function f.

Theorem 7.1. Let x* be a simple pole of f. Then, for all small ¢,

+oo
/ f(z)dz = v.p. / f(z)dx — mi Res(f,z"). (36)
vy —0o0
Proof. Since z* is a simple pole, we can write f as follows:
R *
flz) = %’f) -+ bounded terms.
z—x

Thus, integrating f along 7o gives:
0

f(z)dz o220 Res(f,z™) /0 d(oe?) = Res(f,x*)/ idp = mi Res(f,z").

i
v - e x

Since f(z) is analytic at © # a*, small changes in the integration path v do not change the integral, i.e.,
fﬁ/ f(x)dx does not depend on § when § > 0 is small. So, by taking the limit § — 40 in (36), we obtain the
theorem, by the definition of v.p.. O
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The integral over 7 in formula (36) can be computed by methods discussed in the previous lecture. For

example, if f has no singularities in the upper half-plane and tends to zero sufficiently fast as |z| — oo, then
f(z)dz =0,
Y2
which gives

+oo
v.p. / f(z)dx = wi Res(f,z").

—o0
Example Let f(x) = % This function has no singularities (its Taylor series converges for all complex

/+°° f(z)dxz = v.p. /+°° f(z)dx.

— 00 — 00

400 s +oo 2 +oo iz
sinw sin x e
/ dr = v.p. / dxr =TIm ( v.p. / —dx).
x

—00 T —oo €z —oo

z), SO we can write

Thus,

Now, the function % has a simple pole at z = 0. It has no singularities in the upper half-plane and tends to
zero fast enough as |z| — oo in the upper half-plane (note that this is not true in the lower half-plane!). Thus,
like in the proof of Theorem 6.2, we establish that fv % = 0 (where ~ is the path described in Theorem
7.1). Now, by (36), we obtain

+o0 eia: ‘ eiz ‘
v.p. de =i Res(7, 0)) = i,

— 00

hence

intfgﬁdm =. (37)
x

Similar arguments give us the following “half-residue” formula for an integral along a smooth closed path -y

in the complex plane:

v.p. ﬁf(z)dz = 2mi ;Res(f, zk) + ;;Res(f, 1)

where f is a single-valued function, analytic function everywhere inside v except for the isolated singularities
21, and zj,, where zj lie strictly inside of v and zj, are are simple poles and lie on 7.
It is important in this formula that 7 is smooth, so it has a tangent at the points z,. If v is piece-wise

smooth, then

v.p. 7{ f(z)dz = 2mi Z Res(f, zr) + Z viRes(f, z;,)
v Zk 2,
where the numbers v, are such that the arc of 4 that enters the pole at z;, makes the angle 27y, with the

arc leaving z}, (so this formula contains the previous one, as when ~ is smooth, this angle equals 7).
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8 Lecture 8: Introduction to Fourier Transform

We start a new topic: Fourier Transform. We are not dealing here with functions of complex variable and
the functions of a real variable we consider here do not need to be analytic. However, the tools for computing

oscillating integrals studied in the previous lectures will be utilised.

Definition 8.1. Let f(x) be a function defined for real . We define the Fourier transform f of f to be the
function defined by:

i =5 [ " f)eedn (38)

If the integral eq. (38) exists for (almost) all real k then we may expand f as a Fourier integral by means of

the inverse-Fourier transform formula:
f@ = [ fwetar (39)

Remark

Different conventions have different factors in front of the integrals: some definitions have % only in front

of the inverse Fourier transform, while others have a factor of \/% in front of both integrals.

Remark

If = is a spatial variable, then we may think of a function f(x) as a certain field, then the Fourier integral
eq. (39) is a linear expansion of the field f over linear waves e’** with amplitudes f (k) and wave numbers
k. If = is time, then f(z) is a certain time-dependent signal, and the Fourier integral is the expansion of

ikz gatisfies the

this signal over harmonic oscillations with frequencies k. Note that the linear wave y(z) = e
equation y” + k%y = 0, i.e., it is a solution of one of the most basic differential equations in nature (the
equation of a harmonic oscillator). It is the cornerstone of the modern scientific worldview that natural sys-
tems are described by differential equations (Newton’s invention and Britain’s most important contribution
to humanity!). For different systems, the corresponding differential equations can be linear or nonlinear.
However, even when we have a nonlinear system, if we consider it close to an equilibrium, the oscillations
near an equilibrium are small, and, since a smooth function always admits a good linear approximation at
a sufficiently small scale, we can replace the system by its linearisation. As a result, small oscillations are
universally described by systems of harmonic oscillators, and the corresponding solutions are linear combi-
nations of linear waves e’**_ i.e., they are naturally represented by the Fourier integral. This explains the
special role played by the Fourier transform and Fourier integral all over the physics, other sciences, and
engineering. In general, as we will see below, Fourier transform is an effective tool for the study of linear

differential equations with constant coefficients.

Let us list properties of the Fourier transform:

1. Multiplication by a constant:
g(@) =af(x) < g(k)=af(k). (40)

This follows from the linearity of the integrals (38), (39).
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2. Addition of functions:

9(@) = fi(@) + folw) = §(k) = fi(k) + fa(k). (41)
Again, this follows immediately from the linearity of the integral.

3. Scaling: if a # 0 then

o(x) = flaz) g<k>=ﬁf<k/a>. (42)

We prove this by making a change of variables (v = ax) in the integral:
~ 1 > —ikx
g(k) =5~ [ [flax)e " dx
27 J_ o

= [ flwe kv du/a if a >0
—ox ffooc fluw)e ™ ¥/ du/a if a <0

L1 / f(u)efiku/adu

= F(k/a)
=— ).
|al
Note that when a < 0, while the variable x grows from —oo to +o00o, the variable u decreases from 400

to —o0, so we need to swap the limits on the integral, which introduces a minus sign.

4. Parity:
f(x) iseven <=  f(k) is even. (43)
f(z) isodd <=  f(k) is odd. (44)
This is an immediate consequence of the scaling property with o = —1. Recall that by even we mean
f(=z) = f(x) and by odd we mean f(—x) = —f(z).
5.
fle) dsreal <« f(k) = f*(—Fk) (45)
To prove this we observe that:
PR =g [ f@ert=an = j). (46)

From this and property 4 we see that f is real and even if and only if f is real and even. Similarly, f

is real and odd if and only if f is purely imaginary and odd.

6. Translation of argument:

g(@)=fle—a) < §(k)=e " f(k). (47)
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This can be shown by making the integral substitution ©v = x — a:
1 [ "
=— flx—a)e""dx
2w /_OO
1 [ .
=5 / f(u)eﬂk(“Jra)du
—zka
/ f —zkudu

zkaf

7. Multiplication by e?**

This follows straightforwardly:
1 [ -
:% /_Oo f(l,)e—z(k—a);vdm
=f(k - a).
8. Derivative:

(k) = ikf (k). (49)

Thus we see that Fourier transform changes differentiation into the much simpler operation of multi-

g(x) = f'(x)

I

plication. This can be demonstrated by simply taking the derivative with respect to x in both sides of

:/Oo f(k)e™ ™ dk
— f’(m):/_oo ik f(k)e™ ™ dk
= §(k) = ikf(k).

the Fourier integral (39):

Note that we do not require the differentiability of f : we differentiate the Fourier integral with respect
to « which means taking the derivative of e*** inside the integral, and we can do it as many times as

we want, as long the resulting integral (the Fourier integral for the derivative) converges.

9. Higher derivatives:

g(2) = f"Mw) = gk) = (k)" f(R). (50)
This is obtained by iterating the previous rule n times.

Properties 9 and 10 (along with the linearity properties 1 and 2) are employed to the solution of linear
differential equations with constant coefficients (not that it does not work when the coefficients are functions
of 2 1). For example, consider the following linear n'"-order differential equation:

d™y d" 1y

d:T"+1d"1

dy
+ +an 15

dr +any—f( )a (51)
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where the coefficients a, are constant. If the Fourier transform of f exists, then we can compute the Fourier

transform of eq. (51) to find:

[(ik)" Far ()" 4 et anc (k) + an| 9(k) = (k) (52)
Then we can solve for ¢ as:
NS S
i) = 7 70 53)
where:
P(z)=2"+a12" '+ .. 4+ an12+a, (54)

is the characteristic polynomial of our differential equation (51). Now, we can use the inverse Fourier

transform to find a solution yo:

i) = [ g it (55)

Remark

When f(k) is bounded, the integrand of eq. (55) is guaranteed to decay as |k| — oo since P is a polynomial
so |P(ik)| = oo as |k| — co. Therefore if f is also analytic, then we may use Theorem 6.2 to compute the
integral. Problems may appear if P has zeros along the imaginary axis; then P(ik) vanishes at some real k

and we may have to use the principal value of the integral.

