MATH-207(d) Analysis IV

Exercise session &

Exercice 1. Let v : [0, 1] — C be a closed simple differentiable curve. Consider the functions

f(x) =€, glx) =™, (1)

What are the possible values of the curve integrals of f and g over ~?

Answer. As a first step, we observe that the functions f and g are holomorphic on C\ {0}
and have essential singularties at the origin zo = 0. Using, now our old trick of computing the
Taylor expansion of h(w) = exp(w) and using the substitutions w = 1/z and w = 1/2%, we can
write the Laurent series of f and g at 2y =0 as

OEDY (_Zn)!, o) = 3 (fn)!.

It is now readily seen that
Reso(f) =1, Resy(g) = 0.

Let U denote the open bounded set of C whose boundary is the curve v. We now have three
cases:

Case 1 If 0 € U, then by the residue theorem we have that

/f(z) dz = 2mi, /g(z) dz = 0.
Y v
Case 2 If 0 € OU = v, then

/f(z) dz and /g(z) dz are both ill-defined.
gl gl

Case 3 If 0 ¢ U, then by the Cauchy theorem we have that

/vf(z) dz =0, Lg(z) dz = 0.

With that, the exercise is complete. [ |

Exercice 2. Let a > 0. Use the residue theorem to compute the following integrals

> glow > cos(ax)
d dx. 2
/oo1+x2 - /ool+:v2 ! @

Hint: for simplicity, you can first try a = 1. You can easily express the second integral in terms
of the first integral.




Answer. First, there are different ways of expressing the second integral in terms of the first
integral. Notice that for any a@ > 0 and x € R, we can write

* cos(ax) > Re(e™?) /°° elor
/_OO a2 x /_Oo e z = Re _001+x2x (3)
—_——

=(1)

Therefore, it suffices to compute the improper integral (I). Alternatively, we could use

o) COS(CY.CE) 1 00 eiax + e—iax 1 o8] eiam 1 [e%s) ei(_a)w
/oo T+a? 2/00 T+22 2/m1+x2m+2/m1+x2 L, (4)

but notice that now we need the last integral. One way of computing it is to replicate the
discussion from the lecture but integrating over the lower half-plane!. Fortunately, we already
know everything to circumvent that effort: for example, we can use the complex conjugate to

find
/oo ei(—a)xd /00 eim d /'00 eiax d /oo eiocx d (5)
€r = €Tr = xTr = X
U oo 1+ 22 oo 1+ 22 o L2
or we use a change of variables: with y = —x, we get
oo Li(—a)x -0 iay 0o iay
e e e
doe = — dy = —dy. 6
/oolﬂc?x /oo T4y’ /ool+y2y ®)

Any of those (simple!) tricks leads us to the same situation, one way or the other: we need to
compute the integral (I).

With all that being settled, let’s finally approach the integral (I). We can apply the example
as seen in the lecture. Let us introduce the function

[1e %1

f(Z):m,

It is readily seen that f is holomorphic on C\ {+i, —i} and has simple poles at z = +i and
2z = —i with residues

Res(f) = 5 Res(f) =5

As seen in the lecture, we have

/_ = 2mi (Res(f) = 2 (;) — (1)

o 1+ 22 i
More explicitly, let us first recall from the definition of improper integrals that we can write
L iox

W= ) et

For simplicity, let us denote by ~; the open interval (—L, L) viewed as a subset of C, i.e.,
m={z€C: Im(z)=0, |z|] < L}.

Consider now the curve v,: [0, 7] — C defined as ,(t) = Le®. This curve is simply the semi-
circle in the upper-half complex plane of radius L and center at the origin zy = 0. Consequently,

IThis is an extra exercise if you find this all very easy.



