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1.1 Cauchy principal values of integrals

® Hitherto we have considered contour integrals which have poles within the region they
enclose; what happens if they have a simple pole on the contour?  Consider the following

integral:
°° dx
I = 1
/_OO z2 —1 1)

Clearly, there is a problem at = = 41, although the integrand is well-behaved at infinity.
If we examine the behaviour of the integrand near x = 1 (say), we note that it is odd
about this point, changing sign from —oo to +0c as =z increases from1 — eto 1 + e.
Cauchy noticed that by excluding the interval, (1 — ¢, 1 + €) one could integrate the
function and then take the limit as ¢ — 0.

® |f the limit exists we could then define the integral by this second limiting process, beyond
that implicit in the concept of the integral as the limit of a sum. Obviously, if the definition
IS used at a regular point of the integrand, we’ll simply get back the standard integral!

® Cauchy’s limiting value for such singular integrals  involves a specific, double limiting process.
It is important to remember that the limit may not always exist but does, in many cases of
physical interest. It is well-adapted to evaluation by residue calculus, as we shall
discover.
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1.2 Cauchy principal values: contd.

® Definition 10.1: Let f(x) be continuous in some interval [a, b], and there is a point
zo € (a,b) such that the integrals,
I((a,z0 —€) = [707° f(x)dx,I(xo + €,b) = f;OJre f(x)dx exist for arbitrary e > 0. If
the limit ,

Tro—E€ b
Lime_ 04+ {/ f(x)dz + / f(:c)da:} = Lime_o4+ [I(a,x0 — €) + I(xg + €, b)]

xro+e€

b
_ P / F(z)da @)

exists , then the RHS is called the Cauchy principal value  of the integral, f; f(x)dzx.

® cxample 1: Evaluate the integral:

J = /wd—x (a > 0)

oo Z(x — ia)

The integrand has simple poles at the origin and also at z = za. The integral is to be
evaluated as a Cauchy Principal Value. Consider the contour C'(R; ) made up of:

— R, —e along the negative real axis, the “little semi-circle” |z| = € in the upper half-plane,
(e, R) and the “large semi-circle” |z| = R in the upper half-plane.
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1.3 Cauchy principal values: contd.

» From the residue theorem we obtain (f(z) = o m))

d
j{ —Z = 2miRes(z = ai)
C

(R;e) Z(Z - ’LCL)
—€ 0 PP X0
p— f(CU)dZC —|_/ bee de

~ €e'?(eet? — ia)

iRe'?d¢
)d
/ fw)de + / Re'®(Re'® — ia)

The residue is easily seen to be, % The integral over the “little semi-circle” equals 7.

: 1] H H ” r~fr T ?,R€7'¢d¢ .
The integral over the “large semi-circle” satisfies, | |, Rei¢(Rei¢—ia)| < 57—;R > a.
Hence, taking the limitas R — oo;e — 04, we get,
o° d
P / b T
oo X(x — 1a) a

= 2mi[Res(z = ai) + %Res(z =0)]

What would have happened had we chosen to close the large semi-circle in the lower
half plane ?
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1.4 Cauchy principal values: contd.

B This time, we retain the little semi-circle and close the large semi-circle in the lower
half-plane enclosing the pole at the origin. From the residue theorem we obtain, for the
same function:

d
]{ —z = 2miRes(z = 0)
C_(Rse) 2(z —1a)
Te & iee'®do
— d : .
R f(@)de + /0 cet? (ee'® — ia)

—R 2m iRei‘bdqb
d : :
+/_6 f(ac)a:+/7T Rt (R —ia)

The residue at the originis, — % The integral over the “little semi-circle” equals —~.

'L'Rei‘vbdqﬁ P
Hence, taking the limitas R — oo; e — 0+, and suitably rearranging we get,

p/“’ b 7
oo X(x —1a) a

Exactly as before! This technique of avoiding the “pole on the contour” is called indenting

the contour”.