A problem with formula (55) is that it provides only one solution of eq. (51). However, any n'"-order ordinary
differential equation has many solutions (depending on initial conditions) and its general solution includes n
independent constants of integration which can take arbitrary values (corresponding to arbitrary values of
the initial conditions y(0), ¥/(0), ..., ¥~ 1(0)). Thus, we take yo as just a particular solution, from which
we may construct the general solution:

y(x) = C1eM® + .. + Cpe™® + yo(x) (56)

where Aq, ..., A, are the roots of the characteristic polynomial P given by (54), and C4, ..., C,, are arbitrary
integration constants. We assume in this formula that the characteristic polynomial P has n distinct roots.
When there are multiple roots, the formula for general solution may acquire additional polynomial factors
in front of the exponents, but it does not change the conclusions much: the general solution of eq. (51) is

the sum of yg given by eq. (55) and the general solution of the homogeneous equation

d"y dn—ly dy
b4 et an 12 tay=0. 57
d:c"+a1dx"*1+ ta 1d:c+ay (57)

It is easy to see that the exponents e*® in eq. (56) satisfy eq. (57), because P();) = 0.

If Re(A;) # 0 for all j = 1,...n, then the exponential terms in eq. (56) tend to infinity either as x — +oo (if
Re()A;) > 0) or as  — —oo (if Re();) < 0). Therefore, if we wish to find a bounded solution we must set
C1 =Cy=..=Cy, =0 in this case, so the only solution which can be bounded is yy. Moreover, in the case
Re();) # 0 for all j, we have that P(ik) # 0 fore real k, and the integral in eq. (55) is well-defined.

We will return to this subject in the following lectures; in particular, we will show that yg is the only bounded
solution if f is bounded and Re(\;) # 0 for all j. But if Re();) = 0 for some j, then the integrand of eq. (55)
has singulaity at real £ = i);, and the integral may blow up. We will discuss bounded solutions of equation

(51) in this case too - after we develop a more careful theory of Fourier transform in the next lectures.
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9 Lecture 9: Fourier Transform for Absolutely Integrable Func-

tions

In the previous lecture, we have introduced the Fourier integral
o ~ .
f@) = [ fwetar, (58)
— 00

which means that we represent the function f as an integral of linear waves, with amplitudes f (k), where k
is the wave number (or the frequency of the wave). To find f(k), we define the following Fourier transform

f) = o [ s as, (59)

and we claim that the above defined f (k) is indeed the Fourier coefficient in (58). As we mentioned, the
Fourier transform is useful in the solution of linear differential equations with constant coefficients. To ac-
tually work with it, we need to answer 2 questions: for which functions f(x) the integrals (59) and (58) are
properly defined, and how to compute these integrals. The second question is resolved by going through
examples, where we will use, e.g., the tools we learned from complex analysis. To answer the first question,
we can, for instance, assume that f decays to zero sufficiently fast, like it is shown in Figure 27 and has no
singularities (or some “tractable” singularities, so that we could use the principal value). Then the integral
(59) converges for all k. However, this integral may also be defined when f is only a bounded function, or
even for unbounded functions. We will discuss this later. talk about this in more details later, and now

proceed to one of the most basic examples.

]

X

Figure 27: When f(x) decays fast as x — +oo, the
Fourier transform is well-defined.
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Example Consider the Gaussian function defined as follows:
fla)=e (&, (60)

It is easy to see that this function is even and rapidly decays to zero when x — +oo (i.e., it practically

vanishes for || > a), as shown in Figure 28. Therefore F'(k) exists for any k and must be real and even.

X
-t "

Figure 28: The Gaussian function decays to zero
very fast for |z| > a.

Let us calculate the Fourier coefficients:

~ 1 oo . 1 oo o+ika? 2 2,4
I T o)

T on oo 27 J_ oo

0 (atika?/2)? 0 g2
e a2 dx = e o2 dx.
— 00 — 00
_ (z+ika?/2)?

Indeed, ffooo e a2 dz is an integral of the analytic function e~ (%/ a)® along the straight line Im z =

ka?/2 in the complex plane (see Fig. 29). Since there is no singularities between the lines Im z = ka?/2

We claim that

and Tm z = 0, and |e~(*/®?2| = e~ (#/9)” vanishes when 2 — 00, using the residue formulas we can easily
conclude that [ e~ (/) gy along the path Im z = ka?/2 and the path Im z = 0 is the same.

t. w_%z 1%2

R ¢

Figure 29: The integrals of e—(2/0)? along the (blue) path Im z = ka?/2 and along the
real line (black) are the same, because e~%° has no singularities between these lines.

So, we rewrite the computation for f(k) in (61) as follows:

1 o0 —ac2 1 oo .
gef(ka/zf [m e dxr = %ef(k“/z)Qa/ﬂX} ef(z/a)Qd(m/a) = #67(“/2)2 (62)

fk) =
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(we use here the fact that f_oooo e du = V/m.) We see that the Fourier transform of a Gaussian function
is again a Gaussian function (of the wave number k). It practically vanishes at |k| > 2, see Fig. 30. Note
that when the “width” 2a of the Gaussian function f(z) is small, the width of its Fourler transform is ~ 4/a
is large, and vice versa. This is an example to the uncertainty principle in quantum mechanics: We can
think of the Gaussian f(z) with a small a (with a proper normalisation factor) as a wave function of a
particle localised in a small interval around zero. Then its Fourier transform f (k) will be the wave function
in the momentum representation, and as we see, the better localisation in x is, the larger is the spread (the

uncertainty) in the momenta k.

=r

Figure 30: The Fourier transform of a Gaussian of the width 2a is again a Gaussian with
the width 4/a.

Let us check that we indeed recover f(x) from the f(k) in (62) by means of the Fourier integral (58).
Substitute (62) into (58) and get:

1 22 2
—(ka/2)? +zk$dk —(ka/2—iz/a)?— (a:/a)Qdk _ —(z/a) 7‘/ —(ka/2) d(ka/2
Q\f / Q\F N . (ka/2)

s a
o (@/a)? o du = o~ (@/0)?
ﬁ/—m u=e ,

as it should be.

In this particular example, the coefficients of the Fourier integral are indeed given by the Fourier transform.
Out next goal is to show that the same is true for a sufficiently large class of functions f. A natural

requirement for the function f(x) is to be absolutely integrable, meaning that the integral of its absolute

+o00
/_ |f(z)]|dz < oo.

It is said that f belongs to the space of absolutely integrable functions, denoted as L'. For continuous

value converges:

functions, the condition f € L' means, essentially, that f tends to zero sufficiently fast as |z| grows (faster
than |x|~!, otherwise the integral would diverge).

Obviously, the condition f € L' ensures that the integral (59) converges for every k (since |f(z)e~ | =

|f(2)]), so the Fourier transform f(k) is a well-defined function. In fact, we have a stronger statement:
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Lemma 9.1. If f € L'(i.e. [*_|f(z)|dz < 00), then f(k) is a uniformly continuous function of k.

Proof. We need to check whether |f(k1) — f(k2)| tends to 0 as the distance between k; and ko goes to zero.

the uniformity means that the rate of this convergence depends on |k1 — ko| only. We have

—1' T —ikox 1 > —i(k1—ko)x
[ @ et et < o [ @ e,

— 00

| (k) = f(k2)

27T

Thus, we need to show that

/ |f(@)] |1 — e F1=k2)2 gy — 0 as ky — ky — 0.

el

Figure 31: The contribution of large x to the integral of |f| is small.