~v1 U9 constitutes a closed simple regular curve. Applying now the residue theorem and making
use of our knowledge of the poles of f, we can deduce that for any L > 1 it holds that

/ f(z)dz = omis— = e,
71Uv2 2

]

The trick now is to realise that for any L > 1, we have in fact that

/wwf(z)dz:/%f(z>dz+/wf(z)dz:/_LCfio‘“;d +/ £z
/_i Cfs_ﬁo;i) doz =me ™ — [/2 f(z) dz, (8)

provided, of course, that the later integral on the curve 7, is well-defined. We claim that this
is indeed the case. To see this, observe that a direct calculation reveals that

™ eiaLeit o

Next, notice that for any a > 0 there exists a constant C, > 0 depending only on « such that
for all ¢ € [0, 7] and all L > 1 it holds that

so that

’eiaLe“ iaL cos(t) 7o¢Lsin(t)‘ _ ’efaLsin(t)’ <C

= le e

Similarly, for any a > 0, all ¢t € [0, 7] and all L > 1 it holds that
1 1 1 1 1

- = — = - < = .
|1+(L62t)2| |1+L262”| |L262zt_(_]_>| — “L262it‘ _|_1H 2 -1

Returning now to the integral defined through Equation (9) we see that

™ iaLe' L
< —————iLe"| dt < [ Com— T di = Ca 10
e e e e R L
and in particular
: L
lim / f(z)dz = hm Cq T = 0. (11)
L—oo -1
This finishes integral (I).
Finally, we can conclude that
> cos(ax) > glow m
dz = Re( dr) = . 12
/OO 1+ 22 . e/ool—i—a:?x ex (12)
[

Exercice 3. Use the residue theorem to compute the integral

oo ea:m'
/ g dz (13)

Hint: The following facts might be useful:

P =2 = z==(1+1), =20 = z=%(1—1).



Answer. First, it suffices to consider the case o > 0. For example, we can use the complex
conjugate to find

0o i(—a)x o0 o o0 o o0 jox
€ € € €
1m4+ﬁ1” [m4+ﬂ:” [m4+ﬁ‘” [m4+ﬁ:” (14)

So let us first discuss the case a > 0. We follow exactly the same strategy as in the previous
exercise. Let us introduce the function

[1e %1
e

T4t A

f(2)

The polynomial 4 + 2* can be factorised as 4 + z* = (22 — 2i)(2% + 2i¢). Using therefore the hint
provided in this exercise we deduce that f is holomorphic on C\ S where the set S is defined
as

S={l1+i-1—i1—4—1-+i}.

Moreover, at each of the four points in S, the function f has a simple pole. The residues can
be computed with some basic (though tedious) calculations and are given by

1 i —a+tai 1 1 a—ai
R = (35 =15) " Rl = (g5 )
1 : J 1 i —a—ai
Res;_i(f) = <—1—6 + 1—6> et Res_14(f) = (1—6 — E) e .

We only need the ones in the upper half-plane. We observe

0 eiam )
/oo g x4dx = 2mi (Res144(f) + Res_144(f))

—arie ( (=5 15 ) feota) +sin(ei) + (15 = 15 ) cos(e) — sinfa)
= e (sin(a) + cos(a)

Up to now, we have considered the case a > 0. If o < 0, then we find

/_Z 4ia;4 dr = %lﬂea (sin(—a) + cos(—a)). = iﬂea (sin(—a) + cos(—a)). (15)

In summary, for any o € R, we get

/Z %dx = }Lweo‘ (sin(—a) + cos(—a)). = %W_al (sin(|a]) + cos(|al)) . (16)

We can also discuss this exercise more explicitly and replicate the discussion from the lecture.

The goal is to compute
L Xe%y
e
lim / dx.

For simplicity, let us denote by 7; the open interval (—L, L) viewed as a subset of C, i.e.
m=4{2€C: Im(z)=0, |2| < L}.




Consider once again the curve v,: [0,7] — C defined as v,(t) = Le. As in the previous
exercise, this curve is the semi-circle in the upper-half complex plane of radius L and center at
the origin zy = 0. Moreover, v; U 75 constitutes a closed simple regular curve so that we can
make use of our knowledge of the poles of f and apply the residue theorem. We thus obtain
that for all L > v/2 it holds that

1 /1 ‘
= 211 - —a+ai - —a—ai
/wm f(z) dz = 2mi (( 16 16) © * (16 16) © )

1 ..
— Zyre (sin(a) + cos(«)) .