The integral over the “large semi-circle” satisfies, |f7f7r

AT - p.5/20



2.1 Hilbert transform, dispersion relations

® Let f(2) be analytic in a region including the upper half-plane and the real axis. Let
|f(2)] — 0;2 = Re'?; R — oo, uniformly in 6. If a isin the upper half-plane and C'is
any contour enclosing a, Cauchy’s integral gives:
1 z)dz
R EIQLLIETO ®

27 Jo z— a

Letting Im(a) = 0 and choosing C4 (R, ¢) - real axis indented below by a little
semi-circle,
1 a—e 1 R 1 27 1D\ ol D
fla) = f(z)dx L L f(x)dz L L fla+ eiei;zee do L I(R)

27 J_p T —a 271 Jgte T—a 271

where the last term is the integral over the “large semi-circle”.

® Taking the limits, R — oco,e¢ — 0, we get, upon noting that I(R) — 0

“+oo
P / flz = mif(a) (4)

r —a
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2.2 Hilbert transforms: crossing relation

® Separating real and imaginary parts in Eq.(4), we get the Hilbert transform pair/dispersion

relations
+o0
u(a) = —P/ v(@)de (5)
r—a
—+ oo
via) = ——P/ xx_)aClLa: (6)

Such relations play an important role in many areas of physics and mathematics,
particularly in optics, particle physics/scattering theory. Note that to calculate «(x) at a
single point, we need wv(x) on the entire real axis!

® In physical problems one has a crossing relation :
f(—z) = f(z) — u(—z) +iv(—z) = u(z) — iv(z). Thisimplies that u(z) is even and
v(xz) is odd (as a functions of z ). Then, the dispersion relations take the forms:

1 oC 1 1
u(a) = ;P/o v(:r:)[aC + |dx

+ a r—a

2 [ zvu(x)
- _/O Y e )

70 r< —a

v(a) = —E/OOO au() dx (8)
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3.1 Residue calculus: further examples

® Example 2. Evaluate the integral, for & > 0,

(k) = / sin mdaz

I

We consider the function ezjz , analytic in the upper half-plane except for the pole at
the origin and“small” on the “large semi-circle” |z| = R;0 < 6§ < «w. Consider the
contour, C'(R,€) with two semi-circles and symmetric intervals on the real axis. The
function is analytic in the region enclosed by C(R, ¢).

k2 —e _1kx R _ikzx
e’ e e
}I{ dz = / d:c—|—/ dx
C(R,e) * —-R X € Z
0 ez’keew ' T ez’kRew '
—I—/ 7 ieezedQ—l—/ % iRe™ do
~ €et o Re?
= 0

We can combine the first two integrals on the RHS to obtain, 2: feR %dw and take
the limits, R — oo;e — 0, and obtain, after using the evenness of the integrand and

Jordan’s Lemma:
I(k):/ 0 = 7

oo T
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2 Residue calculus: multi-valued functio

» What about infinite integrals over the range (0,00)? The next example shows the use
of multi-valued functions in contour integrals.
Example 3: Evaluate the integral,

J = / T
0 1+ x3
We begin by considering the analytic function, f(z) = fj:;g We note that Inz is real

for z > 0 and consider In z in the plane cut along the positive real axis. The function is
holomorphic in this cut plane and takes the value, Inx + 27 on the “lower edge” of the
cut. Let C'(R,€) be a contour comprising a “little circle” around the origin of radius ¢ > 0
and a “large circle” of radius R > 1. The function f(z) is holomorphic in this region
except for simple poles at z = ¢'™/3, —1,¢*®7/3_ The residue theorem then gives:

R 27 10 10\ 10
rlnx Re*” In(Re"” )i Re
7{ f(z)dz = / Sdaz—I—/ ( 5 .2))9 do
C(R,e) e 1+ 0 1+ R3e?
N /e z(Inx + 271) Je /27r eet? ln(eew‘)ieeie 10
R 14+ 23 0 1 + e3et39

= 27i(r1 +ro 4+ 13)
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3.3 Multi-valued functions: contd.