In order to estimate this integral, note that since fj;: |f(z)|dz converges, and |1 — e~ iF1=k2)z| < 92 ig
uniformly bounded for all z, and k; 2, the contribution of large = is uniformly small. Hence, we can replace
the integral over the whole real line by the integral over a sufficiently large interval and the error can be
made as small as we need by taking the interval long enough. Now, on any fixed interval of integration,

e~ ih=k2)e 5 1 as ky — kg — 0, uniformly with respect to 2. Thus, the factor |1 —e~/(F1=F2)z|

goes uniformly
to zero, and the integral over this interval becomes as small as we need when k; — ko gets small enough.
So, by taking the interval of integration sufficiently long, and then taking k1 — ko sufficiently small, we can

indeed make the integral as small as we need. O

This lemma illustrates the general principle: the large scale behaviour of the function translates into the small
scale behaviour of its Fourier transform. Here, the large scale feature of f is the existence of fj;o |f(x)|dz,
and the small scale feature of f is its continuity. We have seen an example of this principle when analysed
the Fourier transform of the Gaussian, and we will talk more about this in the next lecture.

Now we can prove the main result of this lecture.

Theorem 9.2. Let o
/ 1 (2)]dz < oo. (63)

~ 1 o0 )
Compute the Fourier transform f(k) = 2—/ fly)e~*vdy.
™ —0o0
Let oo
/ F ()| dk < oc. (64)
Then

f@) = [ dwetan
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Proof. Since both integrals (63) and (64) are convergent, we can freely interchange integrals over x and over

k in the double integrals below. So, we want to prove that

1 +o0o +oo . " 1 +o0o +oo "
—5 || etwetany = - [ (/_ s <f—y>dk)dy.

(note that we replaced the variable of integration by y in the formula for the Fourier transform). However,

“+oo
it is not clear how to interpret the integral / ™=V k. so we use the following trick.
—0o0

Since [*_|f(k)|dk < oo, we have that

+oo
/ F(k)e™*dk = lim e~ R k)t dk.
—0 — 0o
Indeed, the function e~ is bounded (by 1), hence the integral is uniformly absolutely convergent for all e,
so the contribution of large |k| to the integral is negligible for all €, and on any finite interval of k the factor
—ck?
e tends to 1.

Thus, we need to prove that

= 1 e —(eR)? £k etk gl — 13 i I —(=k)? gik(z=v) g1 | 4 65
f(x)—sl_% - e f(k)e —61_% . f(y) Gy . e e Y. (65)

Here we apply

+oo
/ o (el giks g _ VT ()
€

— 00

(by (62),(60) with a = 2¢, the function e~ () is the Fourier transform of ge_(%)Q). We obtain

+oo 1 [tee ) Foo (=)
;E}% f(y) <27r/ ef(sk) ezk(wy)dk> dy = h / f(y)e* =2 dy

02f5

Take any small § > 0 and write

400 e g)? =9 e g)? 400 e g)?
/ fl)e Sy = / f)e S ay + f() = aF / fl)e S dy.

—o0 —o0 — +46

(z—y)? 2
When |y — 2| > § we have e~ Y < et , which gets extremely small as ¢ — 0. Therefore,

_@—p)? +oo (=12
/ = dy + / fly)e 5 dy

z+48

52 +oo
<ot / F)ldy < ¢

— 00

(since fj;j |f(y)|dy < oo by the condition of the theorem), so

(z—y)2

1 oo (z—9)? S
3 - ) — 22
lim NG /_Oo fly)e™ 327 dy = lim 2\[5/ fly)e” 22 dy

for any § we choose.
In the same way we proved in Lemma 9.1 that the Fourier transform of an absolutely integrable function
is a continuous function of k, one shows that the Fourier integral of an absolutely integrable function f (k)

is continuous. Thus, condition (64) of the theorem implies that f is a uniformly continuous function. This
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means that when § is small, f(y) is close to f(z) for all y from the integration interval [z — d, z 4 4], and we
have

iy 577 | " ey~ f(a) i L / e
1m e 4e ~ ) 11m e 4e
=0 2ﬁ5 x—0 Y Y =0 2ﬁ5 z—0 v

where the accuracy of this approximation can be made as good as we want by taking ¢ small enough. Since

1 T a2 2 /28 o2 oy — 1 [re
lim / e at dy = lim / et gt _ —/ e~ ds = 1,
e—0 2ﬁ5 z—0 €0 2ﬁ€ —48/2¢ 2e ﬁ —o0

this gives us the sought formula (65).

cy {
é 3

J=x ¥

Figure 32: The function f(y) is continuous (blue graph), so in a small d-neighbourhood of y = = we
_(@=y)?
can replace f(y) by f(z) in the integral; outside of this neighbourhood the factor %e 4e2 is so

small (black graph), that the integration over these y values gives a negligible contribution to the total
integral.

O

The theorem establishes the relation between the function and its Fourier coefficients for a sufficiently large
class of functions f. However, it can still be restrictive: as we mentioned, conditions of the theorem imply,
for example, that both f(x) and its Fourier transform f (k) are continuous. In practice, it is quite often that
we must transmit signals restricted to a certain bandwidth, i.e., f (k) = 0 for all frequencies k outside a given
finite interval. This is achieved by taking an arbitrary signal and filtering it by cutting off all the frequencies
outside the bandwidth, i.e., by multiplying the original f(k) to a cut-off function, equal to 1 inside the
allowed frequency interval and zero outside. The resulting Fourier spectrum will have discontinuities at the
end points of the cut-off interval, hence the theory of such signals is not covered by the above theorem.
We will return to this question and discuss how the Fourier transform theory is extended to this and other
classes of functions.
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10 Lecture 10: Fourier Transform: Smoothness and Decay Rate

In the previous lecture, we have already mentioned that the large scale behaviour of the function is reflected
by the local behaviour of its Fourier transform and vice versa. For example, the convergence of an integral
of | f(z)| implies the continuity of f(k), and the convergence of an integral of |f(k)| implies the continuity
of f(x). This can be pushed further: as we show below, the Fourier coefficients of a sufficiently smooth
L!-function decay sufficiently fast as |k| — oo, and they depend sufficiently smoothly on k if the function
decays to to zero sufficiently fast as |z| — .

Let f(z) be a smooth function, let fj;o |f(z)]dx < oo and fj;o |f(k)|dk < co. By Theorem 9.2,

+oo )
f@ = [ fwera,

— 00

Since e*** is an analytic function of z, we can differentiate this integral with respect to z as long as the

resulting integral (absolutely) converges. Thus, we have

“+o0 R )
f%z)zy[i F(k)ikei*edr, (66)
if
+oo .
[ k] | ()] dk < oo (67)

(sometimes the result can hold true even without this condition, but this is condition is definitely sufficient).
Since f is a continuous function of k, we find, in particular, that a sufficient condition for the existence
and continuity of the derivative f’(z) (defined by eq. (66))) is that the Fourier coefficients decay to zero
sufficiently fast:

‘f(k)‘ -0 (1/ |k|2+5) . 0>0.

More generally, if
+00 R
[ wrizwan < o,

then f has n continuous derivatives and

+oo )
() = / f(k)(ik) e dk. (68)

—00
In particular, this holds if
[F)| =0 (1/ k1)

as |k| — oo, for some § > 0.

We can make the same argument with the formula

A~ +OO .
fo =5 [ pa)e s

to obtain, for a continuous function f(x), that:

+oo
/ lz"|f(z)|dz < 00 = fU(k) exists and is continuous. (69)
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This holds, for example, if
1
|f(z)] =0 <|$|n+1+5>

as |z| — oo, for some § > 0.
To summarise, we have shown that if f decays sufficiently fast as |k|] — oo then f has sufficiently many
derivatives (and if f decays sufficiently fast as || — oo then f has sufficiently many derivatives). Now we

want to do the converse, assuming differentiability of f and observing the decay properties of f We start

with the following lemma.

Lemma 10.1 (Riemann-Lebesgue). Suppose f satisfies

/ " r@lde < o

Then f(k) — 0 as |k| — oo.

Proof. Here we give an outline of the proof of the lemma in the case where f is continuous. Recall the

definition of the Fourier transform:

~ +OO .
=5 [ fwe s

:% .

Since the f € L1, for sufficiently large R the tails of the integral (i.e. the contributions from regions where
|z] > R) will be negligible. We may therefore approximate, for large R:

R
f(k) ~ %/_R f(x)e = dy, (70)

Now, we may split up the remaining part of the integral into intervals of length 27 /k, so:

1 (R . 1 e "
R —tRT - —i1kx 1
3 | pae = o > [ e, @

where z;41 = z; + 27“ For large k these intervals will become very small, therefore on each interval we may

use the fact that f is continuous to approximate f(x) by its value at the end point of the interval:

N-1 .z, _ N-1
3 2 [ H@e e g S ) |
J]= J

3=0 z

e ke =0 (72)

Tj+1
i

(we use here that the integral of e~ over a period is zero, and the length 27 /k of any interval [z, x,1]

is exactly the period).