As in the previous exercise, we notice that for any L > /2, we have that

L x
dz = d dz = d d
/71U’72 f(Z> : /Yl f(Z) o /’72 f(Z) ’ /L 4+ o /72 f(Z) :
so that
L iax 1
/L ﬁdx = Zﬁe_a (sin(a) + cos( / f(z (17)

provided that the integral on the curve 7, is well-defined. To show that this is indeed the case,
we again observe thatobserve that a direct calculation reveals that

™ 6io¢Le“ ]
dz = ——iLe" dt. 18
/wf(z) ’ /0 4+ (Lot (18)

Arguing exactly as in the previous exercise, we deduce that for any o > 0 there exists a constant
Cy > 0 depending only on « such that for all ¢t € [0, 7] and all L > 1 it holds that

iaLe'

< C,.

e

Similarly, for any a > 0, all t € [0, 7] and all L > v/2 it holds that
1 1 1 1 1

- = — = - < = .
|4+ (Lezt)4| |4+ L4e4“5| |L464zt _ (_4)| — “L4e4it‘ _ | _ 4|| I4 — 4

Returning now to the integral defined through Equation (18) we see that

< / e dt < / Cotat = Cor (19)
z = Cym—r,
=)o |4+ (Let)t’ A4
and in particular

im [ f(z)dz = Jim Com—t =0 (20)

Jim [ J)d2 = fim Corpg =0
Consequently, Equation (17) now yields that

/m—emd i [ -7 de = Lo (sin(a) + I /f

— = S cos(a)) —
A AT Ay AT T e e P

1
=7 (sin(a) + cos(a)) .



Remark: Notice that this calculation yields a Fourier transform: if f(z) = (4 4+ x*)~!, then

SUl0) = == | e = sV Gsinal) + costlal).
|
Exercice 4. Compute
T cos?
—d6f. 21
/0 13—5C0829d9 (21)

Hint: Use the residue theorem by recasting this integral as a contour integral on the unit circle.
The starting point is to observe that for z = e we have

e 4 e 1( 1>
cos=——  =_[24=
z

2 2
€2i9+€—2i9 1 1
2 =—_— "~ (|21 _).
coS 5 5 (z +z2)

Answer. We use hints and replicate the discussion as in the lecture: Then we have that

27 2
/ cos“ 6 o
o 13 —>5cos20

o (ei9+e—i0)2
= /O 13 — 5§i9+e—2w dg

2

our (ei9+e—i6)2
4
= . __df
/0 13 — g (6229 + 6—219)

o0 (ei6+e—i6)2 1
4 - it
= ; . — .7¢""df
/0 13 — g (6229 + 6—216) jett

=

where 7 is the unit circle parametrized as 6 +— ¢?, for 6 € [0, 27r]. We study the function

(=+3)° 1
Ui vy e v
We simplify it:
f(2)

2

1 (z+ 1)

413z -3 (28 4+ 1)
1 z(z+1)?




In the numerator, we use
1., 9 1 3 1 24222 +1
232 — 24 ) — 2y )= T -
Z(Z+Z> z2(z° + +Z2) (z° + z+z) ~
Hence
1) 1 2422241 1 2(z*+222+1)
Z) = — = — .
4i2(1322 = 3 (24 +1))  4i2(262% — 521 - 5)
We can apply the residue theorem if we find the singularities of f inside the unit circle. The
singularities of f are z = 0, +1/v/5 and £+/5 and they are all pole of order 1. But only the
first three are in inside the unit circle! We compute their residues, knowing that they are all
poles of order 1:

-1
Reso(f) = lim /() = Io;
~ 1\ =~ 3

= ) 1Y\ =~ 3
Res_,, 5(f) = z—}irll}\/g (z + ﬁ) f(z) = —.

Thus we find that

T cos?d , ~ < ~ 7r
/0 mde = 27 <Reg(f) + Resl/\/g(f) + Res_l/\/g(f)> = 1—0
The calculation is complete. [ |

Exercice 5. Let v = {z € C: |z — 2| = 1}. Compute the value of

with
(a) the Cauchy integral formula.

(b) the residue theorem.

Answer.

(a) We apply the Cauchy integral formula to f(§) = £*sin(§), z = 5 and n = 1. We have
f'(2) = 2zsin(z) + 2% cos(z). From which we find

[T e = T (5) =2

(b) Denoting g(z) = Z(2 sin )22), by the residue theorem we know that
2% sin(z) ,
/mdz = 27TZR,€S%(Q).

Since the numerator of g is not zero in § and the denominator features a zero of order 2
in 7 then we deduce z = 7 is a pole of order 2 — 0 = 2. Thus we have

2

Rt g [ [ 5 o) -y ()<

2