» \We see that the integrals over the large and little circles go to zero when we take limits
and observe that the integrals along the cuts “combine” and give a contribution only from
the discontinuity of the logarithm at the cut. The residues are:

T eiﬂ-/3 T —1 3 __ -mrl \/§
1= s = ige /8 = if g — i
7“2:—%

45w e¥T/3 uisrr1l | /3
"3 = 73 3gil0n/3 — 9 [§+ZT] hence,

3O
T
J = / dx
0 1—|—333
27
3v/3

» Example 4: Suppose that 0 < a < 1. Evaluate the integral,

e’e) CIJa_l
G(a) = / dx
0 14+
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3.4 More about multi-valued functions

® e consider the integral, Zlaj:; dz. The contour, C(R,¢) used in the previous

problem turns out to be relevant. This integral is absolutely convergent and has the

e”L'(a—l) In z .

correct behaviour on both “little” and “large” circles. The integrand z%—1 = > IS
not holomorphic in the whole plane, but is, in the cut plane region enclosed by C(R,¢)
apart from the simple pole at z = —1. Applying the residue theorem we get:

a—1 27 R 10\ya—1 ‘ 27 10\ya—1 '

}1{ - dz = / (Be”) 7 iRe'dh — }[ (ce””) 7 ice’?do +
C(R,e) 1 + 2 o 1+ (Re') o 1+ (ee’?)
R ,.a—1 € 2miya—1
/ * dx + (we™™) dx
e l1+4+x R 1+

= 2miRes(z = —1)

Taking the limits and re-arranging after calculating the residue, we see that:

) oo La—1 '
(1 — e2mila—1)y / f—l— dr = 2miel® V™ consequently,
0 £
oo La—1
/ * de = . T (10)
o l+=x sin am

We will need this result later, in the theory of the Gamma function.
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4.1 More examples!

® rtxample 5: Show that,

/ e_m2da¢ = /7 (11)
/ e—;c2€—2ib:13 _ ﬁe—bQ (12)

Proof: The first integral is not suitable for contour integration but can be done as follows:
let T = [ e~ dz. Then,

2 = / —9«“2daz)(/ e~ d)
— / / o~ (@ +y )dxdy
27 5
— / / e” " rdrdg
o Jo
2

The result follows upon taking square roots on both sides. To do the second integral, we
consider a rectangular contour, C'(R,b) : =R, +R + ib, and the entire function, e
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4.2 More examples: contd.

» \We are required to show that,

Proof: Consider:

2 R 2 b R4 2
j{ e dz = / e ¥ d:v—|—/ e~ (BHiv)% 5 qy
C(R,b) "R 0

However, we observe that,

b o
|/ e~ (R+1y) idy|
0

AN
o\
<~
® |
oy
N
_|_
N
ol
Ny

Taking the limit as R — oo we get the required result-a very important one in Fourier

transform theory. AT —p.13/20



4.3 More examples: contd.

® Example 6: Show that for —7/4 < ¢ < /4,

/OO 6—7"2 cos(2¢)—ir? sin(2¢) dr = ﬁe—iqb (13)
2
0

Note that fC(R & e~*"dz = 0, where C(R, ¢) is the closed contour bounding the
sector, |z| < R;0 <60 = Arg(z) < ¢. Then,

H — 2 ¢ —R? cos20—iR? sin 20 . 10 1 —72 cos 2qb—ir2 sin2¢ _i¢
e dx + e 1Re™”df = e e Cdr
0 0 0
Since,
®  _R2cos 20—iR? sin 20 - 1. i6 ™/ B2 cos 20
| / e— COSs —1 Sin ,L'Rel d€| < R/ — COSs d@
0

/2 T
— R —R 81nud <
/ “S R

Using Jordan’s Lemma . Taking the limitas R — oo, we get the stated result. Putting
¢ = 7 /4, we get the famous Fresnel integral of diffraction theory:

/ e_iTer = ?e_m/él (14)
0
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5.1 Meromorphic functions

» We have seen how analytic functions may be represented by power series and by contour
integrals . We next consider a new type of representation which brings the poles of the
function into full view.

B Definition 10.2: A function is said to be meromorphic in a region if it is holomorphic in the
region except for a finite number of poles within it.

® The simplest meromorphic functions are rational functions. We know that all rational
functions can be expressed in terms of partial fractions . An interesting question is: can we
do something similar to a partial fraction expansion for meromorphic functions?