Figure 33: The integral of e (red graph) over a period is zero, so when f (black graph) is well-

approximated by a piece-wise constant function, zero is a good approximation to the integral.
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Thus, zero is a good approximation to our integral, and it gets better when the length of the intervals
[z, 2;41] tends to zero, i.e., as |k| — oco. This proves the result when f is continuous, but the lemma still
holds in the case where f € L' is not continuous. The proof in the general case requires a theory of Lebesgue

integral and is done by approximating f by piece-wise constant functions.

O
Now let us assume that f(x) has derivative, and f’ € L', i.e., the integral of | f’| exists:
+oo
/ |f/(z)|dz < oo. (73)

Then. we have by Lemma 10.1 that

We may also write this as

f’(k)‘ — 0 as |k| — oo, or equivalently that ‘kf(k)‘ — 0 as |k| — oo.

79 =0 ()

Applying the same argument to the n*" derivative gives:

/+Oof(")(x)dx<oo — i) =0(|k1n>, as k] = oo. (74)

Similarly, one can show that

+oo
/ |f™M(k)dk <00 = |f(z)|=0 (;H , as || = oc. (75)

— 00

Example Consider the following function:

1

a2 (76)

f(z)

This function is smooth (infinitely differentiable) and all its derivatives are absolutely integrable; therefore
we expect that the Fourier transform should decay very fast as |k| — co. However, as |z| — oo we have that

f(x) ~ 1/22, i.e., it does not decay very fast and so we expect f to have only finitely many derivatives.

"4

Figure 34: The Fourier transform f(k) is not differentiable at k£ = 0.

50



The Fourier transform may be calculated by Theorem 6.2 as:

R 1 +oo e—ikx ] e—ik‘z

Imz;>0

in the case k£ < 0. For k£ > 0 we have to use a different formula:
R ) e—ikz

The poles are given by z; = +i. These are simple poles, so we may apply formula (12) which gives

efikz efikz]'
Res| ——.,z; | = .
142277 2z;

Thus:
k
A ¥ k<o
fh) =49 2
& i k>0 (79)
_ L

Observe the following, in agreement with the theory:
e f is real and even and its Fourier transform is also real and even;

e f is smooth and its derivatives are absolutely-integrable; this should imply that f (k) decays faster than

1
[&[™

for any n, and indeed, it decays exponentially.

e f is not differentiable (the derivative does not exist at k = 0) which is consistent with the fact that
ffooo |z f(z)] dx = cc.
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11 Lecture 11: Delta function

Computations in Fourier analysis and its application become much more straightforward with the use of
the so-called generalised functions. The most basic example is given by the Dirac delta-function. The idea
of a delta-function is a density over a point mass or a point charge, or anything else localised at a single
point. Since we have a finite mass squeezed at region of zero volume (a single point), the density at this
point is infinite, and it is zero everywhere outside this point. This gives us the following formula for the

delta-function (the density of a point mass at z = 0):

0, if x#0,
400, ifz=0,

This is not specific enough, so we also add the normalization condition

/+OO O(z)dx =1,

—o0
meaning that the total mass that is concentrated at z = 0 is equal to 1 (so the density of a point mass M
is given by Md(x)).

As this formula by itself is non-sense, we need to give a meaning to it. A good way to do it is to regard the
delta-function as a limit of an approximation by some functions, which decay fast to 0 as |z| becomes non-
zero, while the integral over the real line stays equal to 1. For instance, we can think of the delta-function
as a limit of a step function supported in a small symmetric interval around zero and with height inverse

proportional to the length of the interval:

i .
Sz) = lim 4 20 L1FE
=010,  otherwise,
see Figure 35.
r_l,.!-‘__
q 6n L [
A0 L
/ 2¢
//
ﬁ
/
/
/
L
xt
e"te |f
o .2:/ /
\’x-{ x':°$x=t *

Figure 35: The image of the step function that converge to the delta-function (green). The Gaussian with a narrow support
and height 1 (black) corresponds to the total mass /7, so it has to be multiplied to (e1/7) ! to approximate the §-function.
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If we want to deal with a smooth approximating function, a popular choice is the Gaussian function with a
narrow support, i.e., we may also define

2

4(z) = lim ! =2 (80)

e—0 gﬁ

Note that the factor in front of the Gaussian (the height) is chosen such that the integral over the real line

is 1 for all €, since

0o oo
/ e~ dr = 5/ e~ @/ d(z/e) = ev/T.

— 00 — 00

Similarly, the delta-function concentrated on point a is an approximation of functions of total mass 1, whose

height is very large and whose support is a very small interval around x = a:

0, if ,
oz —a)= ifz#a

oo, ifx=a,

which satisfies that [*_d(z)dz = 1. Letting

1 i —
5.(z) = 4 2 if |z —a| # e,
0, otherwise,

we obtain d(z — a) = lim._,q d: ().
Now, for any continuous function f, we obtain

/OO f(x)d(x — a)dz = lim b f(2)de(z)dx = ;1_I>I(l) ) f(a+ u)du.

e=0 J_ e

Since f is continuous, its integral over the interval [—¢,¢] can be approximated by 2ef(a) when ¢ is small

/'57//;/
S X

enough (see Fig. 36).

Figure 36: Integral of a continuous function f over [—e¢, €] is approximately 2¢ f(a).

This implies that -
/_ F(@)8(z — a)dz = f(a).

Therefore, we can give an equivalent definition of the delta-function as follows: it is a linear operator, which,
for every continuous functions f, returns a number f(0) (hence §(z — a) applied to a continuous function f
returns f(a)).

Armed with this definition, we can further investigate properties of the delta-function.
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1. For any A # 0, we have
1

To prove this, consider ffooo f(@)d(Ax)dz. Letting y = Az, we obtain, for A > 0,

| t@ptaidn =5 [~ rhswy =500

and, for A < 0,
d(Ax)dr = — 2)o(y)dy = — < =)o(y) =— <=f(0
| _s@somie=5 [ s == [ 1w = 550)
(the “-” sign appears here because y = Az runs in the direction opposite to  when A < 0, from +oo

to —oo, when z runs from —oo to 400, so we need to interchange the limits of integration). In any
case, we see that the result of the integration of f(x) with §(\z) is the same as |A\|~! time the result

of the integration of f(x) with d(z), for any continuous function f, which gives (81).

One can also derive this formula by the comparison of the step-function approximations to é(z) and
0(Az), as shown in Figure 37. The support of the step function J. which approximates §(z) is [—¢, €],
so the support of the step function 0. (Azx) is [fﬁ, ‘57'] Therefore, we need to multiply the height of
the step function d.(Az) to |A| to make the integral equal to 1.

-~y —
95| »,_ii YA, |

zg

———t— 5 —t 5
¢ v g X -'f/Lu E/Lu a

Figure 37: Step-function approximations to d(z) (left) and to §(Az) (right).

2. Letting ¢ be a monotone smooth function, then
B 1
" ()]

where x* is the only root of ¢ (i.e., p(z*) = 0), see Fig. 38.

5(p(x)) o(z — "), (82)
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Figure 38: Image of a monotonically increasing smooth function with z* as its root.

One simple example is when ¢(x) = Az, then formula (82) gives the result (81) of the first example.
The proof of (82) is as follows: letting y = p(z), we have dy = ¢’ (x)dz. Therefore we get (for simplicity,
suppose ¢’ > 0)

/ " @)s(ple))d = / T e )W) T

which means that Eq. (82) holds.

3. Letting ¢ be an arbitrary smooth functions with several simple roots {z1, ..., ¢ }, as shown in Figure 39,

Y

x X Zx
1 x( o<

Figure 39: Image of a smooth function with several simple roots z1,...,xk.

we find
1

¢ (z1)

S(p(x) = 6(x — ).
k

The roots zj are assumed to be simple, meaning ¢'(xy # 0, so this is a well-defined formula. One
justifies this formula as follows: it is clear that the result must be infinity at the points where (z) is
zero and zero everywhere else, so it is a linear combination of 6(x — x) with positive coefficients; once
this is understood, the coefficient of é(x — ) is found by integration against continuous functions f
supported in a small neighbourhood of = = x, and since near x = xj the function ¢ is monotone, the
-1

resulting coefficient |¢'(xx)| ™! is given by formula (82).
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4. One can try to define the derivative of §(z) as the limit of derivatives of smooth approximations to
0(x). The result is something like shown in Figure 40, which increases sharply when z — —0, then
rapidly decreases to become zero at x = 0 and further decreases to very large negative values for small
x > 0, after which falls again very fast to zero. It is difficult to give a precise and rigorous description

to such behaviour, so it is better to define §'(x) formally.

S-I

Figure 40: Image of the derivative of the delta function.

Namely, we define §’(z) as such linear operator that for any continuously differentiable function f

/ F(@)8 (x)dz = — £(0). (83)
The rationale behind this definition is this. Notice that
| @@tz = F@)60) o~ 3@ =0

(because the delta-function vanishes at large positive and negative ). Thus we obtain
/ F(2)8 (2)da = / (f(2)5())'dx - / F(@)d(x)dz = —f'(0).

5. Continuing by induction, one defines the n-th derivative §(™)(z) by the rule

/ " F ()6 @)z = (1) £ (0) (84)

for any n-times continuously differentiable function f.
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6. It follows immediately from the definition of the delta-function that its integral is

@ 1 ifz>a,
[ sy at=ta-a=4 "

0 ifz<a.

The function 6 is called the Heavyside step function; its shape is shown in Figure 41.

O (x/:
{

X~ x

Figure 41: Image of the Heavyside step function 6.

In what follows, we consider several examples of the Fourier transform involving the delta-function.

1. Letting F(z) = §(x), we have
N 1 > —ikx 1
o(k)=— d(x)e " dr = —. (85)
27 J_ o 27

This means that if our signal F(z) is a single pulse, then it’s Fourier spectrum is constant over all
frequencies. To demonstrate this properly, we cannot simply refer to the relation between the Fourier
transform and Fourier integral established in the previous lectures, as this was proven (Theorem 9.2)
only for a certain subclass of continuous functions, and the delta-function is not continuous. We,

therefore, replace the delta function by its Gaussian approximation (80):

By formula (62) in lecture 9 (with a = ¢), we get

1 e _(ek)?
2 pr—

= — (A 2 e
e/ 24/ 27

The result is flat on the very long interval of length ~ %, as shown in Figure 42. When ¢ — 0, the

1 _(m?
4 .

5(k) ~ Ge(k)

function G. tends to the constant value i on any interval of k.
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< e~

Figure 42: The approximation G to the Fourier transform coefficient of § is very close to the constant % on a very long
interval of k.

Theorem 9.2 is applicable for the these Gaussian approximations, i.e., we have
§(z) ~ / G.(k)e**dk.
Taking the limit € — 0, gives

5(z) = / %eikxdk, (86)

— 00

as was claimed.
2. Letting F'(k) = 6(k), we have
F(z) = / S(k)et**dk = 1.
In other words, delta-function is the Fourier transform of F(z) = 1.

3. Similarly, letting F'(k) = 6(k — a), we have

F(x) = / 5(k — a)et*®dk = e'o”.
4. Letting F(z) = cosaz = w, we obtain from the previous formula that

Fk) = %5@ —a)+ %m +a).

5. Letting F(x) = 6(z — a), we find

6. Letting F(z) = ¢§'(z), we obtain

7. If, conversely, we let F'(k) = '(k), then
o0 .
F(x) :/ 8 (k)et*k e dk = —ig.
—0o0

This implies that if F(x) = x, then F(k) = i’ (k).
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12 Lecture 12: Fourier Transform beyond L'.

We return to the analysis of the Fourier transform. Recall that if f is absolutely integrable, i.e. if
75 |f(z)|dz < oo then its Fourier transform f as given by eq. (38) exists and is continuous. If, also,

[ is absolutely integrable ([~ ’ f (k)‘ dk < 00) then, by Theorem 9.2, we may use the inverse Fourier trans-

form eq. (39) to express f as a Fourier integral, and in this case f must be continuous.

However, there is a larger class of functions for which the Fourier transform makes sense. For example, as
we have seen in the previous lecture, if f(z) = constant, then its Fourier transform is a d-function, but f is
not absolutely integrable. We may also want to consider discontinuous functions. As we mentioned, the ab-
solute integrability of the Fourier coefficients f (k) implies the continuity of f(x), so if f(x) is discontinuous,
then the integral [*° ‘f(k)‘ dk must diverge. Similarly (see Lemma 9.1), when f(k) is discontinuous, then
ffooo |f] (x)dz must diverge. Thus, in any case, we are interested in Fourier transform and Fourier integral

for functions which do not decay fast at infinity and, as a result. are not absolutely integrable.

One of the approaches here is to consider the following generalisation of the Fourier integral and Fourier

transform:
f(z) = lim e~ R f(k)eth dk (87a)
. 1 [ 2o o
fk) = lim / e~ f(z)e 7 dg. (87D)
—o0

This makes sense, as the Gaussian factor insides the integral tends to 1 as € — 0, on any finite interval of
k or x. At the same time, since the Gaussian decays super-exponentially at infinity, these integrals exist
for any finite ¢ for a very large class of functions (for example, for all bounded continuous functions), so
whenever the limits at ¢ — 0 exists in any reasonable sense, we can operate with in the same way (just with
extra caution) as with the Fourier transform of absolutely integrable functions.

An important class of functions for which this definition of the Fourier transform works is the class L? of
the square-integrable functions. We say that f € L? if

/_DO 1 ()2 da < oc. (88)

This is a weaker condition than f € L! (the absolute integrability). For example, if f(z) ~ 1/z at large x,

it is in L? (since f2 ~ 1/2* < 1/|z| at large x), but f is not in L', since [ % is divergent as z — occ.

Theorem 12.1. If f € L? thenf as given by eq. (87b) exists and is well-defined.

We do not prove Theorem 12.1. However, we do prove the following formula, the Parseval identity:

| Jiw[ a0 [ i@ e (59)

oo 2 J_ o

Therefore if f is in L? then f is also in L?. We show eq. (89) in the case in which f is continuous. Recall
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that we may deal with complex functions f(k), so |f(k)|2 = f(k)f(k)*. We have

/_ ‘: F)F () dk = /‘: (Qlﬂ /"; f(y)eikydy> (;ﬁ /z Flayet dw) e
o | swserese aeayis = o [ [ s o dpde = 5 [~ i)

where we have used formula (86) with z replaced by (z — y):
/ e RV dk = 216 (x — y). (90)
— 00

Note that this proof works only for continuous functions f(z), because the replacement of [ f(y)é(y—z)dy
by f(z) is valid only when f is continuous. Still the result stays true for general functions from L2, but the
argument would require more theory of function spaces (in particular, one uses the fact that every function

from L? can be approximate by a continuous one).

The fact that the Fourier transform takes square-integrable functions of x to square-integrable functions
of k is useful, e.g. in quantum mechanics. There, the Fourier transform of wave function is equivalent to
the transition from coordinate to momentum representation, and it helps to know that the class of wave

functions does not change when such transition is made.

The Parseval identity is a partial case of the following result: if f, g € L2, then

| iwatrae=o- [ s (91)

If we take g = f, then formula (91) yields formula (89). In fact, formula (91) can be obtained from (89).

Indeed, we have
1 o0
| iwiwrde= 5 [~ s sara

| g(k)@(k)*dk:% [ gty an,

and

/ f+g )f+g */ (@) (f(z) + g(z))"dx,

so by subtracting the first two lines from the third one, we obtain

| dwarans [~ foraman= o [ p@gtracs o= [ e @ 92

Similarly, from

/ T RMT Tk k= o [ (1) +ig@)(f@) +igle) @) da,

oo 2w

we obtain [ o &0 o0
= [ dmateran [ fwramar=- o [ f@g)rdes o [ p@) gt 93

and subtracting (93) from (92) gives (91).
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In quantum mechanics one uses the bra-ket notation
| @ @z = (al1)
Then eq. (91) is written as

(g1f) = 2m(3lf). (94)

In other words, the inner product does not change when one goes from coordinate- to momentum- represen-
tation.

The L2-theory of Fourier transform is also useful in signal transmission.

Example Suppose we know that the Fourier transform of f is given by:

.o )1t [kl < L,
0 if |k|>L.

g

L L L

Figure 43: The discontinuous function f with finite support.