» Theorem 10.1: Let f(z) be a function whose only singularities, except at infinity, are poles.
Let all the poles be simple and are to be located at a1, a2, .. where,
0 < |a1| < laz2| < |as| < ... with residues, 1,72, ... Suppose there is a sequence of
contours C, such that C,, includes a1, a2, .., an, but no other poles. We also assume
that the minimum distance R,, of C,, from the origin tends to infinity with n and the
length L,, of C,,, where II-‘E_Z < K, a constant independent of n. We further assume that
| f(2)] is bounded on the entire system of contours C,,. Under these conditions, the

following simple pole expansion formula  holds for all values of z except at the poles.

fz) = f<o>+zzlerm[ ! +i} as)
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.2 Meromorphic functions: representatio

® rroof: We start by considering the integral I,,(z), where z is inside C,,, not coincident
with any of the interior poles or the origin:
1

o L4 )

2 Jo, w(w — z)

dw

Note that the integrand has two sets of poles in the domain enclosed by C,: the poles
of f(w), ai,..,an andthe poles atw = 0, w = z. At the first set of poles a,,, the

integrand has residues, Tm At w = 0, the residue is, —@. Similarly, at

am(am—2z)"
w = z, the residue is @ Cauchy’s residue theorem then gives:

In = X5 - +
am (am — 2) z z

We can directly estimate the integral:

Ln

[In] <
27 R (R — |2|)

Maxc,, | f(w)]
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5.3 Meromorphic functions: contd.

» |f we now let n — oo, we see that I,, — 0, thanks to our assumptions about f(w).
This implies that,

&) _ O . rm
- HMn — oo &m=1
z z am (am — 2)
1 1
G = SO+ SR | +]

as asserted. Note that the series converges uniformly inside any contour which does
not contain any of the poles.

® What if the function f(z) has a multiple pole of finite order p,, > 1 at a,, for example?
How do we deal with this case? To take a specific example, let us consider a; and
assume that the function has a pole of finite order p; > 1 there. For example, let us
take p1 = 2. We shall take the other poles to be simple, as before. By a slight
generalisation of the argument, it can be shown that:

F&) = O+ ERarn |t | b [

Z— A Gm z—a1)? af
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5.4 Mittag-Leffler expansions

» We can turn this around and ask: “given a set of points, a1, a2, .. in the plane, can we
construct a meromorphic function with only poles at these points and having prescribed
principal parts at the poles?” The answer is “yes” and the construction is given by the
Mittag-Leffler Theorem . First we consider an easy special case:

B Theorem 10.2: Letaq, .., a, be afinite set of points in the complex plane. We consider the
polynomials, p1(2), .., pn(2) With p;(0) = 0. Then, a meromorphic function (in fact a
rational function!) with poles at the a; and principal parts, p;( L) is given by,

z—aj

1

< — Q4

f(z) = Z?:1193'(

)

This construction is not unique since any entire function added to the RHS gives another
function with the same “singularity structure”. If there are an infinity of poles, we must not
have any finite limit points, as then the function would have an essential singularity. As
long as a,, — oo, we may use the above construction if the series converges .

P Theorem10.3: If |a,| < |as|;r < s, and the poles tend to infinity, there exists a set of
polynomials g, (z) such that,

1

-) — q;(2)]

f&) = po(Z) + 55l
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5.5 Example 1

® rtxample 1: Consider the function,

fz) = — -1

sin z

N

The function is taken to be zero at z = 0. Since at z = nm, where n is a non-zero
positive or negative integer, sin z has a zero, f(z) has simple poles. The origin is a
removeable singularity . The residue at z = n:

Lim, pr(z —nm)f(z) = (="

It can be shown that the function satisfies the conditions of Theorem 10.1. Thus we have
the expansion:

ST (—D)" +
n=—oo(~1) (z—n7r mr)
Each of the series on the RHS separately converges. We can combine them in pairs
and obtain the remarkable formula:
1 1 (—1)n—1

_ - 00
sinz 2 222 n2m2 — z2 (16,)AT
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5.6 Example 2

B rtxample 2: Consider,

1 1

z) = — —
g(z) .

There is a removeable singularity at the origin. The poles occur at z = 2nmwi where n is
a non-zero integer. The residue there is:

Lim, _onri(z —2nmi)g(z) = 1

Verifying the other conditions of the expansion theorem, we find,

1 1
g(z) = g(0)+ X774 ( -+ .
z — 2nmt 2nme
_ 1 1
+35, 1 - )

z — 2nmi 2N

As before, we may combine the +£n terms and obtain the result:

S + 223°° (17)

® Other important expansions of this type will be treated in the problem set. AT 52020
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