We know from the fact that f(k) is discontinuous that f(x) cannot be in L'. However, f(k) decays very fast
as |k| — oo (it is zero for |k| > L), therefore it is square-integrable, and, according the theory above, the

corresponding function f(z) is uniquely determined by the Fourier integral. We calculate:

f@) = [ " f ke di
L

" eikw
= e dk = —
—L 1T

_ 2sin xzL

L eiLa: _ e—iL.’L‘

L 1T

T

As we see, f is not in L' indeed. However, it is in L2, since |f(z)|* = O(Z) as x| — co. Note that f() is
analytic (entire, in fact) function - this is in agreement with the theory discussed in Lecture 10, according
to which the fast decay of the Fourier coefficients f (k) as k — £o0 ensures high regularity of f(z).

This function is an example of a signal with a finite bandwidth - as we see, its Fourier spectrum is limited
to the band |k| < L. Tt is a standard practice in radio transmission that each station has its own allocated
bandwidth and should not translate signals outside of it, to avoid interference with others. This gives the

finite bandwidth functions like % a special role.
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The L? theory of Fourier transform is applicable to functions which decay slower than L' (roughly speaking,

L' functions decay faster than ﬁ as |z| — oo, while L? functions decay faster than ——). However, one

N

can extend the theory even to functions which do not decay to zero at all. We will not pursue this in full

generality, just consider several examples.

1.

We have seen previously that if f(z) = 1, then it makes sense to put f(k) = 8(k). Since f(z) does not
decay to zero, its Fourier transform is not a function, strictly speaking, but an operator which acts on

continuous functions.

Take the following function

1 if >0,
-1 if z<0.

Il
—~~
e
ot
~

g(x) = sgn(a) :

- - " ‘@)

—
7

X
e__--—J«- m&_l

Figure 44: The sign function f is discontinuous and odd.

Can we define its Fourier transform? Before answering that, note that g is real and odd, therefore the

Fourier transform must be purely imaginary and odd.

Let us discuss the Fourier integral for symmetric (even or odd) function more. Since we may expand
fla)= [T, f(k)etrdk = 1=, f(k)cos ka dk + i 1=, f(k)sin kx dk, we deduce the following (because
the integral of any odd function over all real k is zero):

feven = f(z)= /00 f(k) cos ka dk,
fodd = f(x)zi/oo f (k) sin ka dk.

For example, if we take f (k) = 1/k, then it is an odd function and the corresponding Fourier integral
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can be found as:

o0 : k
Fo) =i / T g (96)

i [7 SR (k) if x>0,

= % sink . (97)
zf+ “nxdkx) it =<0,

_ szoozo% du if x>0, (98)
S [ smugy i g <0,

_ im if x>0, (99)
—imrif  x <0,

= imsgn(x) (100)

(we use here that fj;o sty = 7, see (37) in Lecture 7). So, up to a factor im, we have found a
representation of sgn(z) as a Fourier integral. Note that since 1/k has singularity at k = 0, we cannot
immediately say that the function f(k) = 1/k is the Fourier transform of f(z) = imwsgn(z), because

the Fourier integral f Z’“"’%Zk is divergent at k = 0. It, however, converges in the principal-value

—€ +oo 1 .
lim < / + / )e““dk,
e—+0 oo c k

and the result is exactly ¢ [ fooo % dk. Therefore, we use the notation

sense, i.e., as the limit

T =

f(k) = (v.p.)

to stress that whenever we take an integral including f , we should take only the principal value of it.

Namely, we can think of (v.p.)% as a linear operator which, applied to a continuous function h(k),
= h(k) — h(—k)
k

With keeping this in mind, we may now write:

returns the value of / dk (if this integral converges).
0

= g(k) = (v.p.)—. 101
o) =se(e) = (k) = (vp)or (101)
. Consider the Heaviside step function:
1 if > 0,
ba)y=¢ = " (102)
0 if z<0.

Since f(z) = 3 (1 + sgn(z)), we immediately derive from the previous examples that the Fourier trans-

form is

0(k) = %5(1@) +(v.p.) Z;k.

(103)

We also know that 6’(z) = §(x), so if we take the Fourier transform of this we obtain zké( k) =b(k) =

%. It is tempting then to write é(k:) = 507 k, however, we cannot simply multiply by because this
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is not defined at k = 0. We must, therefore, use the principle value; there is also an additional (k)
term in eq. (103). The message here is that we must be careful when dealing with functions which do
not decay to zero and operators such as the delta function.

. Suppose ¢ is an L' function, i.e., ffooo lg(x)| dz < 0o, and define f as:
f@ = [ g (104)

Then we have f'(z) = g(z) so taking the Fourier transform gives ik f(k) = §(k). However, like in the
previous example, we cannot simply divide g(k) by ik to get f(k:) Note that since g is absolutely
integrable, we would expect it to decay to zero as |z| — oo, but f, although bounded, need not decay.
Therefore we must define properly what we mean by the Fourier transform of f. First, let us define
I:= [%_g(x)dz = 21G(0) (the right-hand side follows from putting k = 0 in the Fourier transform
formula g(k) = 5= [~ g(z)e~**dx). We have I = lim,_, o f(z). Therefore f may be written as:

f(z) = I6(z) + h(z) (105)

for some h such that h(z) — 0 as © — oo. If the decay of h(z) to zero is not anomalously slow, then

we can define its Fourier transform h(k) and equation (105) gives
F(k) = 16(k) + h(k), (106)
where (k) is given by (103).

Now, h satisfies h/(x) = g(z) — I§(x) and therefore ikh(k) = §(k) — - = g(k) — §(0), giving

Na)Y

3 9(k) —4(0)
h(k) = =———="—=.
(k) T
We know that since g is absolutely integrable, its Fourier transform g(k) is continuous (Lemma 9.1),
hence g(k) — G(0) — 0 as k — 0. If the rate with which g(k) — §(0) as k — 0 is not extremely slow,

then h either is finite at k = 0, or even if it tends to infinity as k& — 0, this singularity is integrable, so

(107)

formula, (107) makes sense. We can now conclude that
1 1 §(k) — 4(0
N >+ 9(k) — §(0)

ik (108)

= mg(0)3(k) + (v-p) %

In general, given a bounded function f(z) such that lim,_, f(z) = I+ and lim,,_ f(z) = I_, we
can consider the function h(z) = f(x) — I1.0(x) — I_6(—=x). Then h decays as © — oo, and if we can
define its Fourier transform, then using formula (103) for the Fourier transform of 6, we obtain the

Fourier transform of f.

Figure 45: If f is bounded with well-defined limits at oo then we may define h =
f(z) — I+0(z) — I_6(—z) to obtain the Fourier transform of f.
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13 Lecture 13: Green Function

Let us define the convolution of a function f with a function g as:

(o)) = [ " fw)gle - y)dy = / " e - )ely)dy (109)

Note that this formula suggests that the involution is a commutative operation: fxg = gx* f; we will indeed
show the commutativity in a moment.

Let us prove the following:

W) = FR30) = ) = o= (frg)(e), (110)

i.e., the Fourier transform of a convolution of two functions is the product of their Fourier transforms, up to
a constant factor.Indeed, if h(k) = f(k)g(k), then

) = [ Fagmetan

[ (5 [ swe i) gwetar

- W) ( [ N a<k)ei’“<w>dk> dy

= % /_O:O fW)g(x —y)dy
= (f*9g)(=).

Note that it follows that since the multiplication is a commutative operation, so the convolution must also

be commutative.

Now we return to the solution of differential equations. Consider the linear ordinary differential equation

with constant coefficients:
y™ (@) + a1y V(@) + oo+ a1y (2) + any(z) = f(2), (111)

We, on a formal level, solved this in Lecture 8 by taking the Fourier transform and using the property that

—

Fourier transform exchanges derivatives with polynomial multiplication: y(") = (ik)"#(k). We then obtained

P(ik)j(k) = f(k),

where P is the characteristic polynomial corresponding to equation (111), namely P(\) = A" + a3 A"~ ! +

... + a,. Then we may obtain a solution as

f (k)

i) =5 = @) =), (112)
where
R 1 1
G(k) = %P(zk) (113)



Note that solution (112) does not require the existence of the Fourier transform of f, so the right-hand side
of (112) is applicable for a larger class of functions f: we only require that the integral ffooo f(s)G(xz — s)ds
exists.

The function G(x) is referred to as the Green function. Since the Green function G satisfies
P(ik)G(k) = 6(k), (114)
it follows that G(x) is a solution to the following ODE:
Yy () + a1y (@) 4 o+ a9 () + any(z) = 6(x). (115)

One says that G(x) is the response to the point source 6(z).
Once G that satisfies eq. (115) is found, one obtains the general solution to eq. (111) as

oo
y(x) = / f(s)G(x — s)ds + yo(z) (116)
where yo(x) is the general solution to the homogeneous equation:
Yy (@) + a1y (@) + o+ a1y (2) + any(z) = 0. (117)

If \is a root of P, i.e. P()\) = 0, it is easy to see that e’ is a solution to eq. (117) (if A is a multiple
root, i.e., P(A) = 0 and P’(\) = 0, then other solutions may arise, consisting of terms like z"e**). Thus, if
the characteristic polynomial P has n distinct roots A1, ..., A, then the general solution to the homogeneous
equation is yo(z) = c1eM?® 4 .. 4 ¢pe™® where ¢, ..., ¢, are arbitrary constants (and in the case of multiple

roots polynomial factor may appear in front of the exponents here).

Formula (116) gives a general solution to eq. (111), where no reference to Fourier analysis is, in fact necessary.
Note that there are infinitely many solution candidates for the Green function G because we may add to G
any solution of eq. (117) and the resulting function will still satisfy eq. (111). A way to restrict the freedom
in the choice of G is to require that it is uniformly bounded for all z. This can indeed be done when the
characteristic polynomial P(\) has no purely imaginary roots, so P(ik) # 0 for all real values of k, and the

integral in this formula

o] eikm
G(m):%/ B (118)

— 00

is well defined. If the equation is of order n > 2, then % =0 (ﬁ) is absolutely integrable, so G(x) is
uniformly bounded. The same is also true when n = 1, as we will see in the example below.

In fact, if P()\) has no purely imaginary roots, this bounded function G(x) also decays exponentially as
x — *+o0. To see this, we, first, consider the case n = 1.

Example Consider the following ODE with n = 1:
Yy +ay = 6(x). (119)

The characteristic polynomial is P(A\) = A + a. Its only root is A = —q; it is real, so the requirement it

has anon-zero real part means a # 0. Let o > 0 (the case @ < 0 is treated in the same way with the
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replacement x — —z). If z # 0, then the delta-function in the right-hand side vanishes and y is a solution

of the homogeneous equation
y' +ay = 0. (120)

So the solution for x < 0 is y = Ae™** and, for = > 0, the solution is y = Be™**. However, we need not
have A = B because there is a discontinuity at x = 0. Indeed, if we integrate both sides of eq. (119) over

/6 y'(z)dx + oz/E y(x)de =1

—€ —€

the interval (—¢, ), we get

g

= y(e) —y(—e) + a/ y(x)de =1

= Be™ —Ae** 4+ 0(e) =1
— B-A= 1,

where in the final step we have taken the limit ¢ — 0. However, we also want our solution to be bounded as

ax

x — £o0o. In particular, for x < 0 we have y = Ae™** which does not decay as x — —oo; therefore we must

set A = 0, from which we obtain B = 1. Thus we have the discontinuous solution as shown in Figure 46.

~AXx
) A <2

—_— =)
X

Figure 46: The bounded solution to eq. (119) is discontinuous:
y=0forx <0and y=e > for z > 0.

Like in this example, in the general case the Green function is obtained by gluing at z = 0 a pair of solutions
to the homogeneous equation (117), one at > 0, the other at # < 0. These solutions are of the form
c1eM? + ...+ cpe®, where P(A;) = 0. If Re(\;) > 0, then e** — 00 as @ — oo, but €M% — 0 as  — —oo0.
And if Re(\;) < 0 then e** — 0 as © — oo, but e** — 0o as ¥ — —oo. Thus, when all roots \; have
non-zero real parts, to have a bounded Green function, we must have

bV .
D Re(n)>0 Gi€T i @ <0

G(z) =
2 Re(x;)<0 cjeti® if x>0

(121)

(in case some of \; is a multiple root, the coefficient ¢; can to be replaced in this formula by a polynomial of
degree equal to the multiplicity of the root, but the overall procedure remains the same). Coefficients ¢; can
be found by the jump condition: in equation eq. (115) we assume that y, ., y"=2) are continuous, so that

(n—1).

the jump - equal to 1 = ffo 0(z)dx - occurs in y The condition of the continuity of v, ...,y 2 and

the jump-1 condition on y(”o_ol) defines the coeflicients c¢; uniquely. Indeed, we saw that the bounded solution
G(z) always exists (defined by (118)), and it is also unique: if we have two different bounded solutions to
eq. (115), then their difference must also be bounded, but this difference is a solution to the homogeneous
equation (117), hence it is a sum of terms containing e*® with Re); # 0, hence it must go to infinity either

at x — 400 or x — —00, a contradiction.
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Example Consider the equation
Y —y = 8(x). (122)

For this case the characteristic polynomial is P(\) = A2 — 1 so the roots are A\ = 1. For x # 0 we have the
solution y = C'e® + De™". Therefore in order to obtain a bounded solution we take:

Cie® if <0
Yy = (123)
Coe™™ if >0

Then we have a jump condition on 3’ and a continuity condition on y:

I
[t

y'(+0) —y'(-0)

where we have used the notation y(£0) := lim._, ;¢ y(+e). The second condition gives C; = Cy, and the

first condition transforms to C; +Cy =1, s0 C1 = Cy = %, with the resulting solution being given as:

1
Y= ie"ml (124)

ta

Figure 47: The bounded solution G(z) to v/ —y = §(z); the
function G(z) is continuous but the derivative G'(z) is not.

In summary, if the characteristic polynomial P has no purely imaginary roots, the (bounded) Green function

decays exponentially, hence it is absolutely integrable, which implies that the solution
y(z) = / f(s)G(x — s)ds = / flz —s)G(s)ds (125)

is uniformly bounded for all = whenever the function f (the right-hand side of eq. (111)) is uniformly bounded
for all . Moreover, it is the only bounded solution of eq. (111) in this case (since yo in eq. (116) - the general

solution to the homogeneous equation (117) - is unbounded unless it is zero, as we explained).

But what if P has a purely imaginary root? This means P(ik) = 0 for some real k, leading to 2 problems:
the integral in the formula (118) for the Green function becomes divergent, and the bounded solution to the
corresponding equation (115) is not unique (or may even not exist).

Consider the following simple example:

y' = 6(x) (126)



The characteristic polynomial is P(A) = A, so A = 0 is a root with the zero real part. Obviously, the solution
to eq. (126) is y(z) = 0(z) + C, i.e., all the solutions are bounded and we can take any of them as a Green
function. After that one can apply formula (116), which returns

y(z) = /f(x)d:z: + ¢p

as a general solution to the equation
y' = f(x).
Note that this solution does not need to be bounded for a general bounded function f(x) - one needs

[, f(z)dx = 0 for that. The same condition can be expressed as £(0) = 0. Using formula (108) from the

previous lecture, we can write the Fourier transform of the solution y(z) as

)= (V.p)% + Co(k) (127)
N—_—— v

tial soluti general solution of
partial solution  j,5m0geneous system

This picture easily extends to the general case of eq. (111) where we allow P()\) to have some purely imaginary

roots ikq, ..., 1k, which are all simple. In this case,
Gk) = - (v-p) 5 (128)

and the corresponding Green function

G(z) = g(v.p.)/m P(ik)e ke dqk;

is bounded. Moreover, the bounded solutions of eq. (111) are given by the formula
y(x) = / f(s)G(x — s)ds + Z Cjetti® (129)
oo =
for arbitrary constants C;, provided f (kj) = 0 for all j (meaning the external signal f should not be in

resonance with the eigenfrequencies k1, ..., k).

When the characteristic polynomial has multiple roots on the imaginary axis, the use of the Fourier transform
method to find the Green function becomes more cumbersome, and it can be easier (and safer) to look for
G(z) by solving eq. (115) directly.

Example Consider the second-order equation:
y" = f(z) (130)

In this case we have P(ik) = (ik)? so we have a double root at k = 0. We find the Green function, i.e. the
solution to G”(z) = 6(z) as:

G'(r)=0(z)+C (131)
= G(x)=Cz+ B+ z20(z) (132)
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Therefore there is no bounded solution. We may consider using eq. (112) to write the Fourier transform of

the solution y as:

o f(k)
gk = 2 (133)
However, the right-hand side of eq. (133) is not integrable in a principle value sense and therefore the use of
the Fourier transform method becomes questionable. However, we can find the (unbounded) Green function,
as we did to get eq. (132), without using the Fourier transform. Then suppose we choose C = B = 0 so that
G(z) = z0(x). The solution to eq. (130) is then

y(z) = /_OO (x —s8)8(x — s)f(s)ds+ Cx+ B (134)
:/Oosf(ac—s)ds—i—Cx—i—B. (135)
0

70



14 Lecture 14: Euler-Lagrange Equation

In this lecture we begin a new topic, the Calculus of Variations. Our main focus here is the Euler-Lagrange

equation

d 0L 0L

Az oy~ oy
It was discovered by Euler and Lagrange in the middle of eighteenth century as a solution to optimisation
problems. Later, Lagrange showed that Newtonian mechanics can be formulated in similar terms. Remark-
ably, the two and half centuries of the development of science after that only confirmed that all fundamental
physical theories can be expressed in terms of the Euler-Lagrange equations. As it stands now, the La-

grangian picture of the world is the central principle of Physics.

We start with the following optimisation problem: Given a function L(y,v,z) (the Lagrangian) which de-
pends on the three variables y, v, , we substitute the first two arguments with the functions y = y(x), and

v =y'(x), and ask which function y(x) will give a minimal or maximal value to the functional

b
/ L(y(x),y'(x), v)dz, (136)

subject to the condition that the values of y at the end points of the integration interval [a,b] are fixed,
y(a) = Ya, y(b) = yp. It was discovered by Euler and Lagrange that this problem is reduced to the solution

0f a certain second-order differential equation.

Theorem 14.1. If a twice continuously differentiable function y(x) is a minimiser (or maximiser) of (136),

then it must satisfy the equation

%%(y(m),y/(x),x) - %(y(x),y’(x),z). (137)

Note that % here is not a partial derivative, i.e., by chain rule we have

doL, L P
dz ov DY = 3yavy 802Y T Guox

Thus, the second derivative of y effectively enters equation (137), i.e., it is a second-order differential equation.
The significance of this theorem is obvious. Instead of performing the monstrous task of computing the
integral (136) for all legitimate functions y(x) and then choosing the one that gives the optimal value to it,
we only need to look among the solutions to the differential equations (137). It is a second-order differential
equation; it is nonlinear, so no general formulas for its solution exist, however in many cases such formulas
can be found (otherwise we can look for solutions numerically). A general solution to a second-order equation
depends on two integration constants, whose values can be fixed to satisfy the boundary conditions y(a) = ya,
y(b) = yp. This usually gives a small finite set of solutions - we then can compute the integral (136) on these

functions only, after which we figure out which of them produces the sought optimum.
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Let us prove Theorem 14.1.

Proof. If the function y(x) optimises the integral (136), then for any perturbation function ¢(z) the following
function

b
F@>=/"L@+f¢uxy+s¢@xmdx

has an extremum at € = 0. Thus, if y is a minimiser or maximiser, then F’(¢) =0 at ¢ = 0.
We have

d b q broL L
kF@aﬂ—<A(kuymwmwwawmwmﬂ_ﬂ—l[&ﬂmﬂmmw+a“%mmd@>m
w=b gL, ¥=a L, b oL oL ., [* . d oL
:LmaWM+Aﬂ5ﬁmw:QQWM+;%m—AM@%%m

integration by parts
b
L d OL
| |5 0@ @)~ 5 oo/ @),2)| dadaa
for any choice of ¢ such that ¢(a) = ¢(b) = 0 (this is a natural choice, as we keep the boundary conditions
Yo at x = a and y;, at © = x;, the same for all ¢).
Thus, the condition F'(0) = 0 recasts as

b
[ [0 — - S 4o,/ @), 0] élalde =0,

It is obvious that we can have this for all possible choices of the function ¢ only when the factor inside
the integral vanishes identically, i.e., when the function y(x) satisfies the Euler-Lagrange equation (137). In
order to formally prove it (thus finishing the proof of the theorem), we assume that

0L d oL

yy(y(x),y’(x),x) ~ o 5 W)y (2),2) # 0

at some point © = s € (a,b). By continuity, it is non-zero for all  close to s, so if we take ¢(z) to be close
to the Dirac d-function at x = s, i.e., ¢(x) = 6(x — s), then

ngmmwm@ .o

$) = 22 y(s),y/(5),5) £ 0.

Figure 48: One can choose ¢ ~ §(x — s) for any s € (a,b).
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Example Consider the minimisation problem
1
/ ((y’)2 + y2) dr — min,
0

subject to boundary conditions y(0) = 1, y(1) = 1. We first differentiate L = y'? + y* and obtain
oL oL

Then, the Euler-Lagrange equation is

we obtain the equation

The general solution is
y(x) = Cre” + Coe™".

We may use the boundary conditions for y(z) to conclude that C; + Cy = 1 and Cye + Coe™! = 1, hence

1 e
C, — Cy = .
Tie T l+e
Thus, the minimiser is
_ 1 T 1—x
ylo) = (" +e).

An important property of the Euler-Lagrange equation is the Law of Conservation of Energy.

Theorem 14.2. If Lagrangian L(y,y’) does not depend on x, then the Hamiltonian function (or energy

function)

oL
H(y,y') == -L(y,y') +

87/@’ y)y'

stays constant on any solution of the Euler-Lagrange equation.

Proof. To show that H(y(x),y'(z)) is a constant, it is suffice to show that %H =0.

d d oL

7H / - _ L 2=

5 H @) @) =~ | L= 5|
oL, oL , doL,, oL ,
__ (9L _doL) ,
N dy  dx dy 4
=0

by the Euler-Langrange equation. O
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The law of conservation of energy allows to replace the second-order Euler-Lagrange equation by the first-
order equation H(y,y’) = C. It is a first order, as it involves only y and ', but not the second derivative

y"". Usually, first-order differential equations are simpler than second-order ones.

Example We take the same Langrangian as before, i.e., L(y,y’) = y? + y'?> and we know from the previous

example that the Euler-Langrange equation is the 2nd order differential equation 3" = y. Since gyL, = 2y/,

we obtain the following Hamiltonian:

oL
H = / -9 12 _ /N2 2.
—ay,y L =2y L=(y) Y

By Theorem (14.2), we can replace the Euler-Lagrange equation by
(v)?=y*+C.

Even though it is a first-order equation, it does not look simpler than the Euler-Lagrange equation y” = y,
so maybe this is not a very good example. However, let us check directly that H is the conserved quantity

here. Indeed,
d
o (W) —v*) =24y —2yy' =0

ify”" =y.

Let us look at a more interesting example. Consider the following Lagrangian

Ly,y') =yv1+y?,

Figure 49: The surface of revolution of radius r = y(z).

and let us minimise L
/ yv/ 1+ (y)2%de.
0
This corresponds to finding the surface of revolution with the minimal possible area, see Fig. 49.

Since the Lagrangian does not depend on x, the minimiser solves the equation H (y,y’) = C for some constant

C. We have
OL yy'

oy \Jiyy?
hence
vy?  y(1+y?) yy'?

\/1+y/2 B \/1+y/2 - \/1+y/2

oL
—H(y,y’)=L—6T/,y'=y 14 y? -

-4 __c
VIty?

Squaring both sides of the above equality, we obtain

y? =C%+ C*(y')>. (138)
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One of the solutions is given by y(z) = C (hence y'(z) = 0). To find other solutions, we differentiate both
sides with respect to x and find
2yy’ = 2C%y'y",

which gives

(we have already taken care about the solutions with y’(x) = 0). The general solution of the latter equation
is
y = Ae®/C + Be=*/C.

We can rewrite it as
y = Acosh(z/C) + Bsinh(z/C)

with some different constants A and B (recall that cosh(xz) = ezgefl, sinh(z) = 61_2671). Applying the

identities cosh’(z) = sinh(z) and sinh’(x) = cosh, we get
Cy' = Asinh(z/C) + B cosh(z/C),
y? = A% cosh?(x/C) + B?sinh®(z/C) + 2ABsinh(z/C) cosh(z/C),
Cy' = A?sinh?(x/C) + B%cosh” (z/C) + 2ABsinh(z/C) cosh(z/C).
Substituting this into (138) and using the identity cosh® 4+ sinh? = 1, we find
C2? =2 — (Cy')? = A — B2,

hence
y(z) = Acosh(x/\/ A? — B2) + Bsinh(x/+/ A? — B?).

The constants A and B can be found once the boundary conditions have been specified.
